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Our previous analyses of radio Doppler and ranging data from distant spacecraft in the solar system indi-
cated that an apparent anomalous acceleration is acting on Pioneer 10 and 11, with a magnit8de
X108 cm/g, directed towards the Sun. Much effort has been expended looking for possible systematic
origins of the residuals, but none has been found. A detailed investigation of effects both external to and
internal to the spacecraft, as well as those due to modeling and computational techniques, is provided. We also
discuss the methods, theoretical models, and experimental techniques used to detect and study small forces
acting on interplanetary spacecraft. These include the methods of radio Doppler data collection, data editing,
and data reduction. There is now further data for the Pioneer 10 orbit determination. The extended Pioneer 10
data set spans 3 January 1987 to 22 July 19R8: Pioneer 11 the shorter span goes from 5 January 1987 to
the time of loss of coherent data on 1 October 199th these data sets and more detailed studies of all the
systematics, we now give a resultaf=(8.74+ 1.33)x 10" 8 cm/<. (Annual-diurnal variations on top @fp,
that leaveap unchanged, are also reported and discugsed.
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[. INTRODUCTION attitude reorientation maneuvers are required. This permits
precise acceleration estimations, to the level of 16m/$
Some thirty years ago, on 2 March 1972, Pioneer 10 wassingle measurement accuracy averaged over 5)d&mn-
launched on an Atlas-Centaur rocket from Cape Canaverafrariwise, a Voyager-type three-axis stabilized spacecraft is
Pioneer 10 was Earth’s first space probe to an outer planebot well suited for a precise celestial mechanics experiment
Surviving intense radiation, it successfully encountered Jupias its numerous attitude-control maneuvers can overwhelm
ter on 4 December 197R—6). In trailblazing the explora- the signal of a small external acceleration.
tion of the outer solar system, Pioneer 10 paved the way for, In summary, Pioneer spacecraft represent an ideal system
among others, Pioneer Idaunched on 5 April 1973 the  to perform precision celestial mechanics experiments. It is
Voyagers, Galileo, Ulysses, and the upcoming Cassini enrelatively easy to model the spacecraft’s behavior and, there-
counter with Saturn. After Jupiter arffbr Pioneer 11 Saturn  fore, to study small forces affecting its motion in the dynami-
encounters, the two spacecraft followed hyperbolic orbitscal environment of the solar system. Indeed, one of the main
near the plane of the ecliptic to opposite sides of the solaobjectives of the Pioneer extended missidpsst Jupiter-
system. Pioneer 10 was also the first mission to enter th8aturn encounter$5] was to perform accurate celestial me-
edge of interstellar space. That major event occurred in Junghanics experiments. For instance, an attempt was made to
1983, when Pioneer 10 became the first spacecraft to “leavdetect the presence of small bodies in the solar system, pri-
the solar system” as it passed beyond the orbit of the farthesnarily in the Kuiper belt. It was hoped that a small pertur-
known planet. bation of the spacecraft’s trajectory would reveal the pres-
The scientific data collected by Pioneer 10/11 has yielde@nce of these objec{§—9|. Furthermore, due to extremely
unique information about the outer region of the solar sys{precise navigation and a high quality tracking data, the Pio-
tem. This is due in part to the spin-stabilization of the Pio-neer 10 scientific program also included a search for low
neer spacecraft. At launch they were spinning at approxifrequency gravitational wavg40,11].
mately 4.28 and 7.8 revolutions per minuteépm), Beginning in 1980, when at a distance of 20 astronomical
respectively, with the spin axes running through the centergnnits (AU) from the Sun the solar-radiation-pressure accel-
of the dish antennae. Their spin-stabilizations and great diseration on Pioneer 1@way from the Sun had decreased to
tances from the Earth imply a minimum number of Earth-<5x 108 cm/¢, we found that the largest systematic error
in the acceleration residuals was a constant bms,
directedtoward the Sun. Such anomalous data have been
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nation of the analysis of the apparent anomalous, weak, long- |
range acceleration of the Pioneer spacecraft that we detected
in the outer regions of the solar system. We attempt to survey =
all sensible forces and to estimate their contributions to the
anomalous acceleration. We will discuss the effects of these
small non-gravitational forceéboth generated on-board and

external to the vehicleon the motion of the distant space- |
craft together with the methods used to collect and process? '

The purpose of this paper is to present a detailed expla- & ‘ I 2
|

the radio Doppler navigational data.

We begin with descriptions of the spacecraft and other |
systems and the strategies for obtaining and analyzing infor-
mation from them. In Sec. Il we describe the Pionémrd
othen spacecraft. We provide the reader with important tech-
nical information on the spacecraft, much of which is not
easily accessible. In Sec. Ill we describe how raw data is
obtained and analyzed and in Sec. IV we discuss the basic
elements of a theoretical foundation for spacecraft navigation
in the solar system.

The next major part of this manuscript is a description and
analysis of the results of this investigation. We first describe FIG. 1. NASA photo No. 72HC94, with caption “The Pioneer F
how the anomalous acceleration was originally identifiedspacecraft during a checkout with the launch vehicle third stage at
from the data of all the spacecraft in Sec[A2,13. We then  Cape Kennedy.” Pioneer F became Pioneer 10.
give our recent results in Sec. VI. In the following three

sections we discuss possible experimental systematic origiffree meter diameter shroud of an added third stage to the
for the signal. These include systematics generated by physktjas-Centaur launch vehicle. Each spacecraft is 2.9 m long
cal phenomena from sources external$ec. V1)) and inter-  from its base to its cone-shaped medium-gain antenna. The
nal to (Sec. VIII) the spacecraft. This is followed by Sec. IX, high gain antenn@HGA) is made of aluminum honeycomb
where the accuracy of the solution fag is discussed. Inthe gandwich material. It is 2.74 m in diameter and 46 cm deep
process we go over possible numerical or calculational errorg, the shape of a parabolic distSee Figs. 1 and 2.
or systematics. Sections VII-IX are then summarized in the The main equipment compartment is 36 cm deep. The
total error budget of Sec. X. o . hexagonal flat top and bottom have 71 cm long sides. The
We end our presentation by first considering possible unaquipment compartment provides a thermally controlled en-
expected physical origins for the anomaec. X). In our  yironment for scientific instruments. Two three-rod trusses,
conclusion, Sec. XII, we summarize our results and suggestoge apart, project from two sides of the equipment compart-

venues for further study of the discovered anomaly. ment. At their ends, each holds two SNAP-1Space
Nuclear Auxiliary Power, model )9RTGs (Radioisotope
Il. THE PIONEER AND OTHER SPACECRAFT Thermoelectric Generatorduilt by Teledyne Isotopes for

In this section we describe in some detail the Pioneer 16he Atomic Energy Commission. These RTGs are situated

and 11 spacecraft and their missions. We concentrate o pou .3 m irom the c.enter.of the spacecr_aft and generate its
electric power(We will go into more detail on the RTGs in

those spacecraft systems that play important roles in mainz S R
taining the continued function of the vehicles and in deterr:'s‘ec' VIIl) A third single-rod boom, 120° from the other two,

mining their dynamical behavior in the solar system. Specifipos'tIonS a magnetometer about 6.6 m from the spacgcrafts
cally we present an overview of propulsion and attitudeCeNter- All three booms were extended after launch. With the

o nass of the magnetometer being 5 kg and the mass of each
:::r:gol systems, as well as thermal and communication Syéc])qf the four RTGs being 13.6 kg, this configuration defines the

. ; ; i t of inertia along thespin-axis. It is abouf,
Since our analysis addresses certain results from the Ggain momen . z
lileo and Ulysses missions, we also give short descriptions o 588.3 kgt [17]'. (Observe that this all left iny qbout

64 kg for the main bus and superstructure, including the

these missions in the final subsection.
antenna.

Figures 1 and 2 show the arrangement within the space-
craft equipment compartment. The majority of the spacecraft

Although some of the more precise details are often dif-electrical assemblies are located in the central hexagonal por-
ficult to uncover, the general parameters of the Pioneetion of the compartment, surrounding a 16.5-inch-diameter
spacecraft are known and well documenféd 6]. The two  spherical hydrazine tank. Most of the scientific instruments’
spacecraft are identical in desifi4]. At launch each had a electronic units and internally-mounted sensors are in an in-
“weight” (mas$ of 259 kg. The “dry weight” of the total strument bay“squashed” hexagonmounted on one side of
module was 223 kg as there were 36 kg of hydrazine propelthe central hexagon. The equipment compartment is in an
lant [15,16]. The spacecraft were designed to fit within the aluminum honeycomb structure. This provides support and

A. General description of the Pioneer spacecraft
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FIG. 2. A drawing of the Pioneer spacecraft.

meteoroid protection. It is covered with insulation which, mission to compensate for the variation in the heliocentric
together with louvers under the platform, provides passivdongitude of the Earth-spacecraft lingn addition, correc-

thermal control.[An exception is from off-on control by
thermal power dissipation of some subsysteli@ee Sec.
VIII.)]

B. Propulsion and attitude control systems

tion of launch vehicle injection errors were required to pro-
vide the desired Jupiter encounter trajectory and Safiom
Pioneer 1] encounter trajector}.These velocity vector ad-
justments involved reorienting the spacecraft to direct the
thrust in the desired direction.

Three pairs of these rocket thrusters near the rim of the There were no anomalies in the engineering telemetry
HGA provide a threefold function of spin-axis precession,from the propulsion system, for either spacecraft, during any
mid-course trajectory correction, and spin control. Each ofﬂiSSiOﬂ phase from launch to termination of the Pioneer mis-
the three thruster pairs develops its repulsive jet force from &ion in March 1997. From the viewpoint of mission opera-
catalytic decomposition of liquid hydrazine in a small rockettions at the NASA-Ames control center, the propulsion sys-
thrust chamber attached to the oppositely directed nozzléem performed as expected, with no catastrophic or long-
The resulted hot gas is then expended through six individuterm pressure drops in the propulsion tank. Except for the
ally controlled thruster nozzles to effect spacecraft maneuabove-mentioned Pioneer 11 spin-thruster incident, there was

Vers.

no malfunction of the propulsion nozzles, which were only

The spacecraft is attitude-stabilized by spinning about ampened every few months by ground command. The fact that
axis which is parallel to the axis of the HGA. The nominal pressure was maintained in the tank has been used to infer
spin rate for Pioneer 10 is 4.8 rpm. Pioneer 11 spins at apthat no impacts by Kuiper belt objects occurred, and a limit
proximately 7.8 rpm because a spin-controlling thruster malhas been placed on the size and density distribution of such

functioned during the spin-down shortly after laun¢Be-

objects[7], another useful scientific result.

cause of the danger that the thruster’s valve would not be For attitude control, a star sendoeferenced to Canopus

able to close again, this particular thruster has not been usethd two sunlight sensors provided reference for orientation
since) During the mission an Earth-pointing attitude is re- and roll maneuvers. The star sensor on Pioneer 10 became
quired to illuminate the Earth with the narrow-beam HGA. inoperative at Jupiter encounter, so the sun sensors were used
Periodic attitude adjustments are required throughout thafter that. For Pioneer 10, spin calibration was done by the
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DSN until 17 July 1990. From 1990 to 1993 determinationsperforms battery load-sharing. The silver cadmium battery
were made by analysts using data from the Imaging Photoonsists of eight cells of 5 ampere-hours capacity each. It
Polarimeter(IPP). After the 6 July 1993 maneuver, there was supplies pulse loads in excess of RTG capability and may be
not enough power left to support the IPP. But approximatelyused for load sharing. for sharing peak loads. The battery
every six months analysts still could get a rough determinavoltage is often discharged and charged. This can be seen by
tion using information obtained from conscan maneuvergelemetry of the battery discharge current and charge current.
[18] on an uplink signal. When using conscan, the high gain At launch each RTG supplied about 40 W to the input of
feed is off-set. Thruster firings are used to spiral in to thethe ~4.2 V Inverter AssembliegThe output for other uses
correct pointing of the spacecraft antenna to give the maxiincludes the dc bus at 28 V and the ac bus at §1Even
mum signal strength. To run this procedu@nscan and though electrical power degrades with timeee Sec.
attitude it is now necessary to turn off the traveling-wave- VIII D), at —41 F the essential platform temperature as of
tube (TWT) amplifier. So far, the power and tube life-cycle the year 2000 is still between the acceptable limits-68 F
have worked and the Jet Propulsion LaboratofyBL Deep to 180 F. The RF power output from the traveling-wave-tube
Space NetworKDSN) has been able to reacquire the signal.amplifier is still operating normally.
It takes about 15 minutes or so to do a maneuviéte mag- The equipment compartment is insulated from extreme
netometer boom incorporates a hinged, viscous, dampingeat influx with aluminized mylar and kapton blankets. Ad-
mechanism at its attachment point, for passive nutation corequate warmth is provided by dissipation of 70 to 120 watts
trol.] of electrical power by electronic units within the compart-
In the extended mission phase, after Jupiter and Saturment; louvers regulating the release of this heat below the
encounters, the thrusters have been used for precession maeunting platform maintain temperatures in the vicinity of
neuvers only. Two pairs of thrusters at opposite sides of theéhe spacecraft equipment and scientific instruments within
spacecraft have nozzles directed along the spin axis, fore amgperating limits. External component temperatures are con-
aft (see Fig. 2.In precession mode, the thrusters are fired bytrolled, where necessary, by appropriate coating and, in some
opening one nozzle in each pair. One fires to the front andases, by radioisotope or electrical heaters.

the other fires to the rear of the spacecfat, in brief thrust The energy production from the radioactive decay obeys
pulses. Each thrust pulse precesses the spin axis a few tentis exponential law. Hence, 29 years after launch, the radia-
of a degree until the desired attitude is reached. tion from Pioneer 10's RTGs was about 80 percent of its

The two nozzles of the third thruster pair, no longer inoriginal intensity. However the electrical power delivered to
use, are aligned tangentially to the antenna rim. One pointthe equipment compartment has decayed at a faster rate than
in the direction opposite to itgotating velocity vector and  the 2*%Pu decays radioactively. Specifically, the electrical

the other with it. These were used for spin control. power first decayed very quickly and then slowed to a still
fast linear decay22]. By 1987 the degradation rate was
C. Thermal system and on-board power about —2.6 W/yr for Pioneer 10 and even greater for the

; ; sister spacecraft.
Early on the spacecraft instrument compartment is ther This fast depletion rate of electrical power from the RTGs

mally controlled between-0 F and 90 F. This is done with is caused by normal deterioration of the thermocouple junc-
the aid of thermo-responsive louvers located at the bottom op Ca y . ; Pi€]
tions in the thermoelectric devices.

the equipment compartment. These louvers are adjusted b .

bi-me?alllioc springs pThey are completely closedJ below, ' Ne spacecraft needs 100 W to power all systems, includ-
—40 F and complietely open above85 F. This allows ing 26 W for the science instruments. Previously, when the
controlled heat to escape in the equipmént compartmenﬁva"able electrical power was greater than 100 W, the excess

Equipment is kept within an operational range of temloera_power was either thermally radiated into space by a shunt-

tures by multi-layered blankets of insulating aluminum plas-res'.Stor radiator or it was used to charge a battery in the
tic. Heat is provided by electric heaters, the heat from theequment compartment. . . .
X ’ At present only about 65 W of power is available to Pio-

instruments themselves, and by twelve one-watt radioisotope .
heaters powered directly b;’ non-fissionable plutoniungneer 10[23]. Therefore, all the instruments are no longer
(Z%u— 34 1 *He) abIe. to operate ;imultanepusly. But the power subsystem
94238P 92 h 2h If.I'f . (8774 | ides th continues to provide sufficient power to support the current
u, with a halt lite time o 74 yr, also provides the spacecraft load: transmitter, receiver, command and data

thermal source for the thermoelectric devices in the RTGs andling, and the Geiger Tube Telescd@TT) science in-

Before launch, each spacecraft’s four RTGs delivered a tot trument’ As pointed out in Sec. Il E, the science package
of approximately 160 W of electrical pow§20,21. Each of and transmitter are turned off in extended cruise mode to
the four space-proven SNAP-19 RTGs converts 5 to 6 per-

) o rovide enough power to fire the attitude control thrusters.
cent of the heat released from plutonium dioxide fuel to eIec-p gnp

tric power. RTG power is greatest at 4.2 V; an inverter boosts

this to 28 V for distribution. RTG life is degraded at low D. Communication system
currents; therefore, voltage is regulated by shunt dissipation The Pioneer 10/11 communication systems use S-band
of excess power. (A=13 cm) Doppler frequencig®4]. The communication

The power subsystem controls and regulates the RTG@plink from Earth is at approximately 2.11 GHz. The two
power output with shunts, supports the spacecraft load, anspacecraft transmit continuously at a power of eight watts.
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They beam their signals, of approximate frequency 2.29 |
GHz, to Earth by means of the parabolic 2.74 m high-gain / Tori s pae

antenna. Phase coherency with the ground transmitters, ref
erenced to H-maser frequency standards, is maintained b,
means of an S-band transponder with the 240/221 frequean"/. Pioneer 10
turnaround ratio(as indicated by the values of the above <& = .
mentioned frequencigs

The communications subsystem provides rup-link
and down-link communicationgji) Doppler coherence of
the down-link carrier signal; andii) generation of the con-
scan[18] signal for closed loop precession of the spacecraft
spin axis towards Earth. S-band carrier frequencies, compat
ible with DSN, are used in conjunction with a telemetry
modulation of the down-link signal. The high-gain antenna is
used to maximize the telemetry data rate at extreme range:
The coupled medium-gain—omni-directional antenna with
fore and aft elements respectively, provided broad-angle FIG. 3. Ecliptic pole view of Pioneer 10, Pioneer 11, and Voy-
communications at intermediate and short ranges. For DSMNger trajectories. Pioneer 11 is traveling approximately in the direc-
acquisition, these three antennae radiate a non-coherent RiBn of the Sun’s orbital motion about the galactic center. The ga-
signal, and for Doppler tracking, there is a phase cohereriactic center is approximately in the direction of the top of the
mode with a frequency translation ratio of 240/221. figure. (Digital artwork by T. Esposito. NASA ARC Image No.

Two frequency-addressable phase-lock receivers are coAC97-0036-3)

nected to the two antenna systems through a ground-

commanded transfer switch and two diplexers, providing acQUr scientific investigation. Furthermore, by September
its power source was nearly exhausted. Pioneer 11

cess to the spacecraft via either signal path. The receivers) 9>

and antennae are interchangeable through the transfer swit€RuId no longer make any scientific observations, and routine
by ground command or automatically, if needed. mission operations were terminated. The last communication

There is a redundancy in the communication systemsfrom Pioneer 11 was received in November 1995, when the

with two receivers and two transmitters coupled to twoSPacecraft was at distance of40 AU from the Sun(The
traveling-wave-tube amplifiers. Only one of the two redun_relatlve Earth motion carried it out of view of the spacecraft

dant systems has been used for the extended missions, hog\ptenna. The spacecraft is headed toward the constellation
ever. of Aquila (The Eagle, northwest of the constellation of Sag-

At launch, communication with the spacecraft was at dttarius, with a velocity relative to the Sun ef11.6_km/s
data rate 256 bps for Pioneer 10024 bps for Pioneer 11 Pioneer 11 should pass close to the nearest star in the con-
Data rate degradation has been.27 mbps/day for Pioneer Stéllation Aquila in about 4 million yeaf$]. (Pioneer 10 and
10 (—8.78 mbps/day for Pioneer LTThe DSN still contin- 11 orbital parameters are given in the Appenix.

ues to provide good data with the received signal strength of However, after mission '_[ermmatlon the Pioneer 10 radio
about—178 dBm(only a few dB from the receiver thresh- system was still operating n the cohergnt mode vyhen com-
old). The data signal to noise ratio is still mainly under 0_5manded to do so from the Pioneer Mission Operations center

dB. The data deletion rate is often between 0 and 50 percerfit the NASAAmes Research Cen(&RC). As a result, after

at times more. However, during the test of 11 March 20005+ March 1997, JPL's DSN was still able to deliver high-

the average deletion rate was about 8 percent. So, quali ality coherent data to us on a regular schedule from dis-
data are still available. ances beyond 67 AU. .
Recently, support of the Pioneer spacecraft has been on a

non-interference basis to other NASA projects. It was used
for the purpose of training Lunar Prospector controllers in
The Pioneer 10 mission officially ended on 31 MarchDSN coordination of tracking activities. Under this training
1997 when it was at a distance of 67 AU from the Si8ee  program, ARC has been able to maintain contact with Pio-
Fig. 3) At a now nearly constant velocity relative to the Sunneer 10. This has required careful attention to the DSN’s
of ~12.2 km/s, Pioneer 10 will continue its motion into ground system, including the installation of advanced instru-
interstellar space, heading generally for the red star Aldebamentation, such as low-noise digital receivers. This extended
ran, which forms the eye of Taur$he Bull) Constellation. the lifetime of Pioneer 10 to the preseriote that the
Aldebaran is about 68 light years away and it would be exDSN'’s early estimates, based on instrumentation in place in
pected to take Pioneer 10 over 2 million years to reach it4976, predicted that radio contact would be lost about 1980.
neighborhood. At the present time it is mainly the drift of the spacecraft
A switch failure in the Pioneer 11 radio system on 1 Oc-relative to the solar velocity that necessitates maneuvers to
tober 1990 disabled the generation of coherent Doppler sigzontinue keeping Pioneer 10 pointed towards the Earth. The
nals. So, after that date, when the spacecraft w80 AU latest successful precession maneuver to point the spacecraft
away from the Sun, no useful data have been generated feo Earth was accomplished on 11 February 2000, when Pio-

E. Status of the extended mission
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neer 10 was at a distance from the Sun of 75 AUhe  (with a slower rate, of courge
distance from the Earth was76 AU with a corresponding Galileo’s original design called for a deployable high-gain
round-trip light time of about 21 h.The signal level in- antennaHGA) to unfurl. It would provide approximately 34
creased 0.5-0.75 dBf25] as a result of the maneuver. dB of gain at X-band10 GH2 for a 134 kbps downlink of
This was the seventh successful maneuver that has begfience and priority engineering data. However, the X-band
done in the blind since 26 January 1997. At that time it haddGA failed to unfurl on 11 April 1991. When it again did not
been determined that the electrical power to the spacecrafteploy following the Earth fly-by in 1992, the spacecraft was
had degraded to the point where the spacecraft transmittépconfigured to utilize the S-band, 8 dB, omni-directional
had to be turned off to have enough power to perform thdow-gain antenndLGA) for downlink.
maneuver. After 90 minutes in the blind the transmitter was The S-band frequencies are 2.113 GHz-up and 2.295
turned back on again. So, despite the continued weakening §&Hz—down, a conversion factor of 240/221 at the Doppler
Pioneer 10's signal, radio Doppler measurements were stiffequency transponder. This configuration yielded much
available. The next attempt at a maneuver, on 8 July 200dower data rates than originally scheduled, 8—16 bps through
turned out in the end to be successful. The signal was tracket! [27]. Enhancements at the DSN and reprogramming the
on 9 July 2001. Contact was reestablished on the 30th annflight computers on Galileo increased telemetry bit rate to

versary of |aunch' 2 March 2002. 8-160 bpS, Starting in the Spring of 1996.
Currently, two types of Galileo navigation data are avail-

able, namely Doppler and range measurements. As men-
tioned before, an instantaneous comparison between the
1. The Galileo mission ranging signal that goes up with the ranging signal that

The Galileo mission to explore the Jovian systgps] comes down would yield an “instantaneous” two-way range
was launched 18 October 1989 aboard the Space Shuttle Dig€lay. Unfortunately, an instantaneous comparison was not
covery. Due to insufficient launch power to reach its finalPOSSible in this case. The reason is that the signal-to-noise
destination at 5.2 AU, a trajectory was chosen with planetar§@tio on the incoming ranging signal is small and a long
flybys to gain gravity assists. The spacecraft flew by Venugntegration time(typically minutes must be usedfor corre-
on 10 February 1990 and twice by the Earth, on 8 Decembé@tion purposes During such long integration times, the
1990 and on 8 December 1992. The current Galileo Millenange to the spacecraft is constantly changing. It is therefore
nium Mission continues to study Jupiter and its moons, andi€cessary to “electronically freeze” the range delay long
coordinated observations with the Cassini flyby in DecembefnOUgh to permit an integration to be performed. The result
2000. represents the range at the moment of freeg?829.

The dynamical properties of the Galileo spacecraft are
very well known. At launch the orbiter had a mass of 2,223
kg. This included 925 kg of usable propellant, meaning over Ulysses was launched on 6 October 1990, also from the
40% of the orbiter’'s mass at launch was for propellant! TheSpace Shuttle Discovery, as a cooperative project of NASA
science payload was 118 kg and the probe’s total mass wasd the European Space Agert&5A). JPL manages the US
339 kg. Of this latter, the probe descent module was 121 kgyortion of the mission for NASAs Office of Space Science.
including a 30 kg science payload. The tensor of inertia ofUlysses’ objective was to characterize the heliosphere as a
the spacecraft had the following components at laudgh: function of solar latitudé30]. To reach high solar latitudes,
=4454.7),,=4061.2),,=5967.6J,,= —52.9),,=3.21),, its voyage took it to Jupiter on 8 February 1992. As a result,
=—15.94 in units of kg rh. Based on the area of the sun- its orbit plane was rotated about 80° out of the ecliptic plane.
shade plus the booms and the RTGs we obtained a maximal Ulysses explored the heliosphere over the Sun’s south
cross-sectional area of 19.5%nEach of the two of the Ga- pole between June and November, 1994, reaching maximum
lileo’s RTGs at launch delivered of 285 W of electric power Southern latitude of 80.2° on 13 September 1994. It contin-
to the subsystems. ued in its orbit out of the plane of the ecliptic, passing peri-

Unlike previous planetary spacecraft, Galileo featured arhelion in March 1995 and over the north solar pole between
innovative “dual spin” design: part of the orbiter would ro- June and September 1995. It returned again to the Sun’s
tate constantly at about three rpm and part of the spacecrasputh polar region in late 2000.
would remain fixed in(solar system inertial space. This The total mass at launch was the sum of two parts: a dry
means that the orbiter could easily accommodate magnetorass of 333.5 kg plus a propellant mass of 33.5 kg. The
spheric experimentéwvhich need to made while the space- tensor of inertia is given by its principal componerdts
craft is sweepingwhile also providing stability and a fixed =371.62),,=205.51J,,=534.98 in units kg . The maxi-
orientation for cameras and other sensors. The spin ratmal cross section is estimated to be 10.058. Tinis estima-
could be increased to 10 revolutions per minute for addition is based on the radius of the antenna 1.65 m (8.55% m
tional stability during major propulsive maneuvers. plus the areas of the RTGs and part of the science compart-

Apparently there was a mechanical problem between thenent (yielding an additionak1.5 nf). The spacecraft was
spinning and non-spinning sections. Because of this, thepin-stabilized at 4.996 rpm. The electrical power is gener-
project decided to often use an all-spinning mode, of abouated by modern RTGs, which are located much closer to the
3.15 rpm. This was especially true close to the Jupiter Orbimain bus than are those of the Pioneers. The power gener-
Insertion (JOI), when the entire spacecraft was spinningated at launch was 285 W.

F. The Galileo and Ulysses missions and spacecraft

2. The Ulysses mission
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Communications with the spacecraft are performed at
X-band (for downlink at 20 W with a conversion factor of
880/221) and S-bandboth for uplink 2111.607 MHz and

PHYSICAL REVIEW D 65 082004

downlink 2293.148 MHz, at 5 W with a conversion factor of

| Frequency & Timing Subsy stem |

|DopplerEx1:acmr | — C:

240/22). Currently both Doppler and range data are avail-
able for both frequency bands. While the main communica-
tion link is S-up/X-down, the S-down link was used only for
radio-science purposes.

Because of Ulysses’ closeness to the Sun and also becau:
of its construction, any hope to model Ulysses for small
forces might appear to be doomed by solar radiation pressur:

4

1. Doppler Counts Metric Data
— | ey |

T

Planetary Range Assembly

Inputs:
1. 10 Pulse/sec reference from FTS
2. Exciter reference

3.1 MHz biased Doppler

| Local Area Network | —)| Digitally Controlled Oscillator | —)| Exciter ||:> ;

-
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z
>

and internal heat radiation from the RTGs. However, because C""“““’“T lwmm“ R

the Doppler signal direction is towards the Earth while the 2 Predifonsfrom Monio Contol
. . . . . . . < b) iy

radiation pressure varies with distance and has a directior. Assembly B e s

parallel the Sun-Ulysses line, in principle these effects could . .
be separated. And again, there was range data. This all WOUBl Fl?' Ltll Bll((.)Ck dflagrgm Oflthe DSN comple>f<t alf used fo(rj raq:od
make it easier to model non-gravitational acceleration comy oppler tracking of an Interplanetary spacecraft. For more detaile

. . . rawings and technical specifications see R&f).
ponents normal to the line of sight, which usually are poorly
and not significantly determined.

The Ulysses spacecraft spins-a6 rpm around its an- stone, California, at Robledo de Chavela, outside Madrid,
tenna axis(4.996 rpm initially. The angle of the spin axis Spain, and at Tidbinbilla, outside Canberra, Australia.
with respect to the spacecraft-Sun line varies from near zero There are many antennae, both existing and decommis-
at Jupiter to near 50° at perihelion. Any on-board forces thasioned, that have been used by the DSN for spacecraft navi-
could perturb the spacecraft trajectory are restricted to a digation. For our four spacecraffioneer 10, 11, Galileo, and
rection along the spin axigThe other two components are Ulysse$, depending on the time period involved, the follow-
canceled out by the spin. ing Deep Space StatiofDSS antennae were among those

As the spacecraft and the Earth travel around the Sun, thgsed: (DSS 12, 14, 24 at the California antenna complex;
direction from the spacecraft to the Earth changes continUCDsg 42, 43, 45, 46at the Australia complex; an@dSS 54,
ously. Regular changes of the attitude of the spacecraft argy g2, 63 at the Spain complex. Specifically, the Pioneers
performed throughout the mission to keep the I_Earth With”hsed(DSS 12, 14, 42, 43, 62, 63Galileo usedDSS 12, 14,
the narrow.beam of about one degree full width of thegy 43 63, and Ulysses use(DSS 12, 14, 24, 42, 43, 46,
spacecraft-fixed parabolic antenna. 54, 61, 63.

The DSN tracking system is a phase coherent system. By
this we mean that an “exact” ratio exists between the trans-
mission and reception frequencies; i.e., 240/221 for S-band

Discussions of radio-science experiments with spacecraftr 880/221 for X-band24]. (This is in distinction to the
in the solar system requires at least a general knowledge efsual concept of coherent radiation used in atomic and astro-
the sophisticated experimental techniques used at the DSphysics)
complex. Since its beginning in 1958 the DSN complex has Frequency is an average frequency, defined as the number
undergone a number of major upgrades and additions. Thisf cycles per unit time. Thus, accumulated phase is the inte-
was necessitated by the needs of particular space missiorgyal of frequency. High measurement precision is attained by
(The last such upgrade was conducted for the Cassini misnaintaining the frequency accuracy to 1 part pef216r
sion when the DSN capabilities were extended to cover théetter(This is in agreement with the expected Allan devia-
Ka radio frequency bandwidth. For more information ontion for the S-band signals.

DSN methods, techniques, and present capabilitied 3dée The DSN Frequency and Timing System (FTH)e
For the purposes of the present analysis one will need BSN's FTS is the source for the high accuracy just men-
general knowledge of the methods and techniques impletioned (see Fig. 4. At its center is an hydrogen maser that
mented in the radio-science subsystem of the DSN complexproduces a precise and stable reference frequgB@)s4l.

This section reviews the techniques that are used to obtaifihese devices have Allan deviatiof85] of approximately
the radio tracking data from which, after analysis, results ar@x 10 *° to 1x 10 '® for integration times of 19to 10°
generated. Here we will briefly discuss the DSN hardwareseconds, respectively. These masers are good enough so that
that plays a pivotal role for our study of the anomalous acthe quality of Doppler-measurement data is limited by ther-
celeration. mal or plasma noise, and not by the inherent instability of the
frequency references. Due to the extreme accuracy of the
hydrogen masers, one can very precisely characterize the
spacecraft's dynamical variables using Doppler and range

The Deep Space NetwofBSN) is the network of ground techniques. The FTS genersite 5 MHz and 10 MHz refer-
stations that are employed to track interplanetary spacecraénce frequency which is sent through the local area network
[31,32. There are three ground DSN complexes, at Gold+o the Digitally Controlled OscillatofDCO).

I1l. DATA ACQUISITION AND PREPARATION

A. Data acquisition
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The Digitally Controlled Oscillator (DCO) and Exciter. where it is received and recorded by the Data Records Sub-
Using the highly stable output from the FTS, the DCO,system.
through digitally controlled frequency multipliers, generates
the Track Synthesizer Frequen€ySH of ~22 MHz. This B. Radio Doppler and range techniques

is then sent to the Exciter Assembly. The Exciter Assembly ;o5 radio tracking strategies are available for deter-

multiplies the TSF by 96 to produce the S-band carrier signafyining the trajectory parameters of interplanetary spacecraft.
at ~2.2 GHz. The signal power is amplified by Traveling However, radio tracking Doppler and range techniques are
Wave TubedTWT) for transmission. If ranging data are re- the most commonly used methods for navigational purposes.
quired, the Exciter Assembly adds the ranging modulation torhe position and velocities of the DSN tracking stations
the carrier.(The DSN tracking system has undergone manymust be known to high accuracy. The transformation from a
upgrades during the 29 years of tracking Pioneer 10. Duringarth fixed coordinate system to the International Earth Ro-
this period internal frequencies have changed. tation ServicdlERS) Celestial System is a complex series of
This S-band frequency is sent to the antenna where it isotations that includes precession, nutation, variations in the
amplified and transmitted to the spacecraft. The onboard reEarth’s rotation(UT1-UTC) and polar motion.
ceiver tracks the up-link carrier using a phase lock loop. To Calculations of the motion of a spacecraft are made on the
ensure that the reception signal does not interfere with théasis of the range time-delay and/or the Doppler shift in the
transmission, the spacecraé.g., Pionedrhas a turnaround signals. This type of data was used to determine the posi-
transponder with a ratio of 240/221. The spacecraft transmitlions, the velocities, and the magnitudes of the orientation
ter's local oscillator is phase locked to the up-link carrier. Itmaneuvers for the Pioneer, Galileo, and Ulysses spacecraft
multiplies the received frequency by the above ratio and thefonsidered in this study.
re-transmits the signal to Earth. Theoretical mo_dellng of the group _delf_;lys and phase delay
Receiver and Doppler Extractowhen the two-way36] rates are done with th_e orbit determination software we de-
signal reaches the ground, the receiver locks on to the signgF”be in the next section. . .
and tunes the Voltage Control OscillatdfCO) to null out Data_types.Our data descn_bes the observathns that are
. . the basis of the results of this paper. We receive our data
the phase error. The signal is sent to the Doppler Extractos;.rom DSN in closed-loo de. i d
. : p mode, i.e., data that has been
At the Doppler Extractor the current transmitter signal from

oor L tracked with phase lock loop hardwar®pen loop data is
the Exciter is multiplied by 240/22for 880/241 for X-bani tape recorded but not tracked by phase lock loop hardyare
and a bias, of 1 MHz for S-band or 5 MHz for X-baf2¥|, b yp P pare.

¢ - The closed-loop data constitutes our Archival Tracking Data
is added to the Doppler. The Doppler data is no longer modug;e (ATDF), which we copy[37] to the National Space Sci-
lated at S-band but has been reduced as a consequence of fige Data CentefNSSDQ on magnetic tape. The ATDF
bias to an intermediate frequency of 1 or 5 MHz files are stored on hard disk in the RMD®adio Metric
Since the light travel time to and from Pioneer 10 is longpata Conditioning groupof JPL's Navigation and Mission
(more than 20 ) the transmitted frequency and the currentpesign Section. We access these files and run standard soft-
transmitted frequency can be different. The difference in freware to produce an Orbit Data File for input into the orbit
quencies are recorded separately and are accounted for in thetermination programs which we ugee Sec. V.
orbit determination programs we discuss in Sec. V. The data types are two-way and three-wag] Doppler
Metric Data Assembly (MDAJLhe MDA consists of com-  and two-way range(Doppler and range are defined in the
puters and Doppler counters where continuous count Doprp|lowing two subsections.Due to unknown clock offsets
pler data are generated. The intermediate frequeéifigyof 1 petween the stations, three-way range is generally not taken
or 5 MHz with a Doppler modulation is sent to the Metric g ysed.
Data AssemblyMDA). From the FTS a 10 pulse per second  The Pioneer spacecraft only have two- and three-way
signal is also sent to the MDA for timing. At the MDA, the s.pand24] Doppler. Galileo also has S-band range data near
IF and the resulting Doppler pulses are counted at a rate ghe Earth. Ulysses has two- and three-way S-band up-link
10 pulses per second. At each tenth of a second, the numbgrg X-band[24] down-link Doppler and range as well as
of Doppler pulses are counted. A second counter begins &.pand up-link and S-band down-link, although we have

the instant the first counter StOpS. The result is COI’ltiI‘IUOUS|y0n|y processed the U|ysses S-band up-"nk and X-band
counted Doppler datdThe Doppler data is a biased Doppler gown-link Doppler and range.

of 1 MHz, the bias later being removed by the analyst to
obtain the true Doppler countsThe Range datéf present 1. Doppler experimental techniques and strategy
together with the Doppler data is sent separately to the Rang-

ing Demodulation Assembly. The accompanying Dopple In Doppler experiments a radio signal transmitted from

r .
: . p » ; the Earth to the spacecraft is coherently transponded and sent
data is used to rate aide,, to "freeze” the range signafor back to the Earth. Its frequency change is measured with

demodulation and cross correlation. great precision, using the hydrogen masers at the DSN sta-
Data CommunicationThe total set of tracking data is sent fions. The observable is the DSN frequency sfa8]

by local area network to the communication center. From
there it is transmitted to the Goddard Communication Facil-

ity via commercial phone lines or by government leased Av(t)=v Eﬂ 1)
lines. It then goes to JPL's Ground Communication Facility Oc dt’
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wherel is the overall optical distancencluding diffraction  Cross correlating the returned phase modulated signal with a
effecty traversed by a photon in both directiofik the Pio-  ground duplicate yields the time delaee[28] and refer-
neer Doppler experiments, the stability of the fractional driftences therein As the range code is repeated over and over,
at the S-band is on the order Afv/vy=10 12 for integra- an ambiguity can exist. The orbit determination programs are
tion times on the order of £0s] Doppler measurements then used to infesome times with great difficuljythe num-
provide the “range rate” of the spacecraft and therefore arder of range codes that exist between a particular transmitted
affected by all the dynamical phenomena in the volume beeode and its own corresponding received code.
tween the Earth and the spacecraft. Thus, the ranging data are independent of the Doppler

Expanding upon what was discussed in Sec. Ill A, thedata, which represents a frequency shift of the radio carrier
received signal and the transmitter frequeribpth are at wave without modulation. For example, solar plasma intro-
S-band as well as a 10 pulse per second timing referenceluces a group delay in the ranging data but a phase advance
from the FTS are fed to the Metric Data AssemkiyDA). in the Doppler data.
There the Doppler phagdifference between transmitted and  Ranging data can also be used to distinguish an actual
received phases plus an added biasounted. That is, digi- range change from a fictitious range change seen in Doppler
tal counters at the MDA record the zero crossings of thedata that is caused by a frequency erf®8]. The Doppler
difference(i.e., Doppler, or alternatively the beat frequency frequency integrated over timéhe accumulated phase
of the received frequency and the exciter frequenéyter  should equal the range change except for the difference in-
counting, the bias is removed so that the true phase is prdroduced by charged particles
duced.

The system produces “continuous count Doppler” and it 3. Inferring position information from Doppler
uses two counters. Every tenth of a second, a Doppler phase
count is recorded from one of the counters. The other counter
continues the counts. The recording alternates between ti}9
two counters to maintain a continuous unbroken count. Th
Doppler counts are at 1 MHz for S-band or 5 MHz for

It is also possible to infer the position in the sky of a
acecraft from the Doppler data. This is accomplished by
amining the diurnal variation imparted to the Doppler shift
y the Earth’s rotation. As the ground station rotates under-

. eath a spacecraft, the Doppler shift is modulated by a sinu-
X—ban_d._ The Walv_elength of ea},ch S-band cyc_le is about 1goid. The sinusoid’s amplitude depends on the declination
cm. Dividers or “time resolvers” further subdivide the cycle angle of the spacecraft and its phase depends upon the right
into 25.6 parts, so that fractional cycles are measure_d W.ithfscension. These angles can therefore be estimated from a
_resolutlon of 0'5 mm. 'I_'h|s accuracy can only be maintaine ecord of the Doppler shift that it least of several days
if the Doppler is continuously countetho breaks in the uration. This allows for a determination of the distance to
cound and coherent frequency standards are kept througho_lf e spacecraft through the dynamics of spacecraft motion

the pass. It should be noted that o error 1s accumulated IUsing standard orbit theory contained in the orbit determina-
the phase count as long as lock is not lost. The only error on programs

are the stability of the hydrogen maser and the resolution o
the “resolver.”
Consequently, the JPL Doppler records are not frequency C. Data preparation

measurements. Rather, they are digitally counted measure- | an ideal system, all scheduled observations would be
ments of the Doppler phase difference between the transmifjseq in determining parameters of physical interest. How-

ted and received S-band frequencies, divided by the counder, there are inevitable problems that occur in data collec-

time. _ tion and processing that corrupt the data. So, at various
Therefore, the Doppler observables, we will refer to, havestages of the signal processing one must remove or “edit’

units of cycles per second or Hz. Since total count phas@qrrpted data. Thus, the need arises for objective editing
observables are Doppler observables multiplied by the countiiteria. Procedures have been developed which attempt to
interval T¢, they have units of cycles. The Doppler integra- gxcise corrupted data on the basis of objective criteria. There
tion time refgrs to the total counting of the elapsed periods ofg always a temptation to eliminate data that is not well ex-
the wave with the reference frequency of the hydrogen mag|ained by existing models, to thereby “improve” the agree-
ser. The usual Doppler integrating times for the Pioneer Dopent between theory and experiment. Such an approach may,
pler signals refers to the data sampled over intervals of 10 g course, eliminate the very data that would indicate defi-
60s, 600 s, or 1980 s. ciencies in thea priori model. This would preclude the dis-
covery of improved models.

In the processing stage that fits the Doppler samples,

A range measurement is made by phase modulating a sighecks are made to ensure that there are no integer cycle
nal onto the up-link carrier and having it echoed by the translips in the data stream that would corrupt the phase. This is
sponder. The transponder demodulates this ranging signalpne by considering the difference of the phase observations
filters it, and then re-modulates it back onto the down-linktaken at a high ratél0 times a secondo produce Doppler.
carrier. At the ground station, this returned ranging signal i<Cycle slips often are dependent on tracking loop bandwidths,
demodulated and filtered. An instantaneous comparison béhe signal to noise ratios, and predictions of frequencies.
tween the outbound ranging signal and the returning rangin@lunders due to out-of-lock can be determined by looking at
signal that comes down would yield the two-way delay.the original tracking data. In particular, cycle slips due to

2. Range measurements
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loss-of-lock stand outsaa 1 Hzblunder point for each cycle space prefers 600 and 1980 second data intervals and applies
slipped. a low-pass filtey.

If a blunder point is observed, the count is stopped and a The total count of corrupted data points is about 10% of
Doppler point is generated by summing the preceding pointghe total raw data points. The analysts’ judgments play an
Otherwise the count is continued until a specified maximunimportant role here and is one of the main reasons that JPL
duration is reached. Cases where this procedure detected tABd Aerospace have slightly different resuliSee Secs. V
need for cycle corrections were flagged in the database ar@d VI) In Sec. V we will show a typical plotFig. 8 below
often individually examined by an analyst. Sometimes the/ith outliers present in the data. Many more outliers are off
data was corrected, but nominally the blunder point was justh€ Plot. One would expect that the two different strategies of
eliminated. This ensures that the data is consistent over @ta compression used by the two teams would result in
pass. However, it does not guarantee that the pass is gooﬂgnlﬂcantly different numbers of tot_al data pomts_used in
because other errors can affect the whole pass and remdi€ two independent analyses. The influence of this fact on
undetected until the orbit determination is done. the solution estimation accuracy will be addressed in Sec. VI

To produce an input data file for an orbit determinationP€low.
program, JPL has a software package known as the Radio
Metric Data Selection, Translation, Revision, Intercalation, D. Data weighting
Processing and Performance Evaluation ReportRYID- Considerable effort has gone into accurately estimating
STRIPPER Program. As we discussed in Sec. Il B 1, this in- easurement errors in the observations. These errors provide
put file has data that can be integrated over intervals withhe gata weights necessary to accurately estimate the param-
different durations: 10 s, 60 s, 600 s and 1980 s. This inpUgter adjustments and their associated uncertainties. To the
Orbit Determination File (ODFILE) obtained from the eyient that measurement errors are accurately modeled, the
RMDC group is the initial data set with which both the JPL 4 ameters extracted from the data will be unbiased and will
and The Aerospace Corporation groups started their analysg$aye accurate sigmas assigned to them. Both JPL and Aero-
Therefore, the initial data file already contained some COMgpace assign a standard uncertainty of 1 mm/s over a 60
mon data editing that the RMDC group had implementedsecond count time for the S-band Pioneer Doppler data.
through program flags, etc. The data set we started with hafbriginally the JPL team was weighting the data by 2 mm/s
already been compressed to 60 s. So, perhaps there WeiRcertainty)
some blunders that had already been removed using the ini- A change in the DSN antenna elevation angle also directly
tial STRIPPERprogram. _ . affects the Doppler observables due to tropospheric refrac-

The orbit analyst manually edits the remaining corruptedion Therefore, to correct for the influence of the Earth’s
data points. Editing is done either by plotting the data reSidutroposphere the data can also be deweighted for low eleva-

als and deleting them from the fit or plotting weighted datajon angles. The phenomenological range correction is given
residuals. That is, the residuals are divided by the standargy

deviation assigned to each data point and plotted. This gives

the analyst a realistic view of the data noise during those 18
times when the data was obtained while looking through the 0= Onominal 1+ ——/, (2
solar plasma. Applying anN-o” ( o is the standard devia- (1+6g)

tion) test, whereN is the choice of the analygisually 4—10

the analyst can delete those points that lie outsideNthe . . i
rejection criterion without being biased in his selection. TheWN€r€nominaliS the basic standard deviatioim Hz) and 6
N-o test, implemented ircHASMP, is very useful for data 1S the elevation angle in degrep#0]. Each leg is computed

taken near solar conjunction since the solar plasma adds cof¢Parately and summed. For Doppler the same procedure is
siderable noise to the data. This criterion later was changesed- First, Eq(2) is multiplied by y60 s/T., whereT, is

to a similar criteria that rejects all data with residuals in theth® count time. Then a numerical time differentiation of Eq.
fit extending for more thart 0.025 Hz from the mean. Con- (2) iS performed. That is, Eq2) is differenced and divided
trariwise, the JPL analysis edits only very corrupted dataPy the count time,T.. (For more details on this standard
e.g., a blunder due to a phase lock loss, data with bad spigchnique see Reffd1-44.) o _
calibration, etc. Essentially the Aerospace procedure elimi- 1here is also the problem of data weighting for data in-
nates data in the tails of the Gaussian probability frequenc uenced by the solar corona. This will be discussed in Sec.
distribution whereas the JPL procedure accepts this data.

If needed or desired, the orbit analyst can choose to per-
form an additional data compression of the original naviga-
tion data. The JPL analysis does not apply any additional
data compression and uses all the original data from the OD- The radio signals used by DSN to communicate with
FILE as opposed to Aerospace’s approach. Aerospace makspacecraft are circularly polarized. When these signals are
an additional compression of data wittiRASMP. It uses the  reflected from spinning spacecraft antennae a Doppler bias is
longest available data integration times which can be comintroduced that is a function of the spacecraft spin rate. Each
posed from either summing up adjacent data intervals or byevolution of the spacecraft adds one cycle of phase to the
using data spans with duration600 s.(Effectively Aero-  uplink and the downlink. The uplink cycle is multiplied by

E. Spin calibration of the data
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the turnaround ratio 240/221 so that the bias equals (1 A. Relativistic equations of motion

+240/221) cycles per revolution of the spacecraft. The spacecraft ephemeris, generated by a numerical inte-
High-rate spin data is available for Pioneer 10 only up togration program, is a file of spacecraft positions and veloci-
July 17 1990, when the DSN ceased doing spin calibrationgies as functions of ephemefisr coordinatgtime (ET). The
(See Sec. Il B. After this date, in order to reconstruct the integrator requires the input of various parameters. These
spin behavior for the entire data span and thereby account fénclude adopted constants, (G, planetary mass ratios, ejc.
the spin bias in the Doppler signal, both analyses modele@nd parameters that are estimated frqm fits to observational
the spin by performing interpolations between the datd#lata(€.g., corrections to planetary orbital elements
points. The JPL interpolation was non-linear with a high- '€ ephemeris programs use equations for point-mass
order polynomial it of the dataThe polynomial was from relativistic gravitational accelerations. They are derived from

. . the variation of a time-dependent, Lagrangian-action integral
second up to S|xth_order, dependlng on the data q“)a_“!e that is referenced to a non-rotating, solar-system, barycentric,
CHASMP interpolation was linear between the spin data

! coordinate frame. In addition to modeling point-mass inter-
points. actions, the ephemeris programs contain equations of motion
After a maneuver in mid-1993, there was not enoughthat model terrestrial and lunar figure effects, Earth tides, and
power left to support the IPP. But analysts still could get alunar physical librationd48—-50. The programs treat the
rough determination approximately every six months usingSun, the Moon, and the nine planets as point masses in the
information obtained from the conscan maneuvers. No spifsotropic, parametrized post-Newtonian, N-body metric with
determinations were made after 1995. However, the archivetiewtonian gravitational perturbations from large, main-belt
conscan data could still yield spin data at every maneuveRSteroids. _ _ o
time if such work was approved. Further, as the phase center R€SPonding to the increasing demand of the navigational
of the main antenna is slightly offset from the spin axis, aaceuracy, the gravitational field in the solar system is mod-

4 . : eled to include a number of relativistic effects that are pre-
very small (but detectablesine-wave signal appears in the dicted by the different metric theories of gravity. Thus,

high-rate Doppler data. In principle, this could be used t0yjithin the accuracy of modern experimental techniques, the
determine the spin rate for passes taken after 1993, but it hfb%rametrized post-Newtonig®PN approximation of mod-
not been attempted. Also, the failure of one of the spin-dowrern theories of gravity provides a useful starting point not
thrusters prevented precise spin calibration of the Pioneer 1dnly for testing these predictions, but also for describing the
data. motion of self-gravitating bodies and test particles. As dis-
Because the spin rate of the Pioneers was changing ovetissed in detail if51], the accuracy of the PPN limitvhich

the data span, the calibrations also provide an indication df slow motion and weak fieJds adequate for all foreseeable
gas leaks that affect the acceleration of the spacecratft. Aolar system tests of general relativity and a number of other

careful look at the records shows how this can be a problerrﬂ“atric theories of gravit)(For the most ge”‘?fa' formulation
This will be discussed in Secs. VI A and VIII E of the PPN formalism, see the works of Will and Nordtvedt

[51,52)
For each body (a planet or spacecraft anywhere in the
IV. BASIC THEORY OF SPACECRAFT NAVIGATION solar syster) the point-mass acceleration is written as

Accuracy of modern radio tracking techniques has pro-[41’42’48’53’5}4

vided the means necessary to explore the gravitational envi-
ronment in the solar system up to a limit never before pos-'r'i:_ :
sible[45]. The major role in this quest belongs to relativistic 1#i rij

> —

pi(ri—r) [ 2(B+y) M 281 Mk
2 ; (1 c? girik c 2

k=i Tjk

celestial mechanics experiments with planetsy., passive - 12

radar ranging and interplanetary spacecrdfioth Doppler _i (rJ_ri)rJ} +i(r-—r»)'r'-— 2(1+7)”.
and range experimentsCelestial mechanics experiments 2¢2| ] 2c2 0 cz2 !
with spacecraft have been carried out by JPL since the early

1960s[46,47]. The motivation was to improve both the eph- 2 vi|?| 1 M

emerides of solar system bodies and also the knowledge of +ty| g A+ c +§ & a

the solar system’s dynamical environment. This has become
possible due to major improvements in the accuracy of . . .
spacecraft navigation, which is still a critical element for a X( [(ri_rj)]'[(2+27’)ri_(1+27)rj])(ri_rj)
number of space missions. The main objective of spacecraft )
navigation is to determine the present position and velocity 3+4y il
of a spacecraft and to predict its future trajectory. This is + 202 JZ‘. ? ©)
usually done by measuring changes in the spacecraft's posi-
tion and then, using those measurements, corredfititng  wherey; is the “gravitational constant” of bodi. It actually
and adjustingthe predicted spacecraft trajectory. is its mass times the Newtonian constant=Gm;. Also,

In this section we will discuss the theoretical foundationr;(t) is the barycentric position of body ri;=|r;—r;| and
that is used for the analysis of tracking data from interplan-vi:|}i|, For planetary motion, each of these equations de-
etary spacecraft. We describe the basic physical models us@@énds on the others. So they must be iterated in each step of
to determine a trajectory, given the data. the integration of the equations of motion.
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The barycentric acceleration of each bgdyue to New- plications. It is convenient to express ET in terms of Inter-
tonian effects of the remaining bodies and the asteroids isational Atomic TimgTAI). TAl is based upon the second in
denoted by'r'j . In Eq. (3), B and y are the PPN parameters the International System of UnitSl). This_ second is defineq
[51,52. General relativity corresponds #8=y=1, which o be the duration of 9192631770 periods of the _radlatlon
we choose for our study. The Brans-Dicke theory is the mosgorresponding to the transition between two hyperfine levels
famous among the alternative theories of gravity. It containsOf the ground state of the cesium-133 atffb]. _
besides the metric tensor, a scalar fieidand an arbitrary The differential equation relating ephemeris tigiT) in
coupling constants, related to the two PPN parameters asthe solar system barycentric reference frame to TAl at a
y=(1+ w)/(2+ ), B=1. Equation(3) allows the consid- tracking station on Earth or on Earth satellite can be obtained

eration of any problem in celestial mechanics within the PPNdirectly from the Newtonian approximation to the N-body

framework. metric [54]. This expression has the form
L ' , d TAl 1 1 1 1
B. Light time solution and time scales - =1—-—|U- —v2——(v3 | +0| —
JET =1 S| U— (W50 =507 |+0 C4), (5)

In addition to planetary equations of motion E§), one
gfggrstéogZ?lt\;\i t:;urtie(l?]t%' ftt'ﬁel'?Oﬁglplzgﬁflg?}'eotnrai%llja;[r']otnhénwhereU is the solar system gravitational potential evalua_ted
) ) ) at the tracking station and is the solar system barycentric
solar system, barycentric, space-time frame of reference this_,” = : . .
equation is given by v_elocny of the tracking station. The brackéts) on the _rlght
side of Eq.(5) denote long-time average of the quantity con-
tained within them. This averaging amounts to integrating
out periodic variations in the gravitational potentidl, and
the barycentric velocity,?, at the location of a tracking sta-
tion. The desired time scale transformation is then obtained
by using the planetary ephemeris to calculate the terms in
@ Eq.(5).

The vector expression for the ephemeris-coordinate time
(ET) in the solar system barycentric frame of reference mi-
Jus the TAI obtained from an atomic clock at a tracking
station on Earth has the forfp4]

©,.0,.0
rog (I+ype |[r1try;+rp

tr,—t1,=
C C3

©,.0_ .0
ry+ry—rp

i i i
rit+rotrq,

+E (I+y)ui In

3

i c r+rh—ri,]
where u is the gravitational constant of the Sun andis
the gravitational constant of a planet, an outer planetary sy
tem, or the Moonr?, s, andr$, are the heliocentric dis-
tances to the point of RF signal emission on Earth, to the 5 1

pplnt of signal reflection at the. spacecraft, and' the rielat|ve ET— TAl =32.184 s%—z(fé?-rSH—z(iSSBwE
distance between these two points. Correspondimglyr c c

andr’, are similar distances relative to a particuilr body

in the solar system. In the spacecraft light time solutign,
refers to the transmission time at a tracking station on Earth,
andt, refers to the reflection time at the spacecraft or, for
one-way[36] data, the transmission time at the spacecraft. Msa
The reception time at the tracking station on Earth or at an + m
Earth satellite is denoted kiy. Hence, Eq(4) is the up-leg HoT s

B .E o .0
_2( s + (ry-ry)

+ r -r
5N potpy)

(9]

. 1 .
o 0 SSB O
(rSa'rSa)+?(rO “Tg),

light time equation. The corresponding down-leg light time (6)
equation is obtained by replacing subscripts as follows: 1 _ B
—2 and 2- 3. (See the details iM42].) wherer] andr! position and velocity vectors of pointrela-

The spacecraft equations of motion relative to the solative to pointj (they are functions of EJT superscript or sub-
system barycenter are essentially the same as given by Escript SSB denotes solar system barycerfestands for the
(3). The gravitational constants of the Sun, planets and th&un; B for the Earth-Moon barycentek; J, Sa denote the
planetary systems are the values associated with the sol&arth, Jupiter, and Saturn correspondingly, @i for the
system barycentric frame of reference, which are obtainetbcation of the atomic clock on Earth which reads TAI. This
from the planetary ephemeriS4]. We treat a distant space- approximated analytic result contains the clock synchroniza-
craft as a point-mass particle. The spacecraft acceleration t®n term which depends upon the location of the atomic
integrated numerically to produce the spacecraft ephemerislock and five location-independent periodic terms. There are
The ephemeris is interpolated at the ephemeris f{EE€) several alternate expressions that have up to several hundred
value of the interpolation epoch. This is the time coordinateadditional periodic terms which provide greater accuracies
tin Egs.(3) and (4), i.e., t=ET. As such, ephemeris time than Eq.(6). The use of these extended expressions provide
means coordinate time in the chosen celestial referenceansformations of ET-TAI to accuracies of 1 [#2].
frame. It is an independent variable for the motion of celes- For the purposes of our study the Station Ti(S) is
tial bodies, spacecraft, and light rays. The scale of ET deespecially significant. This time is the atomic time TAIl at a
pends upon which reference frame is selected and one ma)SN tracking station on Earth, STTAlgii0n- This atomic
use a number of time scales depending on the practical apime scale departs by a small amount from the “reference
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time scale.” The reference time scale for a DSN trackingonds(masg. Celestial pole motion is available every five to
station on Earth is the Coordinated Universal TithelC). seven days at the same level of accuracy. These estimations
This last is standard time for 0° longitudé&or more details of accuracy include both short term and long term noise.
see[42,55.) Sub-daily variations in Universal time and polar motion are
All the vectors in Eq.(6) except the geocentric position also measured on a campaign basis.
vector of the tracking station on Earth can be interpolated [N summary, this dynamical model accounts for a number
from the planetary ephemeris or computed from these quaer post-Newtonian perturbatlons_ in the motions qf the plan-
tities. Universal Timg(UT) is the measure of time which is €S the_l\z/loon, and spacecraft. Light propagation is correct to
the basis for all civil time keeping. It is an observed time °rderc <. The equat|on§4of motion of extended celestial
scale. The specific version used in JPL’s Orbit DeterminatiorPodies are valid to order™". Indeed, this dynamical model
Program(ODP) is UT1. This is used to calculate mean side- has been good enough to perform tests of general relativity
real time, which is the Greenwich hour angle of the mear}28,51,52
equinox of date measured in the true equator of date. Ob-
served UT1 contains 41 short-term terms with periods be- ¢ standard modeling of small, non-gravitational forces
tween 5 and 35 days. They are caused by long-period solid . . . )
Earth tides. When the sum of these termsUTL, is sub- I'n addltlorj to Fhe mutual gravitational interactions of.the
tracted from UT1 the result is called UTLR, where R meang/@rious bodies in the solar system and the gravitational
regularized. forces acting on a spacecraft as a result of presence of those
Time in any scale is represented as seconds past 1 Janud}gdies, it is also important to consider a number of non-
2000, 12, in that time scale. This epoch is J2000.0, which is9 avitational forces which are important for the motion .of a
the start of the Julian year 2000. The Julian Date for thiépacecraft.(Bo?lks ﬁ‘ndf I?]ngthy reporlts he}ve beer; written
epoch is JD 245,1545.0. Our analyses used the standafpout Practically all of them. Consult Reff57,58 for a
space-fixed J2000 coordinate system, which is provided b§eneral introduction.

the International Celestial Reference Fraftf@RF). This is a The Jet Propulsion Laboratory’s ODP accounts for many

quasi-inertial reference frame defined from the radio posi_sources of non—grayitational ac_celerations._ Among them, the
ost relevant to this study, afe) solar radiation pressure,

tions of 212 extragalactic sources distributed over the entire, , » ;
sky [56]. ii) solar wind pressure, andi) attitude-control maneuvers

together with a model for unintentional spacecraft mass ex-

The variability of the earth-rotation vector relative to the : X
body of the planet or in inertial space is caused by the graviPU!Sion due to gas leakage of the propulsion system. We can
also account for possible influence of the interplanetary me-

tational torque exerted by the Moon, Sun and planets, dis?

placements of matter in different parts of the planet and othefi& i‘_nd DSN antennae _contrihbutions to the spacecraft radio
excitation mechanisms. The observed oscillations can be iffcKIng dafta and cr?n3|der the torques produced by ablove
terpreted in terms of mantle elasticity, earth flattening, strucmMeéntioned forces. The Aerospaceasmp code uses a mode

ture and properties of the core-mantle boundary, rheology of°" 92S leaks that can be adjusted to include the effects of the
the core, underground water, oceanic variability, and atmotecoil fo_rC(_a due to emitted radio power and anisotropic ther-
spheric variability on time scales of weather or climate. ~ Mal radiation of the spacecrat. , o

Several space geodesy techniques contribute to the con- !N Principle, one could set up complicated engineering
tinuous monitoring of the Earth's rotation by the Interna- MCUels to predict at least some of the effects. However, their
tional Earth Rotation ServicdERS). Measurements of the residual uncertainties might be unacceptable for the experi-
Earth’s rotation presented in the form of time developmenténent' in spite of t_he significant effort required. In fapt, a
of the so-called Earth Orientation Paramet&®P). Univer- constant acceleration p_roduces a linear frequency.drn‘t that
sal time(UT1), polar motion, and the celestial motion of the €@ be accounted for in the data analysis by a single un-
pole (precession-nutationare determined by Very Long- KNOWn parameter. .

Baseline Interferometry(VLBI). Satellite geodesy tech- e figure against which we compare the effects of non-
niques, such as satellite laser rangii®.R) and using the gravitational acc_:eleratlons on th_e Pioneers t_rajeptorles is the
Global Positioning SysteniGPS, determine polar motion expected error in the acceleration error estimations. This is
and rapid variations of universal time. The satellite geodesy" the order of

programs used in the IERS allow determination of the time Ta~2X10"8 cm/2 @
variation of the Earth’s gravity field. This variation reflects 0 ’

the evolutions of the Earth’s shape and of the distribution of

mass in the planet. The programs have also detected chang&bereoy is a single determination accuracy related to accel-
in the location of the center of mass of the Earth relative tceration measurements averaged over number of days. This
the crust. It is possible to investigate other global phenomenaould contribute to our result asy~ o/+/N. Thus, if no
such as the mass redistributions of the atmosphere, ocearsystematics are involved therny will just tend to zero as
and solid Earth. time progresses.

Using the above experimental techniques, Universal time Therefore, the important thing is to know that these ef-
and polar motion are available daily with an accuracy offects (systematicsare not too large, thereby overwhelming
about 50 picosecondgs). They are determined from VLBI any possibly important signasuch as our anomalous accel-
astrometric observations with an accuracy of 0.5 milliarcseceration). This will be demonstrated in Secs. VIl and VIII.
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D. Solar corona model and weighting Substitution of Eq(9) into Eq.(8) results in the following
The electron density and density gradient in the solar atSteady-state solar corona contribution to the range model that

mosphere influence the propagation of radio waves through® Used in our analysis:
the medium. So, both range and Doppler observations at 2
S-band are affected by the electron density in the interplan- Agc range= + (E)
etary medium and outer solar corona. Since, throughout the v
experiment, the closest approach to the center of the Sun of a

radio ray path was greater than B%, the medium may be +C
regarded as collisionless. Tlae waytime delay associated

with a plane wave passing through the solar corona is ob-

tained[44,46,59 by integrating the group velocity of propa- Yo andv are a reference frequency and the actual frequency
gation along the ray’s patl; of radio-wavefor Pioneer 10 analysig,=2295 MHZ, p is

the impact parameter with respect to the Sun &nis a

1.7

Ro e~ [#/é0)?

p

Ro

A F+B

©

(10

At=+ Scdl ny(t.r). ![ii?)rr]]t-igm'e correc;clen fa(?tor. For distant spacecraft this func-
2cngif(v) J o given as follows:
2 F=F(p,rr.re)
Men )= 1.240¢ 104(1 'ClHZ) cm*3, ® 1 I’T_P2 \/I'E_P2
= —[ arctarii + arctariiT ] . (11

whereng(t,r) is the free electron density in the solar plasma,
c is the speed of light, and(») is the critical plasma Wherery andrg are the heliocentric radial distances to the
density for the radio carrier frequenay. The plus sign is target and to the Earth, respectively. Note that the sign of the
applied for ranging data and the minus sign for Doppler datgolar corona range correction is negative for Doppler and
[60]. positive for range. The Doppler correction is obtained from
Therefore, in order to calibrate the plasma contribution,Ed. (10) by simple time differentiation. Both analyses use the
one should know the electron density along the path. Ongame physical model, E¢10), for the steady-state solar co-
usually decomposes the electron density, into a static, fona effect on the radio-wave propagation through the solar

steady-state partrTe(r), plus a fluctuationsny(t,r), i.e., plasma. Although the actual implementation of the model in

the t is diff t, this t t not t ignifi t.
ne(t,r) =ng(r)+ éng(t,r). The physical properties of the (Siewge??;sés different, this turns out not to be significan

second term are hard to quantify. But luckily, its effect on
Doppler observables and, therefore, on our results is smalfn
(We will address this issue in Sec. VII)BOn the contrary,

the steady-state corona behavior is reasonably well know

and several plasma models can be found in the “teraturﬁarticular wavelength of the solar radiation=10.7 cm
[59-62. . . . The actual data corresponding to this variation is given in
Consequently, while studying the effect of a systematicpot 165] crasmp averages this data over 81 days and nor-

error from propagation of the S-band carrier wave througl—’)ﬂ&llizes the value of the flux by 150. Then it is used as a
the solar plasma, both analyses adopted the following mod(? me-varying scaling factor in Eq10). The result is referred

for the electron density profilpt4]: to as the “E10.7 model.”

Next we come to corona data weighting. JPL's ODP does

9 not apply corona weighting. On the other hand, Aerospace’s

CHASMP can apply corona weighting if desired. Aerospace

uses a standard weight augmented by a weight function that
r is the heliocentric distance to the immediate ray trajectoryaccounts for noise introduced by solar plasma and low eleva-
and ¢ is the helio-latitude normalized by the reference lati-tion. The weight values are adjusted so tfiatthe post-fit
tude of ¢o=10°. The parameters and ¢ are determined Weighted sum of the squares is close to unity dingap-
from the trajectory coordinates on the tracking link beingProximately uniform noise in the residuals is observed
modeled. The parameters B,C are parameters chosen to throughout the fit span.

CHASMP can also consider the effect of temporal variation
the solar corona by using the recorded history of solar
activity. The change in solar activity is linked to the variation
Bf the total number of sun spots per year as observed at a

2
+B

2.7
e [#lel’ L c

R R 6
Ne(t,r)=A TQ TO

Ro
:

describe the solar electron densitfthey are commonly Thus, the corresponding solar-corona weight function is
given in two sets of units, meters or cth[63].) They can be ) a2

treated as stochastic parameters, to be determined from the o ZE(@) @) (12)

fit. But in both analyses we ultimately chose to use the val- 2\ v p '

ues determined from the recent solar corona studies done for

the Cassini mission. These newly obtained values Are: where, for range dat&,is an input constant nominally equal
=6.0x 10°, B=2.0x10%, C=0.6x1C%, all in meters[64].  to 0.005 light secondsy, and v are a reference frequency
[This is what we will refer to as the “Cassini corona and the actual frequency,is the trajectory’s impact param-
model.”] eter with respect to the Sun in km, aRd, is the solar radius
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in km [66]. The solar-corona weight function for Doppler is 0.1
essentially the same, but obtained by numerical time differ- 0of  ° 8,
entiation of Eq.(12). o~ —01r °
o 02 % °§
£
E. Modeling of maneuvers \:/ :g:i [ /e °
There were 28 Pioneer 10 maneuvers during our data in--; -05F °
terval from 3 January 1987 to 22 July 1998. Imperfect cou-é‘é’ 06 °
pling of the hydrazine thrusters used for the spin orientation2 -o0.7 °
maneuvers produced integrated velocity changes of a fe\ﬂ§ -0.8 |
millimeters per second. The times and durations of eachma  -o09} 13
neuver were provided by NASA/Ames. JPL used thisdataas  -1o0f = = o
input to ODP. The Aerospace team used a slightly different -4 -3 2 10 1 2 3 4 5 6 7 8
approach. In addition to the original datzjasmp used the Time in Days from Maneuver 17 on 12/23/93

spin-rate data file to help determine the times and duration of _ _
maneuvers. TheHASMP determination mainly agreed with FIG. 5. The Doppler residuals after a fit for maneuver No. 17 on
the data used by JP[There were minor variations in some 23 December 1993.

of the times, one maneuver was split in two, and one extra-

neous maneuver was added to Interval Il to account for datg€nted by a cubic polynomial in time. The standard error in
not analyzedsee below] the residuals is 0.095 mm/s. After the maneuver, there is a

Because the effect on the spacecraft acceleration coullatively small velocity discontinuity of-0.90+0.07 mm/s.
not be determined well enough from the engineering telem_:rhe discontinuity arises beca_use the model fits the entire data
etry, JPL included a single unknown parameter in the ﬁttingmterval. In fact, the residuals increase after the maneuver. By
model for each maneuver. In JPL's ODP analysis, the maneukl January 1994, 19 days after the maneuver, the residuals
vers were modeled by instantaneous velocity increments &'€ Scattered about their pre-maneuver mean@is mm/s.
the beginning time of each maneuvénstantaneous burn For purposes of characterizing the gas leak immediately
mode). [Analyses of individual maneuver fits show the re- after the maneuver, we flt the post-maneuver residuals by a
siduals to be small.In the cHASMP analysis, a constant ac- tWo-parameter exponential curve,
celeration acting over the duration of the maneuver was in-
cluded as a parameter in the fitting modéinite burn Ap= _erx% _E
mode). Analyses of individual maneuver fits show the re- T
siduals are small. Because of the Pioneer spin, these accel-
erations are important only along the Earth-spacecraft linelhe best fit yields) =0.808 mm/s and the time constant
with the other two Components averaging out over about 5@ 13.3 dayS, a reasonable result. The time derivative of the
revolutions Of the Spacecraft over a typ|ca| maneuver duraexponential curve yleldS a residual acceleration |mmed|ate|y
tion of 10 minutes. after the maneuver of 7.0810 8 cm/€. This is close to the

By the time Pioneer 11 reached Saturn, the pattern of thE1agnitude of the anomalous acceleration inferred from the
thruster firings was understood. Each maneuver caused oppler data, but in theppositedirection. However the gas
change in spacecraft spin and a velocity increment in théeak rapidly decays and becomes negligible after 20 days
spacecralft trajectory, immediately followed by two to threeOr SO.
days of gas leakage, large enough to be observable in the
Doppler datd 67]. F. Orbit determination procedure

_Typlcally the Doppl_e_r data is time averaged.over 1010 33 Our orbit determination procedure first determines the
minutes, which significantly reduces the high-frequency,

. . . spacecraft’s initial position and velocity in a data interval.
Doppler noise. 'The residuals represent our fit. They are COMor each data interval, we then estimate the magnitudes of
verted from units of Hz to Doppler velocity by the formula ’

the orientation maneuvers, if any. The analyses are modeled
[38] to include the effects of planetary perturbations, radiation
¢ [Av]psn pressu_re,_the interplanetary media,_ gene_ral relativity, and bias
[AU]DSN=§ —_—, (13)  and drift in the Doppler and rang@ available. Planetary
Yo coordinates and solar system masses are obtained using JPL's
Export Planetary Ephemeris DE405, where DE stands for the
where v, is the downlink carrier frequency;-2.29 GHz, Development EphemerigEarlier in the study, DE200 was
Av is the Doppler residual in Hz from the fit, ardis the  used. See Sec. V A.
speed of light. We include models of precession, nutation, sidereal rota-
As an illustration, consider the fit to one of the Pioneer 10tion, polar motion, tidal effects, and tectonic plates drift.
maneuvers, No. 17, on 22 December 1993, given in Fig. SModel values of the tidal deceleration, nonuniformity of ro-
This was particularly well covered by low-noise Doppler tation, polar motion, Love numbers, and Chandler wobble
data near solar opposition. Before the start of the maneuveare obtained observationally, by means of Lunar and Satellite
there is a systematic trend in the residuals which is repretaser RangindLLR and SLR techniques and VLBI. Previ-

—0.15 mm/s. (14
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ously they were combined into a common publication bynoise in the observational data. To better characterize these
either the International Earth Rotation ServitERS) or by  noise sources, one splits the data interval into a number of
the United States Naval ObservatdgkySNO). Currently this  constant or variable size batches and makes assumptions on
information is provided by the ICRF. JPL's Earth Orientation possible statistical properties of these noise factors. One then
Parameter$EOP) is a major source contributor to the ICRF. estimates the mean values of the unknown parameters within
The implementation of the J2000.0 reference coordinat¢he batch and also their second statistical moments.

system inCHASMP involves only rotation from the Earth- Using batches has the advantage of dealing with a smaller
fixed to the J2000.0 reference frame and the use of the JPLisumber of experimental data segments. We experimented
DE200 planetary ephemer{$8]. The rotation from from with a number of different constant batch sizes; namely, 0, 5,
J2000.0 to Earth-fixed is computed from a series of rotation80, and 200 day batch sized.ater we also used 1 and 10
which include precession, nutation, the Greenwich hougay batch sizegin each batch one estimates the same num-
angle, and pole wander. Each of these general categories k¢r of desired parameters. So, one expects that the smaller
also a mu|t|p|e rotation and is treated Separate|y by mosﬁ_he batch size the Iarger the reSUlting statistical errors. This is

software. Each separate rotation matrix is chain multiplied td°ecause a smaller number of data points is used to estimate
produce the final rotation matrix. the same number of parameters. Using the entire data inter-

CHASMP, however, does not separate precession and nuty@! @S a single batch while changing the process naise

tion. Rather, it combines them into a single matrix operation.prlorl yalue_s is expected in prmup(see. belq\b/to yield a
This is achieved by using a different set of angles to describ esult 'de”t'c"’?' to the least-squares estimation. _In the single
precession than is used in the OD®ee a description of the atch case, it would produce only one solution for the

standard set of angles 9]) These angles separate luni- anc_)rrr?:rlguiz Zﬁg(tarlleerf ;(:T?né)rtant arameter that was taken into
solar precession from planetary precession. Luni-solar pre- P P

cession, being the linear term of the nutation series for th ccount in the statistigal dgta analysis reporte.d here. This_ is

nutation in longitude, is combined with the nutation in lon- e expected correlation time for the underlying stochastic

gitude from the DE200 ephemeris tas]. p_rocesse$as well as the process n_o)stbat may be respon-
Both JPL's ODP and The Aerospace Corporation’ss'ble for the anomalous acceleration. For example, using a

cHSUP Use the JPLIEATh Orintaton Parametdeon 2610 COllon e s usell n seathes foranial
values. This could be a source of common error. Howevef y P ) P

the comparisons between EOP and IERS show an insignifép estimated from one baFch is statistically independant
cant difference. Also, only secular terms, such as precessio orrelated frqm those (?stlr’qated.fro'm other b«'.:ltches._AIslo,
can contribute errors to the anomalous acceleration. Errors i YS€ of finite correlation times indicates one is considering

short period terms are not correlated with the anomalous a in ap that may show a temporal variation within the data
celeration. Interval. We experimented with a number of possible corre-

lation times and will discuss the corresponding assumptions
when needed.

In each batch one estimates solutions for the set of desired

During the past few decades, the algorithms of orbitalparameters at a specified epoch within the batch. One usually
analysis have been extended to incorporate Kalman-filter eghooses to report solutions corresponding to the beginning,
timation procedure that is based on the concept of “procesmiddle, or end of the batch. General coordinate and time
noise” (i.e., random, non-systematic forces, or random-walkiransformations(discussed in Sec. IV Bare then used to
effectg. This was motivated by the need to respond to thereport the solution in the epoch chosen for the entire data
significant improvement in observational accuracy andjnterval. One may also adjust the solutions among adjacent
therefore, to the increasing sensitivity to numerous small pebatches by accounting for possible correlations. This process
turbing factors of a stochastic nature that are responsible fggroduces a smoothed solution for the set of solved-for pa-
observational noise. This approach is well justified when oneameters. More details on this so called “batch-sequential
needs to make accurate predictions of the spacecraft’s futuadgorithm with smoothing filter” are available in Refigl1—
behavior using only the spacecraft's past hardware and eled3].
tronics state history as well as the dynamic environment con- Even without process noise, the inversion algorithms of
ditions in the distant craft's vicinity. Modern navigational the Kalman formulation and the weighted least-squares
software often uses Kalman filter estimation since it moremethod seem radically different. But as shown7d], if one
easily allows determination of the temporal noise historyuses a single batch for all the data and if one uses certain
than does the weighted least-squares estimation. assumptions about, for instance, the process noise and the

To take advantage of this while obtaining JPL’s original smoothing algorithms, then the two methods are mathemati-
resultg[ 12,13 discussed in Sec. V, JPL used batch-sequentiatally identical. When introducing process noise, an addi-
methods with variable batch sizes and process noise charatienal process noise matrix is also added into the solution
teristics. That is, a batch-sequential filtering and smoothinglgorithm. The elements of this matrix are chosen by the user
algorithm with process noise was used with ODP. In thisas prescribed by standard statistical techniques used for navi-
approach any small anomalous forces may be treated as stgational data processing.
chastic parameters affecting the spacecraft trajectory. As For the recent results reported in Sec. VI, JPL used both
such, these parameters are also responsible for the stochagtie batch-sequential and the weighted least-squares estima-

G. Parameter estimation strategies
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tion approaches. JPL originally implemented only the batch- ACCELERATIONS ON PIONEER 10 AND 11
sequential method, which yielded the detectian a level Positive Along Sun—Spacecroft Line
smaller than could be detected with any other spacearaft
an annual oscillatory term smaller in size than the anomalous$
acceleratiorf13]. (This term is discussed in Sec. IX)CThe
recent studies included weighted least-squares estimation t
see if this annual term was a calculational anomaly.
The Aerospace Corporation uses only the weighted least-2 20
squares approach with itsiAsmp software. Ay? test is used é
as an indicator of the quality of the fit. In this case, the = ¢
anomalous acceleration is treated as a constant parameteg

ec /s

km

Solor Pressure

over the entire data interval. To solve fap one estimates  § e -
the statistical weights for the data points and then uses thest® Unmodeled g, a“’"“"“
in a general weighted least-squares fashion. Note that the€ -0t

weighted least-squares method can obtain a result similar tc 0 10 20 30 0 50

that from a batch-sequential approdglith smoothing filter, Heliog entric Distance (AU}

zero correlation time and without process noibg cutting

the data interval into smaller pieces and then looking at the FIG. 6. ODP plots, as a function of distance from the Sun, of

temporal variation among the individual solutions. accelerations on quneers 10/11: The gcceleratlon$a}1rtee cal-
As one will see in the following, in the end, both pro- culated solar radiation accelerati¢top ling), (b) the unmodeled

grams yielded very similar results. The differences betweefcceleratiortbottom ling, and(c) the sum of the two aboveniddie

them can be mainly attributed t@thep systematics. This "¢ [75):

gives us confidence that both programs and their imple-

mented estimation algorithms are correct to the accuracy gitations in the_ kel bo_dy-flxed coordinate systgencen-
this investigation. tric radius, latitude, longitudewere taken from a set recom-

mended by ICRF for JPL's DE405.
Considerv,s, the frequency of the re-transmitted signal

V- ORIGINAL DETECTION OF THE ANOMALOUS observed by a DSN antenna, anglyge, the predicted fre-

ACCELERATION -
quency of that signal. The observed, two-way anomalous ef-
A. Early JPL studies of the anomalous Pioneer Doppler fect can be expressed to first orderifc as[38]
residuals 5

As mentioned in the Introduction, by 1980 Pioneer 10 was [ Vobdt) = Vmodelt) Ipsn=— 7o 2t ,
at 20 AU, so the solar radiation pressure acceleration had ¢
decreased te<5x 10 8 cm/<. Therefore, a search for un-
modeled acceleration@t first with the further out Pioneer _ _ 2Umodelt)
10) could begin at this level. With the acceptance of a pro- Vmoder™ 0 c '
posal of two of us(J.D.A. and E.L.L) to participate in the (15
Heliospheric Mission on Pioneer 10 and 11, such a search
began in earneg2]. Here, v, is the reference frequency, the factor 2 is because

The JPL analysis of unmodeled accelerations used thee use two- and three-way d&td6]. v yqqe iS the modeled
JPL’s Orbit Determination Prograf®DP) [41,42. Over the velocity of the spacecraft due to the gravitational and other
years the data continually indicated that the largest systemarge forces discussed in Sec. [\his velocity is outwards
atic error in the acceleration residuals is a constant bias aind hence produces a red shiftVe have already included
ap~(8+3)x 108 cm/¢, directed toward the Sun (to  the sign showing thatp is inward.(Therefore ap produces
within the beam-width of the Pioneers’ antenn@8]). a slight blue shift on top of the larger red shifBy DSN

As stated previously, the analyses were modeled to ineonvention [38], the first of Eqgs. (15 is [Awvgys
clude the effects of planetary perturbations, radiation pres—A vodelusua™ — LA Vobs™ A Vmodell DSN -
sure, the interplanetary media, general relativity, together Over the years the anomaly remained in the data of both
with bias and drift in the Doppler signal. Planetary coordi- Pioneer 10 and Pioneer 1¥4]. (See Fig. 6. In order to
nates and the solar system masses were taken from JPlisodel any unknown forces acting on Pioneer 10, the JPL
Export Planetary Ephemeris DE405, referenced to ICRF. Thgroup introduced a stochastic acceleration, exponentially
analyses used the standard space-fixed J2000 coordinate sgetrelated in time, with a time constant that can be varied.
tem with its associated JPL planetary ephemeris DE405 This stochastic variable is sampled in ten-day batches of
earlier, DE200Q. The time-varying Earth orientation in J2000 data. We found that a correlation time of one year produces
coordinates is defined by a 1998 version of JPL's EOP filegood results. We did, however, experiment with other time
which accounts for the inertial precession and nutation of theonstants as well, including a zero correlation tifméite
Earth’s spin axis, the geophysical motion of the Earth’s polenoise. The result of applying this technique to 6.5 years of
with respect to its spin axis, and the Earth’s time varyingPioneer 10 and 11 data is shown in Fig. 7. The plotted points
spin rate. The three-dimensional locations of the trackingepresent our determination of the stochastic variable at ten-
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UNMODELED ACCELERATIONS ON PIONFER 1D AND 11 400
Acceteration Directed Toward the Sun
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FIG. 7. An ODP plot of the early unmodeled accelerations of Days from 1Jan 1987 09:00:00
Pioneer 10 and Pioneer 11, from about 1981 to 1989 and 1977 to .
1989, respectivel75]. FIG. 8. cHAsmP two-way Doppler residualéobserved Doppler

velocity minus model Doppler velocityfor Pioneer 10 vs time. 1
day sample intervals. We plot the stochastic variable as &z is equal to 65 mm/s range change per second. The model is fully
function of heliocentric distance, not time, because that igelativistic. The solar system’s gravitational field is represented by
more fundamental in searches for trans-Neptunian sources dfe Sun and its planetary systefdg)].
gravitation. As possible “perturbative forces” to explain this ) ) ) )
bias, we considered gravity from the Kuiper belt, gravity ODP. To investigate this, an analysis of the raw data was
from the galaxy, spacecraft “gas leaks,” errors in the plan-performed using an independent program, The Aerospace
etary ephemeris, and errors in the accepted values of tHeorporation’s Compact High Accuracy Satellite Motion Pro-
Earth’s orientation, precession, and nutation. We found thagram (CHASMP) [77]—one of the standard Aerospace orbit
none of these mechanisms could explain the apparent accénalysis program&HASMPs orbit determination module is a
eration, and some were three orders of magnitude or mordevelopment of a program callewbeAs (Planetary Orbiter
too small.(We also ruled out a number of specific mecha-Error Analysis Study prograpthat was developed at JPL in
nisms involving heat radiation or “gas leaks,” even thoughthe early 1970s independently of JPL's ODP. As far as we
we feel these are candidates for the cause of the anomaly. V@ow, not a single line of code is common to the two pro-
will return to this in Secs. VII and VII). grams[78].

We concluded12], from the JPL-ODP analysis, that there  Although, by necessity, both ODP armhAsmP use the
is an unmodeled acceleratiomp, towards the Sun of same physical principles, planetary ephemeris, and timing
(8.09+0.20)x10°8 cm/$ for Pioneer 10 and of (8.56 and polar motion inputs, the algorithms are otherwise quite
+0.15)x10"8 cm/& for Pioneer 11. The error was deter- different. If there were an error in either program, they would
mined by use of a five-day batch sequential filter with radialnot agree.
acceleration as a stochastic parameter subject to white Aerospace analyzed a Pioneer 10 data arc that was initial-
Gaussian noise,\( 500 independent five_day Samp|es of ra- ized on 1 January 1987 at 16(the data itself started on 3
dial acceleration[76]. No magnitude variation of, with ~ January and ended at 14 December 1994, 0 h. The raw data
distance was found, within a sensitivity ofry=2 set was averaged to 7560 data points of which 6534 points
x10°8 cm/€ over a range of 40 to 60 AU. All our errors Were used. ThiscHASMP analysis of Pioneer 10 data also
are taken from the covariance matrices associated with thghowed an unmodeled acceleration in a direction along the
least—squares data analysis. The assumed data errors &iial toward the Sun(79]. The value is (8.650.03)
|arger than the standard error on the post_ﬁt residmﬁm X 1078 Cm/sz, agreeing with JPL’s result. The smaller error
example, the Pioneer S-band Doppler error was set at 1 mmfiere is because theHAsmpP analysis used a batch least-
at a Doppler integration time of 60 s, as opposed to a chasquares fit over the whole orkji76,77), not looking for a
acteristic 2 value of 0.3 mm/3.Consequently, the quoted Variation of the magnitude adp with distance.
errors are realistic, not formal, and represent our attempt to Without using the apparent acceleratioRiAsmP shows a
include systematics and a reddening of the noise spectrum I§feady frequency drifi38] of about—6x10"° Hz/s, or 1.5
solar plasma. Any spectral peaks in the post-fit Pioneer Doptlz over 8 yeargone-way only. (See Fig. 8. This equates to

pler residuals were not significant at a 90% confidence leved clock acceleration;-a;, of —2.8<10 '® s/s. The iden-
[12]. tity with the apparent Pioneer acceleration is

B. First Aerospace study of the apparent Pioneer acceleration a=ap/C. (16)

With no explanation of this data in hand, our attentionThe drift in the Doppler residual®bserved minus computed
focused on the possibility that there was some error in JPL'slatg is seen in Fig. 9.
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DOPPLER RESIDUALS A quick JPL look at limited Galileo date241 days from 8
' January 1994 to 6 September 198émonstrated that it was
impossible to separate solar radiation effects from an anoma-

+|1.U§-Dl

N . . : lous constant acceleration. The Sun was simply too close and
i : . - the radiation cross section too large. The nominal value ob-
S S T s tained was~8x 108 cm/s.

4 4 PR The Aerospace’s analysis of the Galileo data covered the

same arc as JPL and a second arc from 2 December 1992 to
24 March 1993. The analysis of Doppler data from the first
arc resulted in a determination fap of ~(8+3)x10 8
cm/<, a value similar to that from Pioneer 10. But the cor-

HERTZ

=y ' ! : : relation with solar pressure was so high99 that it is im-
) : ' ! N . possible to decide whether solar pressure is a contributing
- ) . s factor[80].

870101 0S00OC ' sS412(5 090000 The second data arc was 113 days long, starting six days

TIME . . .
prior to the second Earth encounter. This solution was also

FIG. 9. cHAsMP best fit for the Pioneer 10 Doppler residuals too highly correlated with solar pressure, and the data analy-
with the anomalous acceleration taken out. After adding one moreis was complicated by many mid-course maneuvers in the
parameter to the modéh constant radial acceleratioie residuals  orbit. The uncertainties in the maneuvers were so great, a
are distributed about zero Doppler velocity with a systematic variastandard null result could not be ruled out. However, there
tion ~3.0 mm/s on a time scale of3 months. The outliers on the as an additional result from the data of this second arc. This
plot were rejected from the fitThe quality of the fit may be deter- arc was chosen for study because of the availability of rang-
mined by the ratio of residuals to the downlink carrier frequency,ing data. It had 11596 Doppler points of which 10111 were
v9~2.29 GH2) used and 5643 range points of which 4863 used. The two-

e - ) way range change and time integrated Doppler are consistent
The drift is clear, definite, and cannot be removed W|thout(see Fig. 10to ~4 m over a time interval of one day. For

either the added acceleratiarp , or the inclusion in the data comparison, note that for a time bE 1 day, @pt2/2)~3 m.

itself of a frequency drift, i.e., a “clock accelerationt. If o the apparent acceleration to be the result of hardware
there were a systematic drift in the atomic clocks of the DSNyroplems at the tracking stations, one would need a linear
or in the time-reference standard signals, this would appegfequency drift at all the DSN stations, a drift that is not
like a non-uniformity of time; i.e., all clocks would be pserved.

changing with a constant acceleration. We now have been
able to rule out this possibilitySee Sec. XI D.

Continuing our search for an explanation, we considered
the possibilities:(i) that the Pioneer 10/11 spacecraft had 1. JPL’s analysis
internal systematic properties, undiscovered because they are
of identical design, andii) that the acceleration was due to out-of-the-ecliptic journey from 5.4 AU near Jupiter in Feb-

some not-understood viscous_ drag fo(pe_oportional to the ruary 1992 to the perihelion at 1.3 AU in February 1995,
approximately constant velocity of the PioneeBoth these ({

D. Ulysses measurement analysis

An analysis of the radiation pressure on Ulysses, in its

biliti Id be i ) db dvi : bil ound a varying profile with distand@1]. The orbit solution
possibilities could be investigated by studying spin-stabilize equires a periodic updating of the solar radiation pressure.

spacecraft thse spin axes are not directed tow:?\rds th? SU’|“me radio Doppler and ranging data can be fit to the noise
and whose orbital velocity vectors are far from being radially|, o \with a time-varying solar constant in the fitting model

d|reTcted. didat Galileo in its Earth-Jupit .. [82]. We obtained values for the time-varying solar constant
WO candidates were alieo In 1ts Earth-Jupiter MissIony oya mine by Ulysses navigational data during this south
phase and Ulysses in Jupiter-perihelion cruise out of th

> olar pasg81]. The inferred solar constant is about 40 per-
plane of the ecliptic. As well as Doppler, these spacecraf pas481] P

. . . ; I iheliofL.3 AU) th itef5.2 AU),
also yielded a considerable quantity of range data. By havin ﬁ;;@;??;g;g:ig”ﬁfm 3 AU) than at Jupite(5.2 AU), &

range data one can tell if a spacecrz_ift is ac_:cumulat?ng arange sought an alternative explanation. Using physical pa-
effe_ct due to as_pacecraft acceleration or if the orbit d(Etfarm'Fameters of the Ulysses spacecraft, we first converted the
nation process is fooled by a Doppler frequency rate bias. time-varying values of the solar constant to a positive.,
. . outward radial spacecraft acceleratiom,, as a function of
C. Galileo measurement analysis heliocentric radius. Then we fit the values af with the
We considered the dynamical behavior of Galileo’s trajec-following model:

tory during its cruise flight from second Earth encourfter
8 December 19920 arrival at Jupiter(This period ends just _KfoAcosé(r)
before the Galileo probe release on 13 July 1995. The probe =M r2 ap()»
reached Jupiter on 7 December 1995uring this time the
spacecraft traversed a distance of about 5 AU with an apwherer is the heliocentric distance in AUM is the total
proximately constant velocity of 7.19 km/s. mass of the spacecraftf,=1367 W/nf(AU)? is the

17
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DOFPLER RESIDUALS acceleration are not independently determined, even over a
heliocentric distance variation from 5.4 to 1.3 AU.

+5.0E-02

. 2. Aerospace’s analysis

The next step was to perform a detailed calculation of the
Ulysses orbit from near Jupiter encounter to Sun perihelion,
using CHASMP to evaluate Doppler and ranging data. The
data from 30 March 1992 to 11 August 1994 was processed.
It consisted of 50213 Doppler points of which 46514 were
used and 9851 range points of which 8465 were used.

Such a calculation would in principle allow a more pre-
cise and believable differentiation between an anomalous
constant acceleration towards the Sun and systematics. Solar
- radiation pressure and radiant heat systematics are both
921202 010000 TInE 930324 000000 larger on Ulysses than on the Pioneers.

However, this calculation turned out to be a much more
difficult than imagined. Because of a failed nutation damper,
an inordinate number of spacecraft maneuvers were required
(257). Even so, the analysis was completed. But even though
the Doppler and range residuals were consistent as for Gali-
leo, the results were disheartening. For an unexpected rea-
son, any fit is not significant. The anomaly is dominated by
(what appear to begas leakg83]. That is, after each ma-
neuver the measured anomaly changes. The measured
anomalies randomly change sign and magnitude. The values
go up to about an order of magnitude larger tl@gn So,
although the Ulysses data was useful for range-Doppler
L, checks to test modelsee Sec. XI D, like Galileo it could
not provide a good number to compareag.

HERTZ

-S.Q0e-02

RANGE RESIDUALS

21.0@—07

SECONDS

-1.0E-07

VI. RECENT RESULTS

sz1202 oipood | 930324 000000
TIME ) ) ) )
Recent changes to our strategies and orbit determination

FIG. 10. Galileo best fit Doppler and range residuals usingprograms, leading to new results, are threefold. First, we
CHASMP. have added a longer data arc for Pioneer 10, extending the
data studied up to July 1998. The entire data set (Sed
(effective-temperature Stefan-Boltzmanfsolar radiation  January 1987 to 22 July 1998overs a heliocentric distance
constant” at 1 AU A is the cross-sectional area of the space-nterval from 40 AU to 70.5 AU84]. [Pioneer 11 was much
craft andé(r) is the angle between the direction to the Sun atcloser in(22.42 to 31.7 AY than Pioneer 10 during its data
distancer and orientation of the antenngg:or the period interval(5 January 1987 to 1 October 199CFor later use in
analyzedd(r) was almost a constant. Therefore its averageliscussing systematics, we here note that in the ODP calcu-
value was used which corresponded¢osé(r))~0.82] Op-  lations, masses used for the Pioneers weaVi, 1o
tical parameters defining the reflectivity and emissivity of the=251.883 kg and Mpj,1,=239.73 kg. CHASMP used
spacecraft's surface were taken to yidld=1.8. (See Sec. 251.883 kg for botH16]. As the majority of our results are
VII A for a discussion on solar radiation pressirEinally,  from Pioneer 10, we will maké,=251.883 kg to be our
the parameteap(y) was determined by linear least squares.nominal working mass.
The best—fit value was obtained Second, and as we discuss in the next subsection, we have
studied the spin histories of the craft. In particular, the Pio-
neer 10 history exhibited a very large anomaly in the period
1990.5 to 1992.5. This led us to take a closer look at any
possible variation ofp among the three time intervals: The
where both random and systematic errors are included.  JPL analysis defined the intervals a@lJanuary 1987 to 17
So, by interpreting this time variation as a tnuie? solar ~ July 1990; Il (17 July 1990 to 12 July 1992bounded by
pressure plus a constant radial acceleration, we found tha9.5 to 54.8 AU; and 111(12 July 1992 to 22 July 1998
Ulysses was subjected to an unmodeled acceleration towardsHAasmP used slightly different intervalgs5].) The total up-
the Sun of (123)x10 8 cm/<. dated data set now consists of 20055 data points for Pioneer
Note, however, that the determined constap},) is  10. (10616 data points were used for Pioneer) Ilhis
highly correlated with solar radiation pressyfe888. This  helped us to better understand the systematic due to gas
shows that the constant acceleration and the solar-radiatideaks, which is taken up in Sec. VIII F.

ap)=(12£3)x10°% cm/<, (18
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FIG. 11. The spin history of Pioneer 10. The vertical lines indi-  FIG- 12. The spin history of Pioneer 11 over the period of analy-
cate the times when precession maneuvers were made. How th#s- The vertical lines indicate the times when precession maneuvers
spin data was obtained is described in Sec. Ill E. The final datdvere made. This spin calibration was done by the DSN until 17 July

points were obtained at the times of maneuvers, the last being iA990- At that time the DSN ceased doing spin calibrations. From
1995, 1990 until the loss of coherent Doppler, orbit analysts made esti-

mates of the spin rate.

Third, in looking at the detailed measurementsapfas a
function of time using ODP, we found an anomalous oscil-2 major factor of~4.5 increase in the average spin-rate
latory annual term, smaller in size than the anomalous accefhange to~(—0.0861=0.0009) rpm/yr. One also notices
eration[13]. As mentioned in Sec. IV G, and as will be dis- kinks during the interval.
cussed in detail in Sec. IX C, we wanted to make sure this Few values of the Pioneer 10 spin rate were obtained after
annual term was not an artifact of our computational methodmid-1993, so the long-term spin-rate change is not well-
For the latest results, JPL used both the batch-sequential agtermined in Interval Ill. But from what was measured,
the least-squares methods. there was first a short-term transition region of about a year
All our recent results obtained with both the JPL and Thewhere the spin-rate change was—0.0160 rpm/yr. Then
Aerospace Corporation software have given us a better urthings settled down to a spin-rate change of about
derstanding of systematic error sources. At the same time(—0.0073-0.0015 rpm/yr, which is small and less than
they have increased our confidence in the determination dghat of interval I.
the anomalous acceleration. We present a description and The effects of the maneuvers on the valuesapfwill
summary of the new results in the rest of this section. allow an estimation of the gas leak systematic in Sec. VIII F.
Note, however, that in the time periods studied, only orien-
tation maneuvers were made, not trajectory maneuvers.
Shortly after Pioneer 11 was launched on 5 April 1973,
Both Pioneers 10 and 11 were spinning down during thehe spin period was 4.845 s. A spin precession maneuver on
respective data intervals that determined tlagivalues. Be- 18 May 1973 reduced the period to 4.78 s and afterwards,
cause any changes in spacecraft spin must be associated witbcause of a series of precession maneuvers, the period
spacecraft torquegwhich for lack of a plausible external lengthened until it reached 5.045 s at encounter with Jupiter
mechanism we assume are internally genejatadre is also  in December 1974. The period was fairly constant until 18
a possibility of a related internally generated translationaDecember 1976, when a mid-course maneuver placed the
force along the spin axis. Therefore, it is important to underspacecraft on a Saturn-encounter trajectory. Before the ma-
stand the effects of the spin anomalies on the anomalouseuver the period was 5.455 s, while after the maneuver it
acceleration. In Figs. 11 and 12 we show the spin histories oivas 7.658 s. At Saturn encounter in December 1979 the pe-
the two craft during the periods of analysis. Consider Pioneeriod was 7.644 s, little changed over the three-year post ma-
10 in detail. In time Interval | there is a slow spin down at anneuver cruise phase. At the start of our data interval on 5
average ratgslope of ~(—0.01810.0001) rpm/yr. In- January 1987, the period was 7.321 s, while at the end of the
deed, a closer look at the curyeither by eye or from an data interval in October 1990 it was 7.238 s.
expanded graphshows that the spin down is actually slow-  Although the linear fit to the Pioneer 11 spin rate shown
ing with time (the curve is flattening This last feature will in Fig. 12 is similar to that for Pioneer 10 in Interval I,
be discussed in Secs. VIII B and VIII D. ~(—0.0234-0.0003 rpmlyr, the causes appear to be very
Every time thrusters are used, there tends to be a shorthfferent. (Remember, although identical in design, Pioneers
term leakage of gas until the valves ¢perhaps a few days 10 and 11 were not identical in qualif§4].) Unlike Pioneer
laten. But there can also be long-term leakages due to som#0, the spin period for Pioneer 11 was primarily affected at
mechanism which does not quickly correct itself. The majorthe time of spin precession maneuvers. One sees that at ma-
Pioneer 10 spin anomaly that marks the boundary of Interneuvers the spin period decreases very quickly, while in be-
vals | and Il, is a case in point. During this interval there wastween maneuvers the spin rate actually tendsi¢oeaseat a

A. Analysis of the Pioneer spin history
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TABLE I. Determinations ofap in units of 108 cm/g from the three time intervals of Pioneer 10 data
and from Pioneer 11. As described in the text, results from various &¥a andcHASMP calculations are
listed. For ODPsicmA, “WLS” signifies a weighted least-squares calculation, which was used itho
solar corona model an@i) the Cassini solar corona model. Also for OBRMA, “BSF” signifies a batch-
sequential filter calculation, which was done wiiii) the Cassini solar corona model. Furtieee Sec.

IX C), a 1-day batch-sequential estimation for the entire data interval of 11.5 yr for Pioneer 10 yielded a
result ap=(7.77+0.16)x 10  cm/S. The cHAsmP calculations were all WLS. These calculations were
done with(i) no solar corona modefii) the Cassini solar corona modéij) the Cassini solar corona model

with corona data weighting and F10.7 time variation calibration. Note that the errors given are only formal
calculational errors. The much larger deviations of the results from each other indicate the sizes of the
systematics that are involved.

Program-Estimation method Pio 10 Pio 10(Il) Pio 10(lll) Pio 11
SIGMA, WLS,

no solar corona model 8.620.01 8.65-0.01 7.83:0.01 8.46-0.04
SIGMA, WLS,

with solar corona model 8.000.01 8.66-0.01 7.84-0.01 8.44-0.04
SIGMA, BSF, 1-day batch,

with solar corona model 7.820.29 8.16-0.40 7.59-0.22 8.49-0.33
CHASMP, WLS,

no solar corona model 8.25.02 8.86-0.02 7.85-0.01 8.710.03
CHASMP, WLS,

with solar corona model 8.220.02 8.89-0.02 7.92:0.01 8.69-0.03
cHAsMP, WLS, with

corona, weighting, and F10.7 8.29.03 8.90:0.03 7.910.01 8.910.04

rate of ~(+0.0073:0.0003 rpm/yr (perhaps due to a gas epoch from the beginning of one data interval to the next by

leak in the opposite direction numerically integrating the equations of motion and not iter-
All the above observations aid us in the interpretation ofating on the data to obtain a better initial conditions for this
systematics in the following three sections. consequent segment. Note that this numerical iteration pro-
vided us only with ara priori estimate for the initial condi-
B. Recent results using JPL software tions for the data interval in question.

The latest results from JPL are based on an upgrade, Other parameters included in the fitting model were the
SIGMA, to JPL's ODP softwarg86]. simA, developed for six spacecraft heliocentric position and velocity coordinates
NASAs Cassini Mission to Saturn, eliminates structural re-at the 1987 epoch of 1 January 1987, 01:00:00 ET, and 84
strictions on memory and architecture that were imposed 30-€., 28<3) instantaneous velocity increments along the
years ago when JPL space navigation depended solely ontree spacecraft axes for 28 spacecraft attit{adespin ori-
Univac 1108 mainframe computer. Five ODP programs angntation maneuvers. If these orientation maneuvers had
their interconnecting files have been replaced by the singlbeen performed at exactly six month intervals, there would
programsIGMA to support filtering, smoothing, and mapping have been 23 maneuvers over our 11.5 year data interval. But
functions. in fact, five more maneuvers were performed than expected

We usedsIGMA to reduce the Pioneer 1(n three time over this 11.5 year interval giving a total of 28 maneuvers in
intervalg and 11 Doppler of the unmodeled accelerateg, all.
along the spacecraft spin axis. As mentioned, the Pioneer 10 As noted previously, in fitting the Pioneer 10 data over
data interval was extended to cover the total time interval 31.5 years we used the standard space-fixed J2000 coordinate
January 1987 to 22 July 1998. Of the total data set of 20055ystem with planetary ephemeris DE405, referenced to
Pioneer 10 Doppler points, JPL used 9403, depending on ICRF. The three-dimensional locations of the tracking sta-
the initial conditions and editing for a particular run. Of the tions in the Earth’s body-fixed coordinate systggaocentric
available 10616mainly shorter time-averaggdPioneer 11 radius, latitude, longitudewere taken from a set recom-
data points, 10,252 were usdd919 two-way and 5333 mended by ICRF for JPL's DE405. The time-varying Earth
three-way. orientation in J2000 coordinates was defined by a 1998 ver-

We wanted to produce independéne., uncorrelatedso-  sion of JPL's EOP file. This accounted for the geophysical
lutions for ap in the three Pioneer 10 segments of data. Thenotion of the Earth’s pole with respect to its spin axis and
word independent solution in our approach means only th¢he Earth’s time varying spin rate.
fact that data from any of the three segments must not have JPL used both the weighted least-squdi&4.S) and the
any information(in any form passed onto it from the other batch-sequential filtefBSF) algorithms for the final calcula-
two intervals while estimating the anomaly. We moved thetions. In the first three rows of Table | are shown the ODP
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Finally, there is the annual term. It remains in the dé&da
. o both Pioneers 10 and L1A representation of it can be seen
: ,= in a 1-day batch-sequential averaged over all 11.5 years. It
o o A E yielded a resuliap=(7.77+0.16)x 10 8 cm/<, consistent
40k SR : with the other values and errors, but with an added annual
oscillation. In the following subsection we will compare JPL
results showing the annual term with the counterpart Aero-
space results.

We will argue in Sec. IX C that this annual term is due to
the inability to model the angles of the Pioneers’ orbits ac-
curately enough(Note that this annual term is not to be

. confused with a small oscillation seen in Fig. 8 that can be
caused by mispointing towards the spacecraft by the fit pro-
peteryears grams)

Doppler Reslduals, Hz

FIG. 13. ODP Doppler residuals in Hz for the entire Pioneer 10
data span. The two solid vertical lines in the upper part of the plot C. Recent results using The Aerospace Corporation software
indicate the boundaries between data Intervals I/1l and II/ll, respec-

tively. Maneuver times are indicated by the vertical dashed lines in As part of an ongo!ng upgrade 1OHASMPS accuracy,
the lower part of the plot. Aerospace has used Pioneer 10 and 11 as a test bed to con-

firm the revision’s improvement. In accordance with the JPL
results for(i) WLS with no corona(ii) WLS with the Cassini  results of Sec. VI B, we used the new versioncefasmp to
corona model, an¢iii) BSF with the Cassini corona model. concentrate on the Pioneer 10 and 11 data. The physical
Observe that the WLS acceleration values for Pioneer 10nodels are basically the same ones that JPL used, but the
in Intervals 1, Il, and Il are larger or smaller, respectively, techniques and methods used are largely differ&de Sec.
just as the spin-rate changes in these intervals are larger 6X B.)
smaller, respectively. This indicates that the small deviations The new results from the Aerospace Corporation’s soft-
may be due to a correlation with the large gas leak/spirware are based on first improving the Planetary Ephemeris
anomaly. We will argue this quantitatively in Sec. VIII F. For and Earth orientation and spacecraft spin models required by
now we just note that we therefore expect the number fronthe program. That is(i) the spin data file has been included
Interval Ill, ap=7.83< 10 8 cm/<, to be close to our basic with full detail; (i) a newer JPL Earth Orientation Param-
(least perturbedIPL result for Pioneer 10. We also note that eters file was usedjii) all IERS tidal terms were included;
the statistical errors and the effect of the solar corona arév) plate tectonics were included;) DE405 was usedyvi)
both small for WLS, and will be handled in our error budget.no a priori information on the solved for parameters was
In Fig. 13 we show ODRiGMA WLS Doppler residuals included in the fit;(vii) Pioneer 11 was considere@jii ) the
for the entire Pioneer 10 data set. The residuals were olRioneer 10 data set used was extended to 14 February 1998.
tained by first solving formp with no corona in each of the Then the Doppler data was refitted.
three Now look at the batch-sequential results in row 3 of Beginning with this last pointcHASMP uses the same
Table I. First, note that the statistical Intervals independentlyoriginal data file, but it performs an additional data compres-
and then subtracting these solutidigéven in Table ) from  sion. This compression combines the longest contiguous data
the fits within the corresponding data intervals. composed of adjacent data intervals or data spans with dura-
One can easily see the very close agreement with thtton =600 s(effectively it prefers 600 and 1980 second data
CHASMP residuals of Fig. 9, which go up to 14 Decemberintervalg. It ignores short-time data points. Also, Aerospace
1994, uses an Ns/fixed boundary rejection criteria that rejects all
The Pioneer 11 number is significantly higher. A deviationdata in the fit with a residual greater thar0.025 Hz. These
is not totally unexpected since the data was relatively noisyiejection criteria resulted in the loss of about 10% of the
was from much closer in to the Sun, and was taken during ariginal data for both Pioneers 10 and 11. In particular, the
period of high solar activity. We also do not have the samdast five months of Pioneer 10 data, which was all of data-
handle on spin-rate change effects as we did for Pioneer 1(engths less than 600 s, was ignored. Once these data com-
We must simply take the number for what it is, and give thepression and cuts were maderHAsSMP used 10499 of its
basic JPL result for Pioneer 11 ag=8.46x10 8 cm/<. 11610 data points for Pioneer 10 and 4380 of its 5137 data
Now look at the batch-sequential results in row 3 of Tablepoints for Pioneer 11.
I. First, note that the statistical errors are an order of magni- Because of the spin-anomaly in the Pioneer 10 data, the
tude larger than for WLS. This is not surprising sintigthe  data arc was also divided into three time interv@ihough
process noise significantly affects the precisi¢iny BSF  the I/ll boundary was taken as 31 August 1986]). In what
smoothes the data and the data from the various intervals i8as especially useful, the Aerospace analysis uses direct
more correlated than in WLS. The effects of all this are thatpropagation of the trajectory data and solves for the param-
all four numbers change so as to make them all closer to eadtter of interest only for the data within a particular data in-
other, but yet all the numbers vary by less thanfom their ~ terval. That means the three interval results were truly inde-
WLS counterparts. pendent. Pioneer 11 was fit as a single arc.
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Anomalous Acceleration From ODP and CHASMP averages suppress the solar conjunction bias inherent in the
e ODP 5-day averages, and they reliably indicate a constant
value ofap. Most encouraging, these results clearly indicate
that the obtained solution is consistent, stable, and its mean
value does not strongly depend on the estimation procedure
used. The presence of the small annual term on top of the
obtained solution is apparent.

ap (108 cm/s?)

D. Our solution, before systematics, for the anomalous
-1 f - acceleration

From Table | we can intuitively draw a number of con-
-3} ) clusions:
e (A) The effect of the corona is small. This systematic will
1987 1989 1991 1993 1995 1997 1999 .
Dote be analyzed in Sec. VII B.
(B) The numerical error is small. This systematic will be

FIG. 14. Consistency of the ODfemA and CHASMP time- anag/z_?_g |nd$fec. IX A.b W 198G d Pi
variation signals. The dots show 5-day sample averages of the (C) The differences between MA andCHASMP FIO-

anomalous acceleration of Pioneer 10 from OB®vA using BSF neer 10 results for _Interval | and Inte_:rval Il re_spectively, we
with a 200-day correlation time. From this data, the solid lines show@{tribute to two main causes: especidilythe different data
the mean values odip in the three intervals corresponding to the 'ejection techniques of the two analyses but dlsothe dif-
three separate spin down histories. The dashed lines represent fffeént maneuver simulations. Both of these effects were es-
large batch-sequential computational error bounds on the three vapecially significant in Interval I, where the data arc was
ues ofap. The 200-day acceleration values usingasmp are the ~ Small and a large amount of noisy data was present. Also, to
solid squares. At the time positions where thereasesmp results, ~ account for the discontinuity in the spin data that occurred on
the agreement between tioeiasmp and the ODPsiGmA results is 28 January 1992see Fig. 11, Aerospace introduced a ficti-
clear. tious maneuver for this interval. Even so, the deviation in the
two values ofap was relatively small, namely 0.23 and 0.21,

Three types of runs are listed, witfi) no coronafii) with ~ respectively,x 10°° cm/§._ _
Cassini corona model of Secs. IV D and VII C; afid) with (D) The changes irap in the different Intervals, corre-
the Cassini corona model, but added are corona data weigHited with the changes in spin-rate change, are liketyeast
ing (Sec. IV D) and the time-variation called “F10.7[65]. partially) due to gas leakage. This will be discussed in Sec.
(The number 10.7 labels the wavelength of solar radiationY!ll F- o _
A=10.7 cm, that, in our analysis, is averaged over 81 days. But independent of the origin, this last correlation be-
The results are given in rows 4—6 of Table I. The notween shifts imap and changes in spin rate actually allows us
corona resultérow 4) are in good agreement with tisesma  t0 calculate the best “experimental” base number for Pioneer
results of the first row. This is especially true for the 10- TO do this, assume that the spin-rate change is directly
extended-time Interval Ill values for Pioneer 10, which inter-contributing to an anomalous acceleration offset. Mathemati-
val had clean data. However there is more disagreement witfally; this is saying that in any interve& 1, II, 1ll, for which
the values for Pioneer 10 in Intervals | and I and for Pioneefthe spin-rate change is an approximate constant, one has
11. These three data sets all were noisy and underwent more
data-editing. Therefore, it is significant that the deviations ap(6)=ap(o)— k6, (19)
betweensiGMA andCHASMP in these arcs are all similar, but
small, between 0.20 to 0.25 of our units. As before, the effect
of the solar corona is small, even with the various modelWhere is a constant with units of length arsth g =ap(d
variations. But most important, the numbers fresemMa and K . . 9 (0)™= P}
cHAsSMP for Pioneer 10 Interval Il are in excellent agree- =0) is the Pioneer acceleration without any spin-rate

change.
ment. . . .
Further,cHASMP also found the annual termiRecall that One now can fit the dgta to qug) to obtain so'Iutlons for
CHASMP can also look for a temporal variation by calculating © andap(g). The three intervals=1, Il, Il provide three

short time averagesResults on the time variation i@, can  data combinationgap;)(6),6;}. We take our base number,
be seen in Fig. 14. Although there could possibly de with which to reference systematics, to be the weighted av-
variations of +2x 108 cm/§ on a 200-day time scale, a €rage of thesiGMA and CHASMP results forap,) when no
comparison of the variations with the error limits shown in €orona model was used. Start first with thema Pioneer

Fig. 14 indicate that our measurements of these variationd0 Solutions in row one of Table | and the Pioneer 10 spin-
are not statistically significant. The 5-day averagesapf down rates given in Sec. VIB and Fig. 1ap;)™ = (8.02
from ODP (using the batch-sequential methate not reli-  +0.01,8.65-0.01,7.83-0.01) in units of 10° cm/s and
able at solar conjunction in the middi@uné of each year, 6,=—(0.0181+0.0001,0.0861 0.0009,0.0073 0.0015) in

and hence should be ignored there. Tdweasmp 200-day  units of rpm/yr, where
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1 rpm/yr=5.281x10 1° rev/s radial acceleration componerjt&3].
With our present analysig73] we find that the Doppler
=3.318x 10 radians/$. data yields only one significant component of unmodeled

(200  acceleration, and that any acceleration components perpen-
) i o _ . dicular to the spin axis are small. This is because in the
With these data we use the maximum likelihood and mini-iiting we tried including three unmodeled acceleration con-
mum variance approach to find the optimally weighted leastsiants along the three spacecraft a¢ggsin axis and two or-
squares solution foap(o): thogonal axes perpendicular to the spin axiEhe compo-
SIGMA_ g nents perpendicular to the spin axis had values consistent
) =(7.82£0.00X10°% em/s, @D \ith zeroto a 16 accuracy of X108 cm/g and the radial
sicMa  component was equal to the reported anomalous accelera-
tion. Further, the radial acceleration was not correlated with
ues for ap from row four of Table I:ap;) ™" =(8.25 theA(IJtt:er t\r/]vo unmodlglgd agcgltelratlo? componle:-nts.d .
+0.02,8.86:0.02,7.85-0.01) and uses them with the same though one could in principle set up complicated eng-
neering models to predict all or each of the systematics, often

6; as above. The solution fa@p(g) in this case is the uncertainty of the models is too large to make them use-
aCHASMP_ (7.80+0.02 X 10°8 cm/ 22) ful, despite the significant effort required. A different ap-
P(0) T ' proach is to accept our ignorance about a non-gravitational
together withxCHASMP=(34.7+1.1) cm. The solutions for acceleration and assess to what extent these can be assumed

SIGMA and CHASMP are similar. 7.82 and 7.89 in our units. & constant bias over the time scale of all or part of the mis-

We take the weighted average of these two to yield our bas@ion' (In ff%Ct' a constant acceleration produces a Iinear_fre-
line “experimental” number forap : quency drift that can be accounted for in the data analysis by
a single unknown parametein fact, we will use both ap-
apse (7.84+0.0) X107 cm/<. (23)  proaches. o _
In most orbit determination programs some effects, like
[The weighted average constanis x,=(30.7+0.6) cm] the solar radiation pressure, are included in the set of rou-
For Pioneer 11, we only have the oné $ear data arc. tinely estimated parameters. Nevertheless we want to dem-

The weighted average of the two programs’ no corona resyli@nstrate their influence on Pioneer’s navigation from the gen-

is (8.62+0.02)x 10~8 cm/2. We observed in Sec. VI A that eral physics standpoint. This is not only to validate our

between maneuveréwhich are accounted for—see Sec results, but also to be a model as to how to study the influ-
IV E) there is actually a spin raecreaseof ~(+0.0073 ence of the other physical phenomena that are not yet in-

+0.0003) rpm/yr. If one uses this spin-up rate and the Pio_cluded in the standard navigational packages for future more

. . demanding missions. Such mission il i i
neer 10 value foy=30.7 cm given above, one obtains a 9 s will involve either

sinat change coreced valu . We take s s the hececra 1% W1 be dstnt or scecralt a shorer
experimental value for Pioneer 11: gn-p P 9

with solution for the parametek obtained asx

=(29.2-0.7) cm. Similarly, forcHASMP one takes the val-
CHASMP__

quired.
ag(%i;er):(8-55i 0.02x10°8 cm/g. (24) In_ this section we will discuss possible systematiics .
cluding force$ generated external to the spacecraft which
might significantly affect our results. These start with true
VII. SOURCES OF SYSTEMATIC ERROR EXTERNAL forces due tq1) solar-radiation pressure ar@) solar wind
TO THE SPACECRAFT pressure. We go on to discu¢3) the effect of the solar

We are concerned with possible systematic acceleratioforon@ and its mismodeling4) electro-magnetic Lorentz
errors that could account for the unexplained anomalous ad2rces: (5) the influence of the Kuiper bel(6) the phase
celeration directed toward the Sun. There exist detailed pup3taPility of the reference atomic clocks, affl the mechani-
lications describing analytic recipes developed to account fof@l @nd phase stability of the DSN antennae, together with
non-gravitational accelerations acting on spacec(&ir a influence of 'ghe station locations and troposphere and iono-
summary see Milanét al. [57].) With regard to the specific SPhere contributions.

Pioneer spacecraft, possible sources of systematic accelera-
tion have been discussed before for Pioneer 10 and 11 at _ -
Jupiter[87] and Pioneer 11 at Satuf67]. A. Direct solar radiation pressure and mass

External forces can produce three vector components of There is an exchange of momentum when solar photons
spacecraft acceleration, unlike forces generated on board thmpact the spacecraft and are either absorbed or reflected.
spacecraft, where the two non-radial componéigs, those Models for this solar pressure effect were developed before
that are effectively perpendicular to the spacecraft)saie  either Pioneer 10 or 11 were launchg&8] and have been
canceled out by spacecraft rotation. However, non-radiatefined since then. The models take into account various
spacecraft accelerations are difficult to observe by the Dopparts of the spacecraft exposed to solar radiation, primarily
pler technique, which measures spacecraft velocity along thie high-gain antenna. It computes an acceleration directed
Earth-spacecraft line of sight. But with several years of Dop-away from the Sun as a function of spacecraft orientation and
pler data, it is in principle possible to detect systematic nonsolar distance.
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The models for the acceleration due to solar radiation catunfortunately, exact information on gas usage is unavailable

be formulated as [16]. Therefore, in dealing with the effect of the temporal
mass variation during the entire data syjie®. nominal input
KfoA coso(r) mass vs actual mass histdrs,1€)) we have to address two
asp(r)= cM 2 (25 effects on the solutions for the anomalous acceleradion

They are(i) the effect of mass variation from gas consump-

fo=1367 WIn?(AU)?2 is the (effective-temperature Stefan- tion and(ii) the effect of an incorrect input mags5,16.
Boltzmann “solar radiation constant” at 1 AU from the Sun 10 resolve the issue of mass variation uncertainty we per-
and A is the effective size of the craft as seen by the surformed a sensitivity analysis of our solutions to different
[89]. (For Pioneer the area was taken to be the antenna distpacecraft input masses. We simply re-did the no-corona,
of radius 1.73 m. @ is the angle between the axis of the WLS runs of Table | with a range of different masses. The
antenna and the direction of the Suris the speed of light, initial wet weight of the package was 259 kg with about 36
M is the mass of the spacecrdfaken to be 251.883 for kg of consumable propellant. For Pioneer 10, the input mass
Pioneer 10, andr is the distance from the Sun to the space-IN the program fit was 251.883 kg, roughly corresponding to
craft in AU. K [90] is theeffective[91] absorption/reflection  the mass after spin-down. By our data period, roughly half
coefficient. For Pioneer 10 the simplest approximately corie fuel(18 kg was gone so we take 241 kg as our nominal
rect model yieldsk,=1.71[91]. Equation(25) provides a Pioneer 10 mass. Thus, the ef_fect of going from 251.883 kg
good model for analysis of the effect of solar radiation pres{© 241 kg we take to be our bias correction for Pioneer 10.
sure on the motion of distant spacecraft and is accounted fof€ take the uncertainty to be given by one half the effect of
by most of the programs used for orbit determination. going from plus to minus 9 k¢plus or minus a quarter tank
However, in reality the absorptivities, emissivities, andTomM the nominal mass of 241 kg. _
effective areas of spacecraft parts parameters which, al- FOr the three intervals of Pioneer 10 data, using ODP-
though modeled by design, are determined by calibratior$'SMA yields the following changes in the accelerations:
early in the missior}92]. One determines the magnitude of .
the solar-pressure acceleration at various orientations using@p [ (0.0400.033,(0.029+0.023,(0.020+0.017]
Doppler data(The solar pressure effect can be distinguished %108 cm/<
from gravity’s 1f2 law because cogvaries[45].) The com- '

plicated set of program input parameters that yield the pang eypected,these results makelarger. For our systematic
rameters in Eq(25) are then set for later ug®2]. Such a bias we take the weighted average &% for the three
determination of the parameters for Pioneer 10 was dom?ntervals of Pioneer 10. The end result iPs

soon after launch and later. When applied to the solar radia-
tion acceleration in the region of Jupiter, this yiel@i®m a —(0.03+0.01)x 10" 8 /2 2
5% uncertainty irag , [87]) 35p=(0. 0 cmis @

_ _ 8 For Pioneer 11 we did the same except our bias point was
35p(r=5.2 AU)=(70.035x10"° em/s, 3/4 of the fuel gond232 kg. Therefore the bias results by
going from the input mass of 239.73 to 232 kg. The uncer-
tainty is again defined by-9 kg. The result for Pioneer 11
is more sensitive to mass changes, and we find using ODP-
| SIGMA

Ks,=1.77. (26)

The second of Eq$26) comes from putting the first into Eq.
(25). Note, specifically, that in a fit a too high input mass wil
be compensated for by a higher effectikie

Because of the 17 law, by the time the craft reached 10
AU the solar radiation acceleration was 18.80 8 cm/&
going down to 0.39 ofzthose units by 70 AU. Since this
systematic falls off as <, it can bias the Doppler determi- o .
nation of a constant acceleration at some level, even thougtl'“llrn to this (_:Ilfference n Sec. VIl G. :
most of the systematic is correctly modeled by the program The previous analysis a'?o allowed us 1o .perform consis-
itself. By taking the average of the 2 acceleration curves 'n¢y checks on the effective values kf which the pro-
over the Pioneer distance intervals, we estimate that the sy rams were using. By taking minf maxd ~=[/(dr/r*)/fdr] f_or
tematic error from solar-radiation pressure in units oftne Inverse dlstanC(_a _squared _Of a data set, varying the
10~8 cm/< is 0.001 for Pioneer 10 over an interval from 40 Ma&SSes, and determining the shiftsajnwe could determine

a5 =(0.09:0.2)x 108 cm/s. (29

The bias number is three times larger than the similar num-
ber for Pioneer 10, and the uncertainty much larger. We re-

P P . 1~ODP —~ .
to 70 AU, and 0.006 for Pioneer 11 over an interval from 22the values of £ implied, We found: Kpio-100~1.72;
to 32 AU. Koot 11~1.82; Kg 3o ~1.74; andK5i 5"~ 1.84.[The

However, this small uncertainty is not our main problem.hat over the lasiC indicates it was multiplied by237.73/
In actuality, since the parameters were fit the mass has d&51.883 becauseHASMP uses 259.883 kg instead of 239.73
creased with the consumption of propellant. Effectively, thekg for the input mas$All these values ofC are in the region
1/r? systematic has changed its normalization with time. Ifexpected and are clustered around the valygin Eq. (26).
not corrected for, the difference between the originaf 1/ Finally, if you take the average values kffor Pioneers
and the corrected 7 will be interpreted as a bias iap. 10 and 11(1.73, 1.83, multiply these numbers by the input
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masse$251.883, 239.78kg, and divide them by our nomi- solar corona on radio-wave propagation through the solar
nal masse$241, 232 kg, you obtain(1.87, 1.89, indicating  plasma[that is given by Eq(10)]. However, there is a slight

our choice of nominal masses was well motivated. difference in the actual implementation of the model in the
two codes.
B. The solar wind ODP calculates the corona effect only when the Sun-

. . spacecraft separation angle as seen from the EartBun-
The acceleration .caused by the solar W'3nd has the Saer\éz:lrth—spacecraft anglés less thens/2. It sets the corona
form as Eq.(25), with fo replaced bymgv°n, wheren

= "3 . . contribution to zero in all other cases. Earl@iAsmp used
~5 o is the proton density at 1 AU and~400 kmi/s is the same model and got a small corona effect. Presently
the speed of the wind. Thus,

CHASMP calculates an approximate corona contribution for
all the trajectory. Specific attention is given to the region
when the spacecraft is at opposition from the Sun and the
cMr? Sun-Earth-spacecraft anglew. TherecHASMPS implemen-
tation truncates the code approximation to the scaling factor
F in Eqg. (10). This is specifically done to remove the ficti-
tious divergence in the region where “impact parameter” is
small, p—0.

Because the density can change by as much as 100%, the However, both this and also the more complicated corona
exact acceleration is unpredictable. But there are measureiodels(with data-weighting and/or “F10.7” time variation
ments[89] showing that it is about I times smaller than used by cHAsMP produce small deviations from the no-
the direct solar radiation pressure. Even if we make the vergorona results. Our decision was to incorporate these small
conservative assumption that the solar wind contributes onlgeviations between the two results due to corona modeling
100 times less force than the solar radiation, its smaller coninto our overall error budget as a separate item:

tribution is completely negligible.

myv3nAcose
osw(r )= Ksw————

20 AU\?
~1.24% 1013( f) cm/S. (29

T coronamodar == 0.02X 1078 cm/<. (3D
C. The effects of the solar corona and models of it . ] . )
This number could be discussed in Sec. IX, on computational

AS We saw in the.prewolus. Sec. V”. B, the effect of the systematics. Indeed, that is where it will be listed in our error
solar wind pressure is negligible for distant spacecraft mobudget

tion in the solar system. However, the solar corona effect on
propagation of radio waves between the Earth and the space-
craft needs to be analyzed in more detail.

Initially, to study the sensitivity ofp to the solar corona The possibility that the spacecraft could hold a charge,
model, we were also solving for the solar corona parameterand be deflected in its trajectory by Lorentz forces, was a
A, B, and C of Eq. (9) in addition toap. However, we concern for the magnetic field strengths at Jupiter and Sat-
realized that the Pioneer Doppler data is not precise enouglrn. However, the magnetic field strength in the outer solar
to produce credible results for these physical parameters. Isystem is on the order 6f£ 1y (y=10 °G). This is about a
particular, we found that solutions could yield a valueapf  factor of 13 times smaller than the magnetic field strengths
which was changed by of order 10% even though it gavemeasured by the Pioneers at their nearest approaches to Ju-
unphysical values of the parametéespeciallyB, which pre-  piter: 0.185 G for Pioneer 10 and 1.135 G for the closer in
viously had been poorly defined even by the Ulysses missioPioneer 11[93].

[62]). [By “unphysical” we mean electron densities that  Also, there is an upper limit to the charge that a spacecraft
were either negative or positive with values that are vastlycan hold. For the Pioneers that limit produced an upper
different from what would be expectdd. bound on the Lorentz acceleration at closest approach to Ju-

Therefore, as noted in Sec. IV D, we decided to use theiter of 20108 cm/s [87]. With the interplanetary field
newly obtained values fok, B, andC from the Cassini mis- being so much lower than at Jupiter, we conclude that the
sion and use them as inputs for our analyges:6.0x 10°, electro-magnetic force on the Pioneer spacecratft in the outer
B=2.0x10%, C=0.6x 1P, all in meters[64]. This is the solar system is at worst on the order of 19 cm/<, com-
“Cassini corona model.” pletely negligible[94].

The effect of the solar corona is expected to be small for Similarly, the magnetic torques acting on the spacecraft
Doppler and large for range. Indeed it is small $o8MA. For  were about a factor of I¢ times smaller than those acting
ODP-=sIGMA, the time-averaged effect of the corona wason Earth satellites, where they are a concern. Therefore, for
small, of order the Pioneers any observed changes in spacecraft spin cannot

be caused by magnetic torques.
Tcorone= =0.02x1078 cm/g, (30) y mag a

D. Electro-magnetic Lorentz forces

as might be expected. We take this number to be the error E. The Kuiper belt's gravity

due to the corona. From the study of the resonance effect of Neptune upon
What about the results fromHASMP. Both analyses use Pluto, two primary mass concentration resonances of 3:2 and
the same physical model for the effect of the steady-stat@:1 were discovere[®5], corresponding to 39.4 AU and 47.8
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PIONEER 10 ACCELERATION MODELS on a 60 s time interval. Thus, in order for the atomic clocks
Total Moss in Belt is One Earth Mass for All Models [101] to have caused the Pioneer effect, all the atomic clocks
015 —— Uniform Density used for signal referencing clocks would have had to have
- 7T BessandPedle E:g:fg; drifted in the same manner as the local DSN clocks.
N AU Resonance Peaks In Sec. V we observed that without using the apparent
= Dota Interval  — anomalous acceleration, taeiAsmp residuals show a steady
5 005r : frequency drift[38] of about —6x10"° Hz/s, or 1.5 Hz
"g’ 000k over 8 yeargone-way only. This equates to a clock ac_:cel—
A eration,—a,, of —2.8x10 ¥ s/g. [See Eq.(16) and Fig.
% —005| 8.] To verify that it is actually not the clocks that are drifting,
<§ we analyzed the calibration of the frequency standards used
B —o040k in the DSN complex.
k: i 3 The calibration system itself is referenced to Hydrogen
-0.15 F ‘ T ‘ maser atomic clocks. Instabilities in these clocks are another
30 40 50 50 70 source of instrumental error which needs to be addressed.

Heliocentric Radius (AU) The local reference is synchronized to the frequency stan-
dards generated either at the National Institute of Standards
FIG. 15. Possible acceleration caused by dust in the Kuiper beltgng Technology(NIST), located in Boulder, Colorado or at
the U. S. Naval ObservatoryUSNO), Washington, DC.
#hese standards are presently distributed to local stations by
the Global Positioning SysteifGPS satellites.(During the
pre-GPS era, the station clocks used signals from WWYV to
set the cesium or hydrogen masers. WWYV, the radio station
which broadcasts time and frequency services, is located in
®ort Collins, CO) While on a track, the station is “free-
running,” i.e., the frequency and timing data are %Enerated
. S T ) o ! locally at the station. The Allan variances are about t@or
) 35 e deoaton i . CeSUM and 105 or hycrogen masers. Threfore, over
: g TR . - _data-pass time interval, the data accuracy is on the order of
peak at 39.4 AU. Figure 15 exhibits the resulting acceleratlorb .
felt by Pioneer 10, from 30 to 65 AU which encompassed ne part in 1000 GHz or bet'tgr. .
our data set at the’ time Long-term f_requency stability tests are conductec_i Wlth the
' exciter/transmitter subsystems and the DSN’s radio-science

We assumed a total mass of one Earth mass, which i : .
significantly larger than standard estimates. Even so, the a%_pen loop subsystem. An uplink signal generated by the ex

celerations are onlv on the order of 10 cm/<. which is iter is translated at the antenna by a test translator to a
y ' downlink frequency.(See Sec. Il). The downlink signal is

two orders of magnitude smaller than the observed eﬁeci‘fhen passed through the RF-IF downconverter present at the

é\?:?gssFlt%é tg;{;lrj;heé’ égihgfcﬁ]lgra;'ﬁgvsv :rrleinZSEtzag?nnsffrf] antenna and into the radio science receiver chaij. This
) ge. - (Ney asing et%%hnique allows the processes to be synchronized in the
as Pioneer 10 approaches the belt and a decreasing effect

. X . N complex based on the frequency standards whose Allan
Pioneer 10 recedes from the belt, even with a uniform den: ariances are of the order of,~10"*~10"1® for integra-

sity model. For these two reasons, we excluded the dust bemtOn time in the range from 10 s to 40s. For the S-band
as a source for the Pioneer effect. f 9 '

X : requencies of the Pioneers, the corresponding Allan vari-
More recent infrared observations have ruled out MOre, o are 181012 and 1.0<10-12 respectively. for a
than 0.3 Earth mass of Kuiper Belt dust in the trans- ' ' P Y.

Neptunian regior{98,99. Therefore, we can now place a 103Prs1azgfjsrt)fbrilli?te?ergttilr? ) th:rrrl]aer.acterizes stability over ver
limit of £3x10 1% cm/< for the contribution of the Kuiper Y 9 y y

belt short integration times; that is, spurious signals whose fre-

Finally, we note that searches for gravitational encounter§ - cNCIES are vety close to the cariizequency. The phase

. . . : noise region is defined to be frequencies within 100 kHz of
of Pioneer with large Kuiper-belt objects have so far not ; . o
the carrier. Both amplitude and phase variations appear as
been successf(ilL00].

phase noise. Phase noise is quoted in dB relative to the car-
rier, in a 1 Hzband at a specified deviation from the carrier;
for example, dBc-Hz at 10 Hz. Thus, for the frequency 1 Hz,
After traversing the mechanical components of the anthe noise level is at 51 dBc and 10 Hz corresponds @0
tenna, the radio signal enters the DSN antenna feed ardBc. This was not significant for our study.
passes through a series of amplifiers, filters, and cables. Av- Finally, the influence of the clock stability on the detected
eraged over many experiments, the net effect of this on thaccelerationap, may be estimated based on the reported
calculated dynamical parameters of a spacecraft should b&llan variances for the clocksg,. Thus, the standard
very small. We expect instrumental calibration instabilities to“single measurement” error on acceleration as derived by
contribute 0.X10 8 cm/g to the anomalous acceleration the time derivative of the Doppler frequency datads()/,

AU, respectively. Previously, Boss and Peale had derived
model for a non-uniform density distribution in the form of
an infinitesimally thin disc extending from 30 AU to 100 AU

in the ecliptic pland96]. We combined the results of Refs.

[95] and[96] to determine if the matter in the Kuiper belt

could be the source of the anomalous acceleration of Pione
10[97].

We specifically studied three distributions: namdly,a

F. Phase and frequency stability of clocks
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where the Allan variancer, , is calculated for 1000 s Dop- formance of the DSN complex. The information is available
pler integration time, ane is the signal averaging time. This and it shows all parameters are in the required ranges. De-
formula provides a good rule of thumb when the Dopplertailed assessments of all these effect on the astrometric VLBI
power spectral density function obeys 4 flicker-noise law, ~ solutions were published if85,103. The results for the as-
which is approximately the case when plasma noise domitrometric errors introduced by the above factc_Jrs may be di-
nates the Doppler error budget. Assume a worst case sckectly translated to the error budget for the Pioneers, scaled
nario, where only one clock was used for the whole 11 year8y the number of years. It yields a negligible contribution.
study.(In reality each DSN station has its own atomic clgck. ~ ©Our analyses also estimated errors introduced by a num-
To estimate the influence of that one clock on the reporteéi’er of 'statlon-specmc parameters. Thege mcludg the error
accuracy of the detected anomaly, combines,=A v/ v due to imperfect knowledge in a DSN station location, errors
] y 0

) . due to troposphere and ionosphere models for different sta-
the fractional Doppler frequency shift from the reference fre—tions and errors due to the Faraday rotation effects in the
qguency ofvy=~2.29 GHz, with the estimate for the Allan ' Y

; N Earth’s atmosphere. Our analysis indicates that at most these
variance,o,=1.3x 10" *2 This yields a number that charac- P y

teri i limit f ¢ tainty introd ffects would produce a distance- and/or time-dependent
erizes the upper imit for a frequency uncertainty INroAuCeQy qq that would be easily noticeable in the radio Doppler

in a single measurement by the instabilities in the atomiGy i~ \What is more important is that none of the effects
o — -3 i . : e
;‘flOCl:: 7, = voory=2.98x10"* Hz for a 1G Doppler integra- 614 pe able to produce a constant drift in the Doppler
ion time. . . residuals of Pioneers over such a long time scale. The up-
In order to derive an estimate for the total effect, recaIIdated version of the ODBiGMA, routinely accounts for

that the Doppler observation technique is essentially a COMhese error factors. Thus, we run covariance analysis for the

tinuous count of the total number of complete frequencyWhole set of these parameters using batMa andCHASMP.

circles during observational time. Within a year one can haVPBased on these studies we conclude that mechanical and
as man%/ r?st 3k.15'?1< é§ |_ndeggsndentd S'nTgr:? ”_“elgsure' phase stability of the DSN antennae together with geographi-
ments of the clock with duration tGeconds. This yields an .o |ocations of the antennae, geophysical and atmospheric
upper limit for the contribution of atomic clock instability on conditions on the antennae site have negligible effects on our

H — ~ —5
the frequency drift ofogoq= o, /VN~5.3X107° Hzlyr.  goytions forap . At most their contributions are at the level
But in Sec. V B we noted that the observagl corresponds ¢ opsy=10"%ap.

to a frequency drift of about 0.2 Hz/yr, so the errorap is
about 0.000% 108 cm/€. Since all data is not integrated
over 1000 seconds and is data is not available for all time,
we increase the numerical factor to 0.001, which is still neg-
ligible to us.[But further, this upper limit for the error be- In this section we will discuss the forces that may be
comes even smaller if one accounts for the number of DSNjenerated by spacecraft systems. The mechanisms we con-
stations and corresponding atomic clocks that were used faider that may contribute to the found constant acceleration,
the study] ap, and that may be caused by the on-board mechanisms
Therefore, we conclude that the clocks are not a contribinclude: (1) the radio beam reaction forc€2) RTG heat
uting factor to the anomalous acceleration at a meaningfullyeflecting off the spacecraft3) differential emissivity of the
level. We will return to this issue in Sec. XI D where we will RTGs, (4) non-isotropic radiative cooling of the spacecraft,
discuss a number of phenomenological time models thats) expelled helium produced within the RT@) thruster
were used to fit the dataSee Ref[101].) gas leakage, and?) the difference in experimental results
from the two spacecratft.

VIIl. SOURCES OF SYSTEMATIC ERROR INTERNAL
TO THE SPACECRAFT

G. DSN antennae complex

The mechanical structures which support the reflecting A. Radio beam reaction force

surfaces of the antenna are not perfecily stable. Among the The Pioneer navigation does not require that the space-
numerous effects influencing the DSN antennae perfor-

. . . . craft constantly beam its radio signal, but instead it does so
mance, we are only interested in those whose behavior mlgrE!)tnly when it is requested to do so from the ground control.
contribute to the estimated solutions fy. The largest sys-

o i, Lo X Nevertheless, the recoil force due to the emitted radio-power
tematic instability over a long period is due to gravity loads

: : ) must also be analyzed.

and the aging of the structure. As discussefllb], antenna The Pioneers have a total nominal emitted radio power of
deformations due to gravity loads should be absorbed aImogi h - ;

. . . . . ) ght Watts. It is parametrized as
entirely into biases of the estimated station locations an
clock offsets. Therefore, they will have little effect on the Omax _
derived solutions for the purposes of spacecraft navigation. Prp:f désingP(6), (32

One can also consider ocean loading, wind loading, ther- 0
mal expansion, and aging of the structure. We found none of
these can produce the constant drift in the Doppler frequenc(6) being the antenna power distribution. The radiated
on a time scale comparable to the Pioneer data. Also, routingower has been kept constant in time, independent of the
tests are performed by DSN personnel on a regular basis twoverage from ground stations. That is, the radio transmitter
access all the effects that may contribute to the overall peris always on, even when not received by a ground station.
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The recoil from this emitted radiation produces an accel-angles of 60° that go radially out from the cylinder. Presum-
eration biasp,,, on the spacecraft away from the Earth of ably this results in a symmetrical radiation of thermal power
into space.
_BPy Thus, the fins are “edge on” to the anten(iae fins point
" Mc perpendicular to the cylinder axesThe largest opening
angle of the fins is seen only by the narrow-angle parts of the
M is taken to be the Pioneer mass when half the fuel is gongntenna’s outer edges. Ignoring these edge effects, only
[15]. B is the fractional component of the radiation momen-~2.5% of the surface area of the RTGs is facing the antenna.
tum that is going in a direction opposite & : This is a factor 10 less than that from integrating the direc-
tional intensity from a hemispherg(f"P"dQ) cosé)/(4m)]
1 (Omax =1/4. So, one has only 4 W of directed power. This suggests
B= PJo dé'sin 6 cosoP(6). (34 a systematic bias of-0.55x 108 cm/€. Even adding an
P uncertainty of the same size yields a systematic for heat re-

Referencd4] describes the HGA and shows its downlink fléction of
antenna pattern in Fig. 3.6-18Thermal antenna expansion —_(_ , -8
mismodeling is thought to be negligiblelThe gain is given 8, =(~0.55£0.55 10" cms. (36
as (33.3:0.4) dB at zero(peak degrees. The intensity is
down by a factor of twq—3 dB) at 1.8°. It is down a factor
of 10 (=10 dB) at 2.7° and down by a factor of 100-20
dB) at 3.75°.(The first diffraction minimum is at a little over
four degrees.Therefore, the pattern is a very good conical

beam. Further, since d@&75°]=0.9978, we can tak8 gt even though this is not exact, we can argue that the
=(0.99+0.01), yieldingb,=1.10. _ vast majority of the heat radiated by the RTGs is symmetri-

Finally, taking the error for the nominal 8 Watts power t0 o4y girected to space unobscured by the antenna. Further,
be given by the 0.4 dB antenna error 0.10 and the error dug; this mechanism to work one still has to assume that the
to the uncertainty in our nominal mag8.04, we arrive at  gnergy hitting the antenna is completely reradiated in the
the result direction of the spin axi§1086].

Finally, if this mechanism were the cause, ultimately an
unambiguous decrease in the sizeagfshould be seen be-
cause the RTGs’ radioactively produced radiant heat is de-
B. RTG heat reflecting off the spacecraft creasing. As noted previously, the heat produced is now

0 - .
It has been argued that the anomalous acceleration seen?lt?o.lljt |80A’ of tthed original n;a%mu:%gact, /(s)zn_e would

the Pioneer spacecraft is due to anisotropic heat reflection off iiarly eéxpect a decrease ot about O cmsinap

of the back of the spacecraft high-gain antennae, the he&e' the 11.5 year Pioneer 10 data interval if this mechanism

coming from the RTG$103]. Before launch, the four RTGs were the origin ofap . .
had a total thermal fuel inventory of 2580 Wihow So, even though a complete thermal/physical model of the

~2070 W). They produced a total electrical power of 160spacecraf’[ might be able to ascertain if there are any other
W (now ~65 W). Presently~2000 W of RTG heat must unsuspected heat systematics, we conclude that this particu-
be dissipated. Only-63 W of directed power could explain Ia_r mechanism does not provide enough power to explain the
the anomaly. Therefore, in principle there is enough power t@loneer ?r?oma'floﬂ-

explain the anomaly this way. However, there are two rea- In add_ltlon o ihe observ_ed constancy of the anonjallous

sons that preclude such a mechanism |:1amely' acceleration, any explanation involving thermal radiation

(i) The spacecraft geometrfhe RTGs are located at the must also discuss the absence of a disturbance to the spin of

end of booms, and rotate about the spacecraft in a plane thg{e spacecraft. There may be a small correlation of the spin

contains the approximate base of the antenna. From the CIOE"_ngular acceleration with the anomalous linear acceleration.

(33

But there are reasons to consider this an upper bound. The
Pioneer SNAP 19 RTGs have larger fins than the earlier test
models and the packages were insulated so that the end caps
have lower temperatures. This results in lower radiation from
the end caps than from the cylinder and f[2€,21]. As a

ap=bptop=(1.10£0.1)X10°8 cm/s. (35

est axial center point of the RTGs, the antenna is seen near owever, as described in Sec. \./I' thg linear acceleration is
“edge on” (the longitudinal angular width is 24 5°The to- uch more constant than the spin. This suggests that most of

tal solid angle subtended is1-2 % of 4 steradiang104)]. the linear acceleration is not caused by whatever disturbs the

Even though a more detailed calculation yields a value of P! thermal or not.

155105, even taking th hgher bound of 2% means s FOWSVE, 8 carel ok s e nervl e cffg 11
proposal could provide at most40 W. But there is more y Y 9 P 9

[106] about 6<107° rpm/day is slowly decreasing.

' In principle this could be caused by heat.
K The spin-rate change produced by the torque of radiant
ower directed against the rotation with a lever atns

(i) The RTGs' radiation patternThe above estimate was
based on the assumption that the RTGs are spherical blac
bodies. But they are not. The main bodies of the RTGs ar®
cylinders and they are grouped in two packages of two. Each Pd
package has the two cylinders end to end extending away D= — (37)

from the antenna. Every RTG has six fins separated by equal cZ,’
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where Z, is the moment of inertia, 588.3 kgni17]. We  knowledge of the solar wind and the interplanetary dsse
take a base unit of, for a power of one watt and a lever arm Sec. XI'A), we find that this amount of a radiant change

of one meter. This is would be difficult to explain, even if it were of the right sign.
(In fact, even the brace bars holding the RTGs were built
0,=5.63<10"*? rad/€=4.65<10"° rpm/day, such that radiation is roughly fore-aft symmetric.
We also have “visual” evidence from the Voyager space-
=1.71x10"% rpmlyr. (39 craft. As mentioned, the Voyagers are not spin-stabilized.

They have imaging video cameras attach&@9]. The cam-
So, about 13 watt-meters of directed power could cause theras are mounted on a scan platform that is pointed under
base spin-rate change. both celestial and inertial attitude control modé40]. The
It turns out that such sources could, in principle, be avail-camerasdo nothave lens covergl11]. During the outward
able. There are 83=9 radioisotope heater unitRHUS)  cruise calibrations, the cameras were sometimes pointed to-
with one watt power to heat the Thruster Cluster Assemblywards an imaging target plate mounted at the rear of the
(TCA). (See pages 3.4-4 and 3.8-1-3.8-17 of Ré&f.) The  gpacecraft. But most often they were pointed all over the sky
units are on the edge of the antenna of radius 1.37 m, in thg specific star fields in support of ultraviolet spectrometer
housings of the TCAs which are approximately 180° aparppservations. Meanwhile, the spacecraft antennae were
from each other. At one position there are six RHUs and ahginted towards Earth. Therefore, at an angle, the lenses
the other position there_ are three. An additional RHU is neaf, oo sometimes hit by the solar wind and sometimes by the
the sun sensor which is located near the second assembjyo ) anetary dust. Even so, there was no noticeable deterio-

The final RHU is located at the magnetometer, 6.6 meters OLPation of the images received, even when Voyager 2 reached

fro%glzlgigirer?: ;T\?ezp:r? elccgzgl rotational asymmetry of Neptuneg[112]. We infer, therefore, that this mechanism can-
got explain the Pioneer effect.

two watts. But note, the real asymmetry should be less, sinc It t d out that th test radiation d q
these RHUs do not radiate only in one direction. Even one urned out that the greatest radiation damage occurre

Watt unidirected at the magnetometer, is not enough to causifing the flybys. The peak Pioneer 10 radiation flux near
the baseline spin rate decrease. Further, since the base lineigPiter was about 10000 times that of Earth for electrons
decreasing faster than what would come from the changl000 times for protons Pioneer 11 experienced an even
cause by radioactive decay decrease, one cannot look for thigher radiation flux and also went by Sat(i). (We return
effect or some complicated RTG source as the entire origii© this in Sec. VIII G) Therefore, if radiation damage was a
of the baseline change. One would suspect a very small g@oblem, one should have seen an approximately uniform
leak or a combination of this and heat from the powered bus¢hange in emissivity during flyby. Since the total heat flux,
(See Sec. VIII D). Indeed, the factor &/in Eq. (37) is a  F, from the RTGs was a constant over a flyby, there would
manifestation of the energy-momentum conservation powehave been a change in the RTG surface temperature mani-
needed to producé by heat vs massive particles. fested by the radiation formul&> e, T{=¢,T3, the ; being

But in any event, this baseline spin-rate change is nothe emissivities of the fin material. There are several tem-
significantly correlated with the anomalous acceleration, sgerature sensors mounted at RTG fin bases. They measured

we do not have to pursue it further. average temperatures of approximately 330 F, roughly 440
K. Therefore, a 10% change in thetal averageemissivity
C. Differential emissivity of the RTGs would have produced a temperature change~d2.2 K

=22 F. Such a change would have been noti¢ktkasure-

Another suggestion related to the RTGs is the followingments would be compared from, say, 30 days before and

[108]: during the early parts of the missions, there might . ;
have been a differential change of the radiant emissivity 01after flyby to eliminate the flyby power and thermal distor-

the solar-pointing sides of the RTGs with respect to the deepions) Since(see belowa 10%differential fore-aft emissiv-
space facing sides. Note that, especially closer in the Sun, tH could cause the Pioneer effect, the lack of observation of
inner sides were subjected to the solar wind. Contrariwise? 10%total averageemissivity change limits the size of the
the outer sides were sweeping through the solar-system dudifferential emissivity systematic.
cloud. Therefore, it can be argued that these two processes T0 obtain a reasonable estimate of the uncertainty, con-
could have caused the effect. However, other informatiorsider if one side(fore or afy of the RTGs had its emissivity
seems to make it difficult for this explanation to work. changed by 1% with respect to the other side. In a simple
The six fins of each RTG, designed to “provide the bulk cylindrical model of the RTGs, with 2000 W powétere we
of the heat rejection capacity,” were fabricated of presume only radial emission with no loss out the sidie
HM21A-T8 magnesium alloy plate20]. The metal, after be- ratio of power emitted by the two sides would be 0.99
ing specially prepared, was coated with two to three mils of=995/1005, or a differential emission between the half cyl-
zirconia in a sodium silicate binder to provide a high emis-inders of 10 W. Therefore, the fore-aft asymmetry towards
sivity (~0.9) and low absorptivity {0.2). Depending on the normal would b§10 W]X [g[sin¢ldd/7m~6.37 W. If
how symmetrically fore-and-aft they radiated, the relativeone does a more sophisticated fin model, with 4 of the 12 fins
fore-and-aft emissivity of the alloy would have had to havefacing the normaltwo flat and two at 30°), one gets a num-
changed by~ 10% to account foap (see below Given our  ber of 6.12 W. We take this to yield our uncertainty,
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04e=0.85<10"8 cm/g. (39

Note that 1G4, almost equals our finahp. This is the  },,
origin of our previous statement that10% differential 1

emissivity (in the correct directionwould be needed to ex- £ =~
plain ap . 210 -
Finally, we want to comment on the significance of radio- ° o R
active decay for this mechanism. Even acknowledging thes . =
Interval jumps due to gas leaksee below, we reported a 70
One-day batCh-Sequentlal Val(mfore SyStematlagor ap, * ¢ 1000 2000 3000 4000 5000 6000 7000 8000 9000
averaged over the entire 11.5 year interval,apf=(7.77 Doy fom Laurch ;

+0.16)x10 8 cm/<. From radioactive decay, the value of
ap should have decreased by 0.75 of these units over 11.;5
years. This is 5 times the above variance, which is very largg
with batch sequential. Even more stringently, this bound is
good forall radioactive heat sources. So, what if one were to
argue that emissivity changes occurring before 1987 were th@ct, during the entire 11.5 year period from 1987 to 1998 the
cause of the Pioneer effect? There still should have been electrical power decreased from around 95 W to around 68
decrease imp with time since then, which has not been W, a change of 27 W. Since we already have noted that about
observed. ~65 W is needed to cause our effect, such a large decrease in

We will return to these points in Sec. VIII G. the “source” of the acceleration would have been seen. But
as shown in Sec. VI, it was not. Even the small differences in
the three intervals are most likely to be from gas letds

will be demonstrated in Sec. VIIIF
It has also been suggested that the anomalous acceleration| ater a double modification of this idea was given. It was

seen in the Pioneer .10/11 .Space_crf"‘ﬁ can _be, “explained, st suggested that “most, if not all, of the unmodeled accel-
least in part, by non-isotropic radiative cooling of the SPacey ation” of Pioneer 10 and 11 is due to an essentially con-

crfaft[113]. Sa, the question is, qus at least in part” mean stant supply of heat coming from the central compartment,
this effect comes near to explaining the anomaly? We argug.
) irected out the front of the craft through the closed louvers
it does not[114]. . .

115@a)]. However, when one studies the electrical power

Consider radiation of the main-bus electrical systems . : ;
power from the spacecraft rear. For the Pioneers, the aft h story in both partsinstruments and experimentalf the
entral compartment, there is no constancy of hge the

a louver system, and “the louver system acts to control thé hah - ;
heat rejection of the radiating platform. A bimetallic spring, d€tails in[116].) Indeed during our data period the heat from
thermally coupled radiatively to the platform, provides thethis compartment decreased from about 73 W to about 57 W,
motive force for altering the angle of each blade. In a close®' @ factor of 1.26. This is inconsistent with the constancy of
position (below 40 B the heat rejection of the platform is our result. Further, if one looks at the earlier, very roughly
minimized by virtue of the blockage of the blades while openanalyzed[117] data in Fig. 7 one sees nothing close to the
fin louvers provide the platform with a nearly unobstructedinternal power change of 93 to 57 V& factor of 1.6 [116].
view of spacd4].” To address this inconsistency a second modification
If these louvers were opetabove~88 F) and all the [115b),(c)] was made. It was arbitrarily argued that there
diminishing electrical-power heat was radiated only out ofwas an incorrect determination of the reflection and absorp-
the louvers, this mechanism could produce a significant eftion coefficients by a large factor. But these coefficients are
fect. However, by nine AU the actuator spring temperatur&known to 5%. If they were as poorly determined as specu-
had already reached40 F[4]. This means the louver doors lated, the mission would have failed early dfurther dis-
were closedi.e., the louver angle was zérivom where we  cussion is in116].)
obtained our data. Thus, from that time on of the radiation We conclude that neither the original propoE&l3] nor
properties, the contribution of the thermal radiation to thethe modification[115] can explain the anomalous Pioneer
Pioneer anomalous acceleration should be small. Althoughcceleration[114,116. A bound on the constancy dp
one might speculate that a louver stuck, there are 30 louvermes from first noting the 11.5 year 1-day batch-sequential
on each craft. They clearly worked as designed, or else theesult, sensitive to time variatiorp=(7.77+0.16)xX 10 8
temperature of the crafts’ interiors would have fallen to di-cm/<. Also given the constancy of the earlier imprecise date,
sastrous levels. it is conservative to take three times this error to be our
As shown in Fig. 16, in 1984 Pioneer 10 was at about 33ystematic uncertainty for radiative cooling of the cratft,
AU and the power was about 105 WAlways reduce the o,.=+0.48<10 8 cm/<.
total power numbers by 8 W to account for the radio beam Although doubtful, one can also speculate that some
power) In (1987, 1992, 1996 the spacecraft was at mechanism like this might be involved with the baseline
~(41,55,65 AU and the power was-(95,82,73 W. The  spin-rate change discussed in Sec. VIII B. In 1986-7, Pioneer
louvers were inactive, and no decreaseaprwas seen. In 10 power was about 97 W, decreasing at about 2.5—3.0 W/yr.

FIG. 16. The Pioneer 10 electrical power generated at the RTGs
a function of time from launch to near the end of 1994. By
98.5, only~68 W was generated.

D. Non-isotropic radiative cooling of the spacecraft
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If you take a lever arm of 0.71 metefthe hexagonal bus actly at the “rear” direction of the RTG cylinders, i.e., at the
size), this is more than enough to provide the 13 W-metersposition closest to the Sun and Earth. The axis through the
necessary to produce the baseline spin-rate change of Fig. 1@-rings is parallel to the spin-axis. The O-rings, sandwiched
Further for the first three years the decrease about matchéy the receptacle and connector plates, “see” the outside
the bus power loss rate. Then after the complex changesorld through an angle of about 90° in latitudel 9]. (Over-
associated with the end of 1989 to 1990, there is a decreasead of the O-rings is towards the Suim longitude the
in the base rate with a continued similar slope. O-rings see the direction of the bus and space through about
Perhaps the “baseline” rate is indeed from the heat of thed0°, and “see” the fins through most of the rest of the lon-
bus being vented to the side. But the much larger gas leakgitudinal angle.

would be on top of the baseline. If one assumes a single elastic reflection, one can estimate
the fraction of the bias away from the Suimdeed, multiple
E. Expelled helium produced within the RTGs and back reflections will produce an even greater bias.

Another possible on-board systematic is from the eXpul_Therefore, we feel this approximation is justifie@his esti-
sion of the He being created in the RTGs from thelecay mate is (3/4)sin 30° times the average of the heat momentum

of 23y To make this mechanism work. one would nee omponent parallel to the shortest distance to the RTG fin.
. y . . . . —8 .
that the He leakage from the RTGs be preferentially directe@Slng this, we find the bias would be 0:810°° cm/s’. This

; the Sun. with a velocity lar nough t th ias effectively increases the value of our solution dgr,
Z\(I:vceze:g?on € sun, avelocity farge enough 1o cause g i e hesitate to accept given all the true complications

The SNAP-19 Pioneer RTGs were designed in a such of the real system. Therefore we take the systematic expul-

P — —8

way that the He pressure has not been totally containe lon to beaye=(0.15x0.16)x 10"° em/s”
within the Pioneer heat source over the life of RTI@§].
Instead, the Pioneer heat source contains a pressure relief ) .
device which allows the generated He to vent out of the heat The effect of propulsive mass expulsion due to gas leak-
source and into the thermoelectric convertdihe strength ~@ge has to be assessed. Although this effect is largely unpre-
member and the capsule clad contain small holes to permffictable, many spacecraft have experienced gas leaks pro-
He to escape into the thermoelectric convertehe thermo- ~ ducing accelerations on the order of f0cm/s’. [The
electric converter housing-to-power output receptacle interi€ader will recall the even higher figure for Ulysses found in
face is sealed with a viton O-ring. The O-ring allows the S€c. V D 2] As noted previously, gas leaks generally behave
helium gas within the converter to be released by permeatioffifferently after each maneuver. The leakage often decreases
to the space environment throughout the mission life of thVith time and becomes negligibly small. _
Pioneer RTGs. Gas leaks can originate from Pioneer’s propulsion system,

Information on the fuel puckiL18] shows that they each Which is used for mid-course trajectory maneuvers, for
have heights of 0.212 inches with diameters of 2.145 inchesiPinning-up or -down the spacecraft, and for orientation of
With 18 in each RTG and four RTGs per mission, this givesthe spinning spacecraft. The Pioneers are equipped with
a total volume of fuel of about 904 &xiThe fuel is PMC Py three pairs of hydrazine thrusters which are mounted on the
conglomerate. The amount 8#%Pu in this fuel is about 5.8 cirgumference of the Earth-pointing high gain antenna. Each
kg. With a half life of 87.74 yr, that means the rate of He Pair of thrusters forms a Thruster Cluster Assem@ICA)
production(from Pu decayis about 0.77 gm/yr, assuming it Wlt_h two nozzles allgned in opposition to ea}Ch other. For
all leaves the cermet. Taking on operational temperature offtitude control, two pairs of thrusters can be fired forward or
the RTG surface of 320 F433 K, implies a XT/2 helum ~ aft and are used to precess the spinning antésee Sec.
velocity of 1.22 km/s(The possible energy loss coming out I B.) The other pair of thrusters is ahgnec_i parallel to the rim
of the viton is neglected for heliupnUsing this in the rocket Of the antenna with nozzles oriented in co- and contra-

F. Propulsive mass expulsion due to gas leakage

equation, rotation directions for spin-despin maneuvers.
During both observing intervals for the two Pioneers,
d there were no trajectory or spin-despin maneuvers. So, in this
a(t)=—v(t) lInM(D)] (40 analysis we are mainly concerned with precessia, ori-

entation or attitude contrpbmaneuvers onlySee Sec. Il B.
Since the valve seals in the thrusters can never be perfect,
with our nominal Pioneer mass with half the fuel gamed  one can ask if the leakages through the hydrazine thrusters
the assumptiothat the gas is all unidirected, yields a maxi- could be the cause of the anomalous acceleratign,
mal bound on the possible acceleration of 1.16 However, when we investigate the total computational ac-
X108 cm/€. So, we can rule out helium permeating curacy of our solution in Sec. IX B, we will show that the
through the O-rings as the causeaf although it is a sys- currently implemented models of propulsion maneuvers may
tematic to be dealt with. be responsible for an uncertainty & only at the level of
Of course, the gas is not totally unidirected. As one can+0.01x10 8 cm/$. Therefore, the maneuvers themselves
see by looking at Figs. 2 and Ill-2 ¢20]: the connectors are the main contributors neither to the total error budget nor
with the O-rings are on the RTG cylinder surfaces, on theo the gas leak uncertainty, as we now detail
ends of the cylinders where the fins are notched. They are The serious uncertainty comes from the possibility of un-
equidistant(30°) from two of the fins. The placement is ex- detected gas leaks. We will address this issue in some detail.
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First consider the possible action of gas leaks originating o(ap(iyg1) = *Fa (i)gl/M

from the spin-despin TCA. Each nozzle from this pair of F

thrusters is subject to a certain amount of gas leakage. But =(+151+7.18+0.61)x10 8 cm/<.
only a differential leakage from the two nozzles would pro- (44)
duce an observable effect causing the spacecraft to either

spin-down or spin-up120]. So, to obtain a gas leak uncer- Assuming that these errors are uncorrelated and are normally
tainty (and we emphasize “uncertainty” vs “error” because distributed around zero mean, we find the gas leak uncer-
we have no other evidencket us ask how large a differential tainty for the entire Pioneer 10 data span to be

force is needed to cause the spin-down or spin-up effects
observed? 0q1=*0.56x10"% cm/<. (45)

Using the 2moment of inertia about t.he spin axis= This is one of our largest uncertainties.
~588.3 kgm-[17], and the antenna radiug,=1.37 m, as The data set from Pioneer 11 is over a much smaller time

the lever arm, one can calculate thfit the differential forCGSpan, taken when Pioneer 11 was much closer to the(@fin
needed to torque the spin-rate change, in Intervalsi=I,  the plane of the ecliptic and during a maximum of solar
I, Hl'is activity. For Pioneer 11 the main effects of gas leaks oc-
. curred at the maneuvers, when there were impulsive lower-
Fb.:Izei —(2.57,12.24,1.08<10"% dynes. (41) ings of the spir?.-down rate. These dominateq the over—gll spin
' rate change of;;=—0.0234 rpm/yr.(See Fig. 12.But in
between maneuvers the spin rate was actualtyeasing
It is possible that a similar mechanism of undetected ga®ne can argue that this explains the higher valuefoyy) in
leakage could be responsible for the net differential forceTable | as compared tap(;p). Unfortunately, one has na
acting in the direction along the line of sight. In other words, priori way of predicting the effect here. We do not know that
what if there were some undetected gas leakage from thédne same specific gas leak mechanism applied here as did in
thrusters oriented along the spin axis of the spacecraft that e case of Pioneer 10 and there is no well-defined interval
causingap? How large would this have to be? A force of set as there is for Pioneer 10. Therefore, although we feel

(M=241 kg) this “spin up” may be part of the explanation of the higher
value ofap for Pioneer 11, we leave the different numbers as
F.=Map=21.11x10"3 dynes (42) a separate systematic for the next subsection.
ap .

At this point, we must conclude that the gas leak mecha-

nism for explaining the anomalous acceleration seems very
would be needed to produce our final unbiased valug-of  unlikely, because it is hard to understand why it would affect
(See Sec. ¥.That is, one would need even more force thanPioneer 10 and 11 at the same letgiven that both space-
is needed to produce the anomalously high rotational gasraft had different quality of propulsion systems, see Sec.
leak of Interval Il. Furthermore, the differential leakage toll B). One also expects a gas leak would obey the rules of a
produce thisap would have had to have been constant overPoisson distribution. That clearly is not true. Instead, our
many years and in the same direction for both spacecrafanalyses of different data sets indicate thatbehaves as a
without being detected as a spin-rate change. That is pogonstant bias rather than as a random variabléis is
sible, but certainly not demonstrated. Furthermore if the gaslearly seen in the time history &, obtained with batch-
leaks hypothesis were true, one would expect to see a draequential estimatioh.
matic difference inap during the three Intervals of Pioneer
10 data. Instead an almost 500% spin-down rate change bes. Variation between determinations from the two spacecratft

tween Intervals | and Il resulted only in a less than 8% Finally there is the important point that we have two “ex-
change inap. perimental” results from the two spacecraft, given in Egs.

Given the small amount of information, we propose 0(23) and (24): 7.84 and 8.55, respectively, in units of
conservativelytake as our gas leak uncertainties the accel--8 ~m/2. If the Pioneer effect is real. and not a system-

eration values that would be produced by differential forcesatic, these numbers should be approximately equal.
equal to The first number, 7.84, is for Pioneer 10. In Sec. VI D we
obtained this number by correlating the valuesagfin the
Fap(i)gj_:i\/EF'(;i three data Intervals with the different spin-down rates in
these Intervals. The weighted correlation between a shift in
=(*3.64+17.31;+1.46 <10 3 dynes. (43)  ap and the spin-down rate ig,=(30.7+0.6) cm.(We ar-
gued in the previous Sec. VIII F that this correlation is the
The argument for this is that, in the root sum of squaregnanifestation of the rotational gas leak systempfihere-
sense, one is accounting for the differential leakages from thire, this number represents the entire 11.5 year data arc of
two pairs of thrusters with their nozzles oriented along thé”ioneer 10. Similarly, Pioneer 11's number, 8.55, represents
line of sight direction. This directly translates into the accel-a 33 year data arc.
eration errors introduced by the leakage during the three in- Even though the Pioneer 11 number may be less reliable
tervals of Pioneer 10 data, since the craft was so much closer to the Sun, we calculate
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the time-weighted average of the experimental results from First we look at the numerical stability of the least squares
the two craft:[(11.5)(7.84)} (3.75)(8.55)/(15.25)=8.01  estimation algorithm and the derived solution. The leading
in units of 108 cm/$. This implies a bias ofb, ,,+=  computational error source turns out to be subtraction of
+0.17x 108 cm/g with respect to the Pioneer 10 experi- similar numbers. Due to the nature of floating point arith-
mental resultapexpen- We also take this number to be our metic, two numbers with high order digits the same are sub-
two spacecraft uncertainty. This means tracted one from the other results in the low order digits
being lost. This situation occurs with time tags on the data.
Time tags are referenced to some epoch, such as say 1 Janu-
=(0.17=0.17x10 8 cm/<. (46)  ary 1950 which is used bgHASMP. As more than one billion
seconds have passed since 1950, time tags on the Doppler
The difference between the two craft could be due to dif-data have a start and end time that have five or six common
ferent gas leakage. But it also could be due to heat emittetgading digits. Doppler signal is computed by a differenced
from the RTGs. In particular, the two sets of RTGs have hadange formulatiorisee Sec. Ill B. This noise in the time tags
different histories and so might have different emissivities.causes noise in the computed Doppler at the 0.0006 Hz level
Pioneer 11 spent more time in the inner solar sysansorb- for both Pioneers. This noise can be reduced by shifting the
ing radiation. Pioneer 10 has swept out more dust in deep€ference epoch closer to the data or increasing the word
space. Further, Pioneer 11 experienced about twice as muégngth of the computation, however, it is not a significant

A2 craf= D2 craf 02 craft

Jupiter(and Saturpradiation as Pioneer 10. error source for this analysis. _ _
Further, note tha{tag'&iéer)— aﬁ'(%igeo] and the uncertainty In order to guard against possible computer compiler

from differential emissivity of the RTGsgy,, are of the and/or hardware errors we ran orbit determination programs
same size: 0.71 and 0.88.0°8 cm/<. It could therefore be ©n different computer platforms. JPL's ODP resides on an HP

argued that Pioneer 11’s offset from Pioneer 10 comes frony/orkstation. The Aerospace Corporation ran the analysis on
Pioneer 11 having obtained twice as large a differential emisthree different computer architectures: Aerospace’s DEC
sivity bias as Pioneer 10. Then our final valueagf, given ~ 64-bit RISC architecture workstatiofAlphastation 500/

in Sec. X, would be reduced by about 0.7 of our units since?66) (i) Aerospace’s DEC 32-bit CISC architecture work-
04, would have become mainly a negative big,. This station(VAX 4000/60), and(iii) Pentium Pro PC. Compari-
would make the final number closer to<d0~8 cm/2. Be-  Sons of computations performed faHAsmP in the three
cause this model and our final number are consistent, wg/achine show consistency to 15 digits which is just suffi-
present this observation only for completeness and as a poSient to represent the data. While this comparison does not

sible reason for the different results of the two spacecraft. €liminate the possibility of systematic errors that are com-
mon to both systems, it does test the numerical stability of

the analysis on three very different computer architectures.
IX. COMPUTATIONAL SYSTEMATICS The results of the individual programs were given in Secs.

Given the very large number of observations for the samé& @nd VI. In a test we took the JPL results for a batch-
spacecraft, the error contribution from observational noise i§€dquentiabiGmA run with 50-day averages of the anomalous
very small and not a meaningful measure of uncertainty. It ig.cceleration of Pioneer 1@, . The data interval was from
therefore necessary to consider several other effects in orddanuary 1987 to July 1998. We compared this to an Aero-
to assign realistic errors. Our first consideration is the statisSPace determination usirgiAsmp, where the was split into
tical and numerical stability of of the calculations. We then200 day intervals, over a shorter data interval ending in
go on to the cumulative influence of all modeling errors and1994. As seen in Fig. 14, the results basically agree.
editing decisions. Finally we discuss the reasons for and sig- Given the excellent agreement in these implementations
nificance of the annual term. of the modeling software, we conclude that differences in

Besides the factors mentioned above, we will discuss iffnalyst choices(parametrization of clocks, data editing,
this section errors that may be attributed to the specific hardnodeling options, etg.give rise to coordinate discrepancies
ware used to run the orbit determination computer codes2nly at the level of 0.3 cm. This number corresponds to an
together with computational algorithms and statistical meth{ncertainty in estimating the anomalous acceleration on the

. . -12
ods used to derive the solution. order of 8<10™** cm/s. _
But there is a slightly larger error to contend with. In

principle thesTRIPPERCan give output to 16 significant fig-
ures. From the beginning the output was-rounded off to 15

Having presented estimated solutions along with their forand later to 14 significant figures. When Block 5 came on
mal statistics, we should now attempt to characterize the trupear the beginning of 1995, the output was rounded off to 13
accuracy of these results. Of course, the significance of theignificant figures. Since the Doppler residuals are 1.12
results must be assessed on the basis of the expected meam/s this last truncation means an error of order 0.01 mm/s.
surement errors. These expected errors are used to weightfave divide this number by 2 for an average round off, this
least-squares adjustment to parameters which describe the@nslates tar0.04< 108 cm/<. The roundoff occurred in
theoretical model(Examination of experimental systematics approximately all the data we added for this paper. This is
from sources both external to and also internal to the spacehe cleanest 1/3 of the Pioneer 10 data. Considering this we
craft was covered in Secs. VII-VI)I. take the uncertainty to be

A. Numerical stability of least-squares estimation
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Trum* 0.02<10°8 cm/<. (47 DEZ200. The result produced a small annual signature before
the fit. After the fit, the maneuver solutions changed a small

It needs to be stressed that such tests examine only t@éqoun't(less thgn 1d0%;)1but the value of the _arjomaLous ac- i
accuracy of implementing a given set of model codes, with € eration remained the same to seven digits. The post-fit
out consideration of the inherent accuracy of the model§eSIduals to DE_405 were virtually unchanged from those us-
themselves. Numerous external tests, which we have bedf9 DEZ?rO' TQ'Z shr(])wed that the anomalous acceleration
discussing in the previous three sections, are possible fgyas una ecte_ y changes in the planet.ary ephemgrls.
assessing the accuracy of the solutions. Comparisons be- This is pertinent to note for the following subsectlon.. To
tween the two software packages enabled us to evaluate tﬁgemphasme the above, a small “annual term” can be intro-

implementations of the theoretical models within a particulal‘duc‘Ed by changing the planetary ephemerides. This annual

software. Likewise, the results of independent radio trackiné:rm can then be totally taken up by changing the maneuver

observations obtained for the different spacecraft and anal .-St'mat'ons' Therefore, in prlnc_:lple, any possible m|smo.del—
sis programs have enabled us to compare our results to infd}9d N the planetary epheme_ns C.OU|d be at least partially
realistic error levels from differences in data sets and analy[naSkeq by the maneuver estlr,nat|ons.' .

sis methods. Our analysis of the Galileo and Ulysses mis- d. Differences in the codes’ model implementatidrize

sions(reported in Secs. V C and V)Qvas done partially for impact of an ana}lyst’s choices is difficult to address, largely
this purpose. because of the time and expense required to process a large

data set using complex models. This is especially important
when it comes to data editing. It should be understood that
B. Accuracy of consistency and model tests small differences are to be expected as models differ in lev-
a. Consistency of solutioné code that models the mo- els of detail and accuracy. The analysts’ methods, experience,
tion of solar system bodies and spacecraft includes numero@d judgment differ. The independence of the analysis of JPL
lengthy calculations. Therefore, the software used to obtaifnd Aerospace has been consistently and strictly maintained
solutions from the Doppler data is, of necessity, very comdn order to provide confidence on the validity of the analyses.
plex. To guard against potential errors in the implementatiorf\cknowledging such difficulties, we still feel that using the
of these models, we used two software packages; JPL¥ETY limited tests given above is preferable to an implicit
ODP-siGMA modeling softward41,54 and The Aerospace assumption that all analysts’ choices were optimally made.

Corporation’sPOEAJCHASMP software packagg77,78. The Another source for differences in the results presented in
differences between the JPL and Aerospace orbit determind@ble | is the two codes’ modeling of spacecraft re-
tion program results are now examined. orientation maneuvers. ODP uses a model that solves for the

As discussed in Sec. IVF, in estimating parameters théesulted change in the Doppler observable (instantaneous
CHASMP code uses a standard variation of parameters methd@!'n model. This is a more convenient model for Doppler
whereas ODP uses the Cowell method to integrate the equ¥glocity measurementsHasMP models the change in accel-
tions of motion and the variational equations. In other words€ration, solves forAa (finite burn model, and only then
CHASMP integrates six first-order differential equation, using Produces a solution foAv. Historically, this was done in
the Adams-Moulton predictor-corrector method in the orbitalorder to incorporate range observatidfer Galileo and Ul-
elements. Contrariwise, ODP integrates three second-ord¥gse$ into the analysis.
differential equations for the accelerations using the Gauss- Our best handle on this is the no-corona results, especially
Jackson methodFor more details on these methods see Refgiven that the two critical Pioneer 10 Interval Il results dif-
[121]) fered by very little, 0.0%x10 8 cm/$. This data is least

As seen in our results of Secs. V and VI, agreement wagffected by maneuver modeling, data editing, corona model-
good:; especially considering that each program uses indd0g, and spin calibration. Contrariwise, for the other data, the
pendent methods, models, and constants. Internal considifferences were larger. The Pioneer Interval | and Il results
tency tests indicate that a solution is consistent at the level gind the Pioneer 11 results differed, respectively,(@y1,

one part in 16°. This implies an acceleration error on the 0-23, 0.25 in units of 10°® cm/s". In these intervals models
order of no more then one part in“lh ap . of maneuvers and data editing were crucial. Assuming that

b. Earth orientation parameterdn order to check for these errors are uncorrelated, we compute their combined

possible problems with Earth orientatiatjasmpwas modi- ~ effect on anomalous acceleratiep as

fied to accept Earth orientation information from three dif- _

ferent sourceq1) JPL's STOIC program that outputs UT1R- T consistmodd +0.13< 10" cm/s. (48)
UTC, (2) JPLs Earth Orientation Parameter filds/T1-
UTC), and (3) The International Earth Rotation Service's e. Mismodeling of maneuvers.small contribution to the
Earth Orientation Parameter fil&JT1-UTC). We found that error comes from a possible mismodeling of the propulsion
all three sources gave virtually identical results and changethaneuvers. In Sec. IV E we found that for a typical maneu-
the value ofap only in the 4th digit[122]. ver the standard error in the residualsrig~0.095 mm/s.

c. Planetary ephemerigsnother possible source of prob-  Then we would expect that in the period between two
lems is the planetary ephemeris. To explore this a fit was firsmaneuvers, which on averagers 11.5/28 yr, the effect of
done withcHAsSMP that used DE200. The solution of that fit the mismodeling would produce a contribution to the accel-
was then used in a fit where DE405 was substituted foeration solution with a magnitude on the order &d,,,
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constitute a single measurement accuracy. Then, since thers
are N=28 maneuvers in the data set, the total error due tof
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C. Apparent annual-diurnal periodicities in the solution FIG. 17. ODP 1-day batch-sequential acceleration residuals us-
ing the entire Pioneer 10 data set. Maneuver times are indicated by

In Ref. [13] we reported, in addition to the constant We vertical dashed lines.

anomalous acceleration term, a possible annual sinusoid.
approximated by a simple sine wave, the amplitude of this
oscillatory term is about 13610 8 cm/$. The integral of a In attempts to understand the nature of this annual term,
sine wave in the accelerationp, with angular velocityw ~ we first examined a number of possible sources, including
and amplitudeA, yields the following first-order Doppler effects introduced by imprecise modeling of maneuvers, the
amplitude in two-way fractional frequency: solar corona, and the Earth’s troposphere. We also looked at
the influence of the data editing strategies that were used. We
Av _2Ag (50) concluded that these effects could not account for the annual
v Co term.
Then, given that the effect is particularly large in the out-
The resulting Doppler amplitude for the annual angular ve-of-the-ecliptic voyage of Pioneer 113], we focused on the
locity ~2x 107 rad/s isAv/v="5.3x 10" 2. At the Pioneer possibility that inaccuracies in solar system modeling are the
downlink S-band carrier frequency 6f2.29 GHz, the cor- cause of the annual term in the Pioneer solutions. In particu-
responding Doppler amplitude is 0.012 Hz. 0.795 mm/s lar, we looked at the modeling of the Earth orbital orientation
This term was first seen in ODP using the BSF methodand the accuracy of the planetary ephemeris.
As we discussed in Sec. IV G, treatirag as a stochastic g. Earth’s orientation We specifically modeled the Earth
parameter in JPL's batch-sequential analysis allows one torbital elementsAp and Aq as stochastic parameters\
search for a possible temporal variation in this parametemandAq are two of the Set Ill elements defined by Brouwer
Moreover, when many short interval times were used withand Clemenc¢123].) siGMA was applied to the entire Pio-
least-squaresHASMP, the effect was also observe@ee Fig. neer 10 data set withp, Ap, and Aq determined as sto-
14 in Sec. VI) chastic parameters sampled at an interval of five days and
The residuals obtained from both programs are of theexponentially correlated with a correlation time of 200 days.
same magnitude. In particular, the Doppler residuals are dig=ach interval was fit independently, but with information on
tributed about zero Doppler velocity with a systematic varia-the spacecraft statgosition and velocity carried forward
tion ~3.0 mm/s on a time scale of3 months. More pre- from one interval to the next. Various correlation times,
cisely, the least-squares estimation residuals from both ODR3-day, 30-day, 200-day, and 400-day, were investigated. The
SIGMA and CHASMP are distributed well within a half-width a priori error and process noise akp and Aq were set
taken to be 0.012 HzSee, for example, Fig. PEven the equal to 0, 5, and 1Qurad in separate runs, but only the
general structures of the two sets of residuals are similar. Th#0 urad case removed the annual term. This value is at least
fact that both programs independently were able to producthree orders of magnitude too large a deviation when com-
similar post-fit residuals gives us confidence in the solutionspared to the present accuracy of the Earth orbital elements. It
With this confidence, we next looked in greater detail atis most unlikely that such a deviation is causing the annual
the acceleration residuals from solutions f¥. Consider term. Furthermore, changing to the latest set of EOP has very
Fig. 17, which shows thap residuals from a value faap, of  little effect on the residualgWe also looked at variations of
(7.77+0.16)x 10 ® cm/g. The data was processed usingthe other four Set Ill orbital elements, essentially defining
ODP=sIGMA with a batch-sequential filter and smoothing al- the Earth’s orbital shape, size, and longitudinal phase angle.
gorithm. The solution fomp was obtained using 1-day batch They had little or no effect on the annual teym.
sizes. Also shown are the maneuver times. At early times the h. Solar system modeling/e concentrated on Interval I,
annual term is largest. During Interval Il, the interval of the where the spin anomaly is at a minimum and whageis
large spin-rate change anomaly, coherent oscillation is lospresumably best determined. Further, this data was partially
During Interval Il the oscillation is smaller and begins to die taken after the DSN’s Block 5 hardware implementation
out. from September 1994 to August 1995. As a result of this
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CHASMP Doppler Residuals For Interval lll vat, but the angular velocityyy , is much larger tham,; .
30~Doy Interval Surrounding 1996 Opposition This means the magnitude of the apparent angular accelera-
0.3 ¢ tion, ag;=vgiwq:=(100.1-7.9)x10 8 cm/&, is large
. compared taap . Because of the short integration timds,
. o2r . =660 s, and long observing interval§~1 yr, the high
@ . o § frequency, diurnal, oscillation signal averages out to less than
| s, H 0.03x10 8 cm/€ over a year. This intuitively helps to ex-
3 ool g2 i i b plain why the apparently noisy acceleration residuals still
3 I f yield a precise value cdip .
g -oat !i:}é ! ' il ) Further, all the residuals frommHASMP and ODPSIGMA
5 A 318418130 i 14141 are essentially the same. Since ODP amAsMP both use
g -o2r bk il ‘ the same Earth ephemeris and the same Earth orientation
a YRR models, this is not surprising. This is another check that nei-
—0.31 . ther program introduces serious modeling errors of its own
—0.4 . . . . making.
1591 1601 1611 1621 1631 Due to the long distances from the Sun, the spin-stabilized
Time in Days from 12 July 1992 00:00 UTC attitude control, the long continuous Doppler data history,

) ) and the fact that the spacecraft communication systems uti-

FIG. 18. cHAsmp acceleration residuals from 23 November 1996 |iza coherent radio-tracking, the Pioneers allow for a very
to 23 December 1996. A clear modeling error is represented by theansitive and precise positioning on the sky. For some cases,
solid diurnal curve.(An annual term maximum is also seen as aine Pioneer 10 coherent Doppler data provides accuracy
background. which is even better than that achieved with VLBI observing

natural sources. In summary, the Pioneers are simply much
implementation the data is less noisy than before. Over Inmore sensitive detectors of a number of solar system model-
terval Ill the annual term is roughly in the form of a sine ing errors than other spacecraft.
wave.(In fact, the modeling error is not strictly a sine wave.  The annual and diurnal terms are very likely different
But it is close enough to a sine wave for purposes of ouimanifestations of the same modeling problem. The magni-
error analysi9. The peaks of the sinusoid are centered onude of the Pioneer 10 post-fit weighted RMS residuals of
conjunction, where the Doppler noise is at a maximum.~0.1 mm/s, implies that the spacecraft angular position on
Looking at acHAsSMP set of residuals for Interval Ill, we the sky is known te<1.0 milliarcsecondémas. (Pioneer 11,
found a 4-parameter, nonlinear, weighted, least-squares fit gith ~0.18 mm/s, yields the resutt1.75 mas. At their
an annual sine wave with the parameters amplitude  great distances, the trajectories of the Pioneers are not gravi-
=(0.10530.0107) mm/s, phase—5.3°*+7.2°), angular tationally affected by the EartliThe round-trip light time is
velocity w,;=(0.01770.0001) rad/day, and bias (0.0720 now ~24 h for Pioneer 10.This suggests that the sources
*0.0082) mm/s. The weights eliminate data taken inside obf the annual and diurnal terms are both Earth related.
solar quadrature, and also account for different Doppler in-  Such a modeling problem arises when there are errors in
tegration timesT. according too=(0.765 mm/g(60 9/  any of the parameters of the spacecraft orientation with re-
T.J Y2 This rule yields post-fit weighted RMS residuals of spect to the chosen reference frame. Because of these errors,
0.1 mm/s. the system of equations that describes the spacecraft's mo-

The amplitudey,,, and angular velocityw,;, of the tion in this reference frame is under-determined and its solu-
annual term results in a small acceleration amplitudeQf  tion requires non-linear estimation techniques. In addition,
=0410a;=(0.21550.022)x 10" 8 cm/g. We will argue be-  the whole estimation process is subject to Kalman filtering
low that the cause is most likely due to errors in the navigaand smoothing methods. Therefore, if there are modeling er-
tion programs’ determinations of the direction of the spacerors in the Earth’s ephemeris, the orientation of the Earth’s
craft’s orbital inclination to the ecliptic. spin axis(precession and nutatipror in the station coordi-

A similar troubling modeling error exists on a much nates(polar motion and length of day variationshe least-
shorter time scale that is most likely an error in the spacesquares processhich determines best-fit values of the three
craft's orbital inclination to the Earth’s equator. We looked atdirection cosineswill leave small diurnal and annual com-
CHAsMP acceleration residuals over a limited data interval,ponents in the Doppler residuals, like those seen in Figs. 17,
from 23 November 1996 to 23 December 1996, centered ons.
opposition where the data is least affected by solar plasma. Orbit determination programs are particularly sensitive to
As seen in Fig. 18, there is a significant diurnal term in thean error in a poorly observed directiph24]. If not corrected
Doppler residuals, with period approximately equal to thefor, such an error could in principle significantly affect the
Earth’s sidereal rotation period (ZB"04°.0989 mean solar overall navigational accuracy. In the case of the Pioneer
time). spacecraft, navigation was performed using only Doppler

After the removal of this diurnal term, the RMS Doppler tracking, or line-of-sight observations. The other directions,
residuals are reduced to amplitude 0.054 mm/s T@r perpendicular to the line-of-sight or in the plane of the sky,
=660 s (,/v=2.9x10 B atT,=1000 s). The amplitude are poorly constrained by the data available. At present, it is
of the diurnal oscillation in the fundamental Doppler observ-infeasible to precisely parameterize the systematic errors
able,vq,, is comparable to that in the annual oscillation, with a physical model. That would have allowed one to re-
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duce the errors to a level below those from the best availablsidered various potential sources of systematic error. The re-
ephemeris and Earth orientation models. A local empiricabults of these tests are summarized in Table Il, which serves
parameterization is possible, but not a parameterization ovexs a systematic “error budget.” This budget is useful both for
many months. evaluating the accuracy of our solution fap and also for

We conclude that for both Pioneer 10 and 11, there arguiding possible future efforts with other spacecraft. In our
small periodic errors in solar system modeling that arecase it actually is hard to totally distinguish “experimental”
largely masked by maneuvers and by the overall plasmarror from “systematic error."(What should a drift in the
noise. But because these sinusoids are essentially uncorrgtomic clocks be called?Further, there is the intractable
lated with the constandp, they do not present important mathematical problem of how to handle combined experi-
sources of systematic error. The characteristic signature ahental and systematic errors. In the end we have decided to
ap is a linear drift in the Doppler, not annual-diurnal signa- treat them all in a least squareacorrelatedmanner.
tures[125]. The results of our analyses are summarized in Table II.

i. Annual-diurnal mismodeling uncertaintWe now esti- There are two columns of results. The first gives a Higs,
mate the annual term contribution to the error budgetfor  and the second gives an uncertaintyy, . The constituents
First observe that the standard errors for radial veloeity, of the error budget are listed separately in three different
and acceleratiorg, , are essentially what one would expect categories(1) systematics generated external to the space-
for a linear regression. The caveat is that they are scaled bgraft; (2) on-board generated systematics; &8pcomputa-
the root sum of squard®RS9 of the Doppler error and un- tional systematics. Our final result then will become some
modeled sinusoidal errors, rather than just the Doppler erroaverage
Further, because the error is systematic, it is unrealistic to
assume that the errors for. anda, can be reduced by a 8p=ap(expenT Pp = Tp, (53

factor 1A/N, whereN is the number of data points. Instead, where, from Eq(23), apexpen—(7.84£0.01)x 108 cm/.

averagi_ng their c_orrelation matrix_ over the data intervial, The least significant factors of our error budget are in the
results in the estimated systematic error of first group of effects, those external to the spacecraft. From
the table one sees that some are near the limit of contribut-
, 12, 12, , 2 ing. But in totality, they are insignificant.
0= 50, = (or+o, +o, ). (51) 9 Y, they 9 )
rTe T at dt As was expected, the on-board generated systematics are
the largest contributors to our total error budget. All the im-
o1=0.1 mm/s is the Doppler error averaged ovgnot the  portant constituents are listed in the second group of effects
standard error on a single Doppler measurememat and in Table Il. Among these effects, the radio beam reaction
o,,, are equal to the amplitudes of corresponding unmodforce produces the largest bias to our resul, x10°°
eled annual and diurnal sine waves divided . The re- cm/52. It. makes the P|o.neer' effect larger. The Iargegt com-
sulting Iz?SSZerror 2in ralldial velocity determination is abOUt?r:ZESpglc?escg?td \L/J\;‘aczrr;alzgtg grfg)nme?;g ;:?;rggglgg off
— 1/2__ H . .
oy, =(ort o, + fTvd.t.) =0.15 mm/s for both Plloneer 10 +0.55)x 108 cm/g. Large uncertainties also come from
and 11. Our four interval values af, were determined over ijfferential emissivity of the RTGs, radiative cooling, and
time intervals of longer than a year. At the same time, t0ya5 |eaks, =0.85, +0.48, and *0.56, respectively,

detect an annual signature in the residuals, one needs at 13858 ¢m/2. The computational systematics are listed in
half of the Earth’s orbit complete. Therefore, witk=1/2'yr,  the third group of Table I.

Eq. (51) results in an acceleration error of Therefore, our final value foap is
. 0.50 mm/s:0 32108 cm/@ 52 ap=(8.74+1.33 X108 cm/&
— 0 :
~(8.7+1.3)x10° 8 cm/<. (54)
We use this number for the systematic error from the annual- ] o ] )
diurnal term. The effect is clearly significant and remains to be explained.
X. ERROR BUDGET AND FINAL RESULT XI. POSSIBLE PHYSICAL ORIGINS OF THE SIGNAL

It is important to realize that our experimental observable A. A new manifestation of known physics?

is a Doppler frequency shift, i.eA v(t). [See Fig. 8 and Eqg. With the anomaly still not accounted for, possible effects
(15).] In actual fact it is a cycle count. Waterpretthis as an  from applications of known physics have been advanced. In
apparent acceleration experienced by the spacecraft. Hovparticular, Crawford 126] suggested a novel new effect: a
ever, it is possible that the Pioneer effect is not due to a reajravitational frequency shift of the radio signals that is pro-
acceleration(See Sec. X). Therefore, the question arises portional to the distance to the spacecraft and the density of
“In what units should we report our errors?” The best choicedust in the intermediate medium. In particular, he has argued
is not clear at this point. For reasons of clarity we chose unitshat the gravitational interaction of the S-band radio signals
of acceleration. with the interplanetary dust may be responsible for produc-
The tests documented in the preceding sections have comg an anomalous acceleration similar to that seen by the
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TABLE Il. Error budget: A summary of biases and uncertainties.

Bias Uncertainty
Item Description of error budget constituents ~focm/g 108 cm/@
1 Systematics generated external to the
spacecraft:
(a) Solar radiation pressure and mass +0.03 +0.01
(b) Solar wind +<10°°
(c) Solar corona +0.02
(d) Electro-magnetic Lorentz forces +<10°4
(e) Influence of the Kuiper belt’s gravity +0.03
(f) Influence of the Earth orientation +0.001
(g) Mechanical and phase stability of DSN antennae +<0.001
(h) Phase stability and clocks +<0.001
(i) DSN station location +<10°°
(j) Troposphere and ionosphere +<0.001
2 On-board generated systematics:
(a) Radio beam reaction force +1.10 +0.11
(b) RTG heat reflected off the craft —-0.55 +0.55
(c) Differential emissivity of the RTGs +0.85
(d) Non-isotropic radiative cooling of the spacecraft +0.48
(e) Expelled Helium produced within the RTGs +0.15 +0.16
(f) Gas leakage +0.56
(g) Variation between spacecraft determinations +0.17 +0.17
3 Computational systematics:
(@) Numerical stability of least-squares estimation +0.02
(b) Accuracy of consistency and model tests +0.13
(c) Mismodeling of maneuvers +0.01
(d) Mismodeling of the solar corona +0.02
(e) Annual/diurnal terms +0.32
Estimate of total bias or error +0.90 +1.33

Pioneer spacecraft. The effect of this interaction is a freof the data is S-up/S-down. We had hoped to utilize this
quency shift that is proportional to the distance and theoption in further analysis. However, using them in our at-
square root of the density of the medium in which it travels.tempt to study a possible frequency dependent nature of the
Similarly, Didon, Perchoux, and Courtei$27] proposed anomaly, did not provide any useful results. This was in part
that the effect comes from resistance of the spacecraft antegue to the fact that X-band databout 1.5% of the whole
nae as they transverse the interplanetary dust. This is relategyta availablpwere taken only in the close proximity to the

to more general ideas that an asteroid or comet belt, with it&n thus prohibiting the study of a possible frequency de-
associated dust, might cause the effect by gravitational 'me'bendence of the anomalous acceleration.

actions(see Sec. VII Eor resistance to dust particles.
However, these ideas have problems with known proper-
ties of the interplanetary medium that were outlined in Sec.
VII E. In particular, infrared observations rule out more than It is interesting to speculate on the unlikely possibility
0.3 Earth mass from Kuiper Belt dust in the trans-Neptuniarthat the origin of the anomalous signal is new phy$i29].
region[98,99. Ulysses and Galileo measurements in the in-This is true even though the probability is that some “stan-
ner solar system find very few dust grains in thedard physics” or some as-yet-unknown systematic will be
10810 12 kg range[128]. The density varies greatly, up found to explain this “acceleration.” The first paradigm is
and down, within the belfwhich precludes a constant fojce obvious. “Is it dark matter or a modification of gravity?”
and, in any event, the density is not large enough to producenfortunately, neither easily works.
a gravitational acceleration on the orderagf [95-97. If the cause is dark matter, it is hard to understand. A
One can also speculate that there is some unknown intespherically-symmetric distribution of matter which goes as
action of the radio signals with the solar wind. An experi- p~r ~ produces a constant acceleratioside the distribu-
mental answer could be given with two different transmis-tion. To produce our anomalous acceleration even only out to
sion frequencies. Although the main communication link on50 AU would require the total dark matter to be greater than
the Ulysses mission is S-up/X-down mode, a small fractiorBXx 10 *M, . But this is in conflict with the accuracy of the

B. Dark matter or modified gravity?
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ephemeris, which allows only of order a few times §M For Earth and MarsAr is about—21 km and—76 km.

of dark matter even within the orbit of Urand40]. (A However, the Viking data determines the difference between

3-cloud neutrino model also did not solve the problemthe Mars and Earth orbital radii to about a 100 m accuracy,

[130].) and their sum to an accuracy of about 150 m. The Pioneer
Contrariwise, the most commonly studied possible modi-effect is not seen.

fication of gravity (at various scalgsis an added Yukawa Further, a perturbation in produces a perturbation to the

force [131]. Then the gravitational potential is orbital angular velocity of
V()= [ 14 ae (55) dlay  20a
1+ a)r ’ - A A
Aw GM, — an (59

where« is the new coupling strength relative to Newtonian

gravity, and\ is the new force’s range. Since the radial force the getermination of the synodic angular velocitwg(
is F;=—dV(r)=ma, the power series for the acceleration _ , yis accurate to 7 parts in 19 or to about 5 ms accu-
yields an inverse-square term, no inverseerm, then a con-  4¢y'in synodic period. The only parameter that could possi-
stant term. ldentifying this last term as the Pioneer accelera[-ﬂy mask the spacecraft-determineg is (GMo). But a
tion yields large error here would cause inconsistencies with the overall
5 planetary ephemeri8,49]. (Also, there would be a problem
_eag g (56) with the advance of the perihelion of Icar[639].)
2(1+a) \2’ We conclude that the Viking ranging data limit any un-
modeled radial acceleration acting on Earth and Mars to no
where a, is the Newtonian acceleration at distance ~ More than 0.x10"® cm/s’. Consequently, if the anomalous
=1 AU. (Out to 65 AU there is no observational evidence 'adial acceleration acting on spinning spacecraft is gravita-
of anr term in the accelerationEquation(56) is the solution ~ tional in origin, it is not universal. That is, it must affect

ap:

curve: for examplea=—1x 103 for A=200 AU. bodies in the 1000 kg range more than bodies of planetary
It is also of interest to consider some of the recent proSize by a factor of 100 or more. This would be a strange
posals to modify gravity, as alternatives to dark mat@2— violation of the Principle of Equivalencgl4Q]. (Similarly,

135]. Consider Milgrom’s proposed modification of gravity the A« results rule out the universality of tha time-
[135], where the gravitational acceleration of a massive bod@ccelerayon model. In the age of the univefBeone would
is ax1/r2 for some constang,<a and ax1/r for ag>a. haveaT/2~0.7T.)

Depending on the value ¢, the Hubble constang,~ ap! A new dark matter model was recently proposed by Mu-
Indeed, as a number of people have noted, nyaneza and V|ol!|ef141] to explain the Pioneer anomaly.
The dark matter is assumed to be gravitationally clustered
ay=cH—8x1078 cm/&, (57)  around the Sun in the form of a spherical halo of a degener-
ate gas of heavy neutrinos. However, although the resulting
if H=82 km/s/Mpc. mass distribution is consistent with constraints on the mass

Of course, there ar@fundamental and degpheoretical ~€xcess within the orbits of the outer planets previously men-
problems if one has a new force of the phenomenologicaﬁioned: it turns out that the model fails to produce a viable
types of those above. Even so, the deep space data piques #sugchanism for the detected anomalous acceleration.
curiosity. In fact, Capozziellet al. [136] note the Pioneer C. New suggestions stimulated by the Pioneer effect
anomaly in their discussion of astrophysical structures as

manifestations of Yukawa coupling scales. This ties into the Due to the fact that thg size of the anomalous acceleration
above discussion. Is of ordercH, whereH is the Hubble constartsee Eq.

However, any universal gravitational explanation for the(57)]’ the Pioneer results have stimulated a number of new

Pioneer effect comes up against a hard experimental walPhysics suggestions. For example, Rosales anuctie-

The anomalous acceleration is too large to have gone und _c;]mez[ltjfZ]_proposr? thagp isa_due to a local curvature inh

tected in planetary orbits, particularly for Earth and Mars."9ht geodesics in the expanding spacetime universe. They
NASAs Viking mission provided radio-ranging measure- argue that the Ploneer.effect represents a new cogmologlcal
ments to an accuracy of about 12 [#87,138. If a planet Foucault experiment, since the solar system coordinates are

experiences a small, anomalous, radial accelerasign,its nhot true |nert|§rlhcoo;d|natis vI\:/:th respect to the el?_panzlon (I)f
orbital radiusr is perturbed by the universe. Therefore, the Pioneers are mimicking the role

that the rotating Earth plays in Foucault's experiment. There-

64 ra fore, in this picture the effect is not a “true physical effect”
Ar=——H2 A (58)  and a coordinate transformation to the co-moving cosmologi-
(GMgy)* ay cal coordinate frame would entirely remove the Pioneer ef-
fect.

wherel is the orbital angular momentum per unit mass and From a similar viewpoint, Guruprasi43] finds accom-
ay is the Newtonian accelerationaf The right value in Eq. modation for the constant term while trying to explain the
(58) holds in the circular orbit limif. annual term as a tidal effect on the physical structure of the
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spacecratft itself. In particular, he suggests that the deformdar field, which also predicts an oscillatory decline ap
tions of the physical structure of the spaceckdiie to ex- beyond about 100 AU. This model does explain the fact that
ternal factors such as the effective solar and galactic tidahp stays approximately constant for a long perioetall that
forceg combined with the spin of the spacecraft are directlyPioneer 10 is now past 70 AUFrom a similar standpoint
responsible for the detected annual anomaly. Moreover, h€alchi Novatiet al.[152] discuss a weak-limit, scalar-tensor
proposes a hypothesis of the planetary Hubble’s flow anéxtension to the standard gravitational model. However, be-
suggests that Pioneer’'s anomaly does not contradict the efere any of these proposals can be seriously considered they
isting planetary data, but supports his new theory of relativimust explain the precise timing data for millisecond binary
istically elastic space-time. pulsars, i.e., the gravitational radiation indirectly observed in
Ostvang[144] further exploits the fact that the gravita- PSR 191316 by Hulse and Taylof153]. Furthermore,
tional field of the solar system is not static with respect to thethere should be evidence of a distance-dependent scalar field
cosmic expansion. He does note, however, that in order to bt is uniformly coupled to ordinary matter.
acceptable, any non-standard_ explanation of the effect should consoli and Siringd154] and Consol{155] consider the
follow fr_om a general _theoretlc_al framework._Even I&tO  Newtonian regime of gravity to be the long wavelength ex-
vang still presents quite a radical model. This model advogitation of a scalar condensate from electroweak symmetry
cates the use of an expanded PPN-framework that includesife aking. They speculate that the self-interactions of the con-
direct effect on local scales due to the cosmic space-timQensate could be the origins of both Milgrom’s inertia modi-
expansion. . . . . fication[132,135 and also of the Pioneer effect.
Belayev([145] considers a Kaluza-Klein model in 5 di- ~ 355;7iell0 and Lambiagd56] argue that flavor oscilla-
mensions with a time-varying scale factor for the compactiyj, s of neytrinos in the Brans-Dicke theory of gravity may
fied fifth dimension. His comprehensive analysis led t0 th&,.,q,ce a quantum mechanical phase shift of neutrinos. Such

conchsm_m that a variation Of. the physical constants on @ gpitt \ould produce observable effects on astrophysical or
cosmic time scale is responsible for the appearance of th

| | . b din the Pi 10/11 @osmological length and time scales. In particular, it results
ﬁ]r;o?aa;;us acceleration observed In the Ploneer tracls 4 variation of the Newtonian gravitational constant and, in

Modanesd 146] considers the effect of a scale—dependentthe,vllz\gvg?:(;gg;lrtnhlg Tv:)grzt ct))fe I\r/lealximgtir:ﬁolgg rlzt; d\);ilood
cosmologicgl term in the gravitatio_nal actiqn. It turns OUtand Moreay 158] investigated the theory of C(’)nfo;mal grav-
that, even in the case O.f a Stat.'c sphg'rlcally-sy'mmetrlqty with dynamical mass generation. They argue that the
Source, the external _solutlon of his mOd'f'eq g_rawtatlonaIHiggS scalar is a feature of the theory that cannot be ignored.
field equations contains a_non-Schwartzschl_Id-Ilke compoy, particular, within this framework they find one can repro-
nent th.at dep_e.nds on the size of the test particles. He argu ce the standard gravitational dynamics and tests within the
that this additional term may be relevant to the observe olar system, and yet the Higgs fields may leave room for the
anomaly. . . . . Pioneer effect on small bodies.

Mansqurl, l'\lasserl.'ar?d Khorralﬁﬂm?] argue that therg IS In summary, as highly speculative as all these ideas are, it
an effective time variation in the Newtonian gravitational ., he seen that at the least the Pioneer anomaly is influenc-

constant that in turn may b_e related to the a_nomaly. In par|'ng the phenomenological discussion of modern gravitational
ticular, they consider the time evolution & in a model Rhysics and quantum cosmolofy59]

universe with variable space dimensions. When analyzed i
the low energy limit, this theory produces a result that may

be relevant to the long-range acceleration discussed here. A D. Phenomenological time models

similar analysis was performed by Sidhafi#8], who also Having noted the relationships,=ca; of Eq. (16) and
discussed cosmological models with a time-varying Newtonthat of Eq.(57), we were motivated to try to think of any
ian gravitational constant. (purely phenomenologicattime” distortions that might for-

Inavov [149] suggests that the Pioneer anomaly is possituitously fit thecHASMP Pioneer results shown in Fig. 8. In
bly the manifestation of a superstrong interaction of photon®ther words, are Eq$57) and/or(16) indicating something?
with single gravitons that form a dynamical background inls there any evidence that some kind of “time acceleration”
the solar system. Every gravitating body would experience & being seen?
deceleration effect from such a background with a magnitude The Galileo and Ulysses spacecraft radio tracking data
proportional to Hubble’s constant. Such a deceleration wouldvas especially useful. We examined numerous “time” mod-
produce an observable effect on a solar system scale. els searching for anypossibly radical solution. It was

All these ideas produce predictions that are close to Ecthought that these models would contribute to the definition
(57), but they certainly must be judged against discussions inf the different time scales constructed on the basis of&q.
the following two subsections. and discussed in the Sec. IV B. The nomenclature of the

In a different framework, Foot and Volk4450], suggest standard time scalef54,55 was phenomenologically ex-
the anomaly can be explained if there is mirror matter oftended in our hope to find a desirable quality of the trajectory
mirror dust in the solar system. this could produce a dragsolution for the Pioneers.
force and not violate solar-system mass constraints. In particular we considered:

Several scalar-field ideas have also appeared. Mbelek and (i) Drifting Clocks. This model adds a constant accelera-
Lachieze-Rey[151] have a model based on a long-range scation term to the Station TiméST) clocks, i.e., in the ST-UTC
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(Universal Time Coordinatg¢stime transformation. The This model fit both Doppler and range very well. Pioneers
model may be given as follows: 10 and 11, and Galileo have similar solutions although Ga-
1 lileo solution is highly correlated with solar pressure; how-
_ + 2 ever, the range coefficient of the quadratic is negative for the
AST=STreceived™ STsenr* ASTH 5 3ciocks AST™ (600 506 and Galileo while positive for Ulysses. Therefore
we originally rejected the model because of the opposite
where STeceiveg@Nd ST, are the atomic proper times of signs of the coefficients. But when we later appreciated that
sending and receiving the signal by a DSN antenna. Théhe Ulysses anomalous acceleration is dominated by gas
model fit Doppler well for Pioneer 10, Galileo, and Ulysses|eaks(see Sec. V D  which makes the different-sign coef-
but failed to model range data for Galileo and Ulysses. ficient of Ulysses meaningless, we reconsidered it.

(i) Quadratic Time AugmentatioriThis model adds a  The fact that the Pioneer 10 and 11, Galileo, and Ulysses
quadratic-in-time augmentation to the TAl-Ehternational  are spinning spacecraft whose spin axis are periodically ad-
Atomic Time—Ephemeris Timetime transformation, as fol- justed so as to point towards Earth turns out to make the
lows: quadratic in time model and the constant spacecraft accelera-

1 tion model highly correlated and therefore very difficult to
o ET2 separate. The quadratic in time model produces residuals

ET—ETH S aer ET 61 only slightly (~20%) larger than the constant spacecraft ac-

celeration model. However, when estimated together with no

The model fits Doppler fairly well but range very badly. 3 priori input i.e., based only the tracking data, even though
(i) Frequency Drift. This model adds a constant fre- the correlation between the two models is 0.97, the value

quency drift to the reference S-band carrier frequency:  a_ ., determined for the quadratic in time model is zero
while the value for the constant acceleration modglre-
Vepandt) = vo| 1+ Arrarin- TAI ) (62) mains the same as _befqre.
c The orbit determination process clearly prefers the con-

) o stant acceleration modedy , over that the quadratic in time
The model also fits Doppler well but again fits range poorly-model,aquadof Eq. (65). This implies that a real acceleration

(iv) Speed of GravityThis model adds a “light time” s pheing observed and not a pseudoacceleration. We have not
delay to the actions of the Sun and planets upon the SPacesjected this model as it may be too simple in that the mo-

craft: tions of the spacecraft and the Earth may need to be included
) to produce a true expanding space model. Even so, the nu-

8sp.grav [T body™ I Pioneel 63) merical relationship between the Hubble constant apd
c2 ‘ which many people have observéd. Sec. XI Q, remains
an interesting conjecture.
The model fits Pioneer 10 and Ulysses well. But the Earth
flyby of Galileo fit was terrible, with Doppler residuals as

Ugrav=C| 1+

X1ll. CONCLUSIONS

high as 20 Hz.
All these models were rejected due either to poor fits or to  |n this paper we have discussed the equipment, theoretical
inconsistent solutions among spacecraft. models, and data analysis techniques involved in obtaining
the anomalous Pioneer acceleratiap. We have also re-
E. Quadratic in time model viewed the possible systematic errors that could explain this

There was one model of the above type that was espee-ﬁeCt' These inclluded computational errors as well as experi-
cially fascinating. This model adds a quadratic in time termmental systematics, from systems both external to and inter-
to the light time as seen by the DSN station. Take any labele ?I to the spac_ecraft. T_hus_, based on further data for the
time T. to be ioneer 10 orbit determinatiotihe extended_ data spans 3
a January 1987 to 22 July 19P&nd more detailed studies of
1 all the systematics, we can now give a total error budget for
Ta=ta—to—ta—tot+ Eat(tezx_tcz))- (64  our analysis and a latest result af=(8.74+1.33)x10 8
cm/g.
Then the light time is This investigation was possible because modern radio
tracking techniques have provided us with the means to in-
ATAI=TAl eceived TAl sent vestigate gravitational interactions to an accuracy never be-
fore possible. With these techniques, relativistic solar-system
celestial mechanical experiments using the planets and inter-
planetary spacecraft provide critical new information.
Our investigation has emphasized that effects that previ-
It mimics a line of sight acceleration of the spacecraft, andbusly thought to be insignificant, such as rejected thermal
could be thought of as aexpanding spacenodel. Note that radiation or mass expulsion, are now withior neaj one
aquadaffects only the data. This is in contrast to #eof Eq.  order of magnitude of possible mission requirements. This
(16) that affects both the data and the trajectory. has unexpectedly emphasized the need to carefully under-

1
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stand all systematics to this level. Pioneer’s signal for a longer time. If contact with Pioneer 10
In projects proposed for the near future, such as a Doppletan be maintained with conscan maneuvers, such further ex-
measurement of the solar gravitational deflection using théended data would be very useful, since the spacecraft is now
Cassini spacecraftl60] and the Space Interferometry Mis- so far from the Sun.
sion[161], navigation requirements are more stringent than Other spacecraft can also be used in the studyp0fThe
those for current spacecraft. Therefore, all the effects wéadio Doppler and range data from the Cassini mission could
have discussed will have to be well-modeled in order to oboffer a potential contribution. This mission was launched on
tain sufficiently good trajectory solutions. That is, a betterl® October 1997. The potential data arc will be the cruise
understanding of the nature of these extra small forces wilPhase from after the Jupiter flyg0 December 200Go the

be needed to achieve the stringent navigation requirementdCinity of Saturn(just before the Huygens probe relepse
for these missions. July 2004. Even though the Cassini spacecraft is in three-

Currently, we find no mechanism or theory that eXplainsaxis—stabilization mode, using on-board active thrusters, it
the anomalous acceleration. What we can say with some coi(@S built with very sophisticated radio-tracking capabilities,
fidence is that the anomalous acceleration is a line of sight/ith X-band being the main navigation frequen¢yhere
constant acceleration of the spacecraft toward the[ggh  Will 8lso be S- and K-band links Further, during much of
Even though fits to the Pioneers appear to match the noigd® cruise phase, reaction wheels will be used for stabiliza-
level of the data, in reality the fit levels are as much as 53N instead of thrusters. Their use will aid relativity experi-
times above the fundamental noise limit of the data. UntiiMents at solar conjunction and gravitational wave experi-
more is known, we must admit that the most likely cause of"eNts at solar opposition(Observe, however, that the
this effect is an unknown systematigVe ourselves are di- relatively large systematic from the close in Cassini RTGs

vided as to whether “gas leaks” or “heat” is this “most Will have to be accounted for. . .
likely cause.” Therefore, Cassini could yield important orbit data, inde-

The arguments for “gas leaks” af@ all spacecraft expe- pendent of the Eioneer hyperbolic-orbit data.. A similar op-
rience a gas leakage at some lev@, there is enough gas POrtunity may exist, out of the plane of the ecliptic, from the
available to cause the effect, afid) gas leaks require no proposed Solar Probe_mlssmn. L_Jnder consideration is a low-
new physics. Howevefiv) it is unlikely that the two Pioneer Mass module to be ejected during solar flyby. On a longer
spacecraft would have gas leaks at similar rates, over thiéMe scale, the reconsidered Pluto-Kuiper missfaith ar-
entire data interval, especially when the valves have beefv@l at Pluto by 202pcould eventually provide high-quality
used for so many maneuvef&Recall also that one of the data from very deep space.

Pioneer 11 thrusters became inoperative soon after launch. All these missions might help test our current models of
(See Sec. Il B] (v) Most importantly, it would require that Precision navigation and also provide a new test for the
these gas leaks be precisely pointed towards the fidijtof anomalousap . In particular, we anticipate that, given our

the spacecraft so as not to cause large spin-rate changes. @hqalysis of the Pioneers, in the future pr_ecision or_bital analy-
(vi) it could still be true anyway. sis may concentrate more on systematics. That is, data and

The main arguments for “heat” aréi) There is so much systematic modeling analysis may be assigqed more i_mpor—
heat available that a small amount of the total could caustnCce relative to the astronomical modeling techniques
the effect (i) In deep space the spacecraft will be in approxi-P€0Ple have concentrated on for the past 40 yd#i3—164.
mate thermal equilibrium. The heat should then be emitted at Finally, we observe that if no convincing explanation is to
an approximately constant rate, deviating from a constanp€ obtained, the possibility remains that the_ _effect is real. It
only because of the slow exponential decay of the Plutoniun_?o_u'd even be related to cosmological quantlt_les, as has been
heat source. It is hard to resist the notion that this heat somd?2timated. [See Eq.(16) and Sec. XI, especially the text
how must be the origin of the effect. Howeveéii) there is ~ around Eq.(57).] This possibility necessitates a cautionary
no solid explanation in hand as to how a specific heat mechdl0te on phenomenology: At this point in time, with the lim-
nism could work. Furthexjv) the decrease in the heat supply ited results available, there is a phenomenological equiva-

over time should have been seen by now. lence between thap anda; points of view. But somehow,
Further experiment and analysis is obviously needed tdhe choice one makes affects one’s outlook and direction of
resolve this problem. attack. If one has to consider new physics one should be

On the Pioneer 10 experimental front, there now exist&PeN to b(_)th points of view. In the unlik_ely _event that there is
data up to July 2000. Further, there exists archived high-ratB€W Physics, one does not want to miss it because one had
data from 1978 to the beginning of our data arc in Januaryh® Wrong mind set.

1987 that was not used in this analysis. Because this early
data originated when the Pioneers were much closer in to the
Sun, greater effort would be needed to perform the data
analyses and to model the systematics. First we must acknowledge the many people who have

As Pioneer 10 continues to recede into interstellar spacdielped us with suggestions, comments, and constructive
its signal is becoming dimmer. Even now, the return signal isriticisms. Invaluable information on the history and status
hard to detect with the largest DSN antenna. However, witlof Pioneer 10 came from Ed Batka, Robert Jackson, Larry
appropriate instrumentation, the 305-meter antenna of thKellogg, Larry Lasher, David Lozier, and Robert Ryan. E.
Arecibo Observatory in Puerto Rico will be able to detectMyles Standish critically reviewed the manuscript and pro-
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TABLE Ill. Orbital parameters for Pioneer 10 and Pioneer 11 atthe RTG fuel pucks, and by C. J. Hansen of JPL, on the

epoch 1 January 1987, 01:00:00 UTC.

Parameter Pioneer 10 Pioneer 11

a (km) —1033394633(4) —1218489295(133)
e 1.733593601(88) 2.147933251(282)
| (deg 26.2488696(24) 9.4685573(140)
Q (deg —3.3757430(256) 35.5703012(799)
 (deg —38.1163776(231) —221.2840619(773)
M, (deg 259.2519477(12) 109.8717438(231)
fy (deg 112.1548376(3) 81.5877236(50)
ro (km) 5985144906(22) 3350363070(598)
a 0.3252905546(4) —0.2491819783(41)
B 0.8446147582(66) —0.9625930916(22)
y 0.4252199023(133) —0.1064090300(223)
Iy (deg 70.98784378(2) —105.06917250(31)
by (deg 3.10485024(85) 16.57492890(127)

vided a number of important insights, especially on time

operating characteristics of the Voyager image cameras. We
thank Christopher S. Jacobs of JPL for encouragement and
stimulating discussions on present VLBI capabilities. Further
guidance and information were provided by John W. Dyer,
Alfred S. Goldhaber, Jack G. Hills, Timothy P. McElrath,
Irwin |. Shapiro, Edward J. Smith, and Richard J. Terrile.
Edward L. Wright sent useful observations on the RTG emis-
sivity analysis. We also thank Henry S. Fliegel, Gary B.
Green, and Paul Massatt of The Aerospace Corporation for
suggestions and critical reviews of the present manuscript.
This work was supported by the Pioneer Project, NASA/
Ames Research Center, and was performed at the Jet Propul-
sion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Adminis-
tration. P.A.L. and A.S.L. were supported by a grant from
NASA through the Ultraviolet, Visible, and Gravitational As-
trophysics Program. M.M.N. acknowledges support by the
U.S. DOE.

APPENDIX

scales, solar system dynamics and planetary data analysis.

We also thank John E. Ekelund, Jordan Ellis, William
Folkner, Gene L. Goltz, William E. Kirhofer, Kyong J. Lee,

In Table 11l we give the hyperbolic orbital parameters for
Pioneer 10 and Pioneer 11 at epoch 1 January 1987, 01:00:00

Margaret Medina, Miguel Medina, Neil Mottinger, George UTC. The semi-major axis ig, e is the eccentricity| is the

W. Null, William L. Sjogren, S. Kuen Wong, and Tung-Han inclination, () is the longitude of the ascending node,is

You of JPL for their aid in obtaining and understanding DSNthe argument of the perihelioM, is the mean anomaly,
Tracking Data. Ralph McConahy provided us with very use-is the true anomaly at epoch, arglis the heliocentric radius

ful information on the history and current state of the DSNat the epoch. The direction cosines of the spacecraft position
complex at Goldstone. R. Rathbun and A. Parker of TRWor the axes used arex(B,y). These direction cosines and
provided information on the mass of the Pioneers. S. Tangles are referred to the mean equator and equinox of
Christenbury of Teledyne-Brown, to whom we are veryJ2000. The ecliptic longitudig and latitudeb, are also listed
grateful, supplied us with critical information on the RTGs. for an obliquity of 23°2621”4119. The numbers in paren-
Information was also supplied by G. Reinhart of LANL, on theses denote realistic standard errors in the last digits.

[1] See the special issue of Scient®3 No. 4122(1974); spe-

cifically, J.D. Anderson, G.W. Null, and S.K. Wong, Science

183 322(1974.

[2] R.O. Fimmel, W. Swindell, and E. Burgesdpneer Odyssey:
Encounter with a Giant NASA document No. SP-349
(NASA, Washington D.C., 1974

[3] R.O. Fimmel, J. Van Allen, and E. Burge$¥pneer: First to
Jupiter, Saturn, and BeyondNASA report NASA—SP-446
(NASA, Washington D.C., 1980

[4] Pioneer F/G Project: Spacecraft Operational Characteris-
tics, Pioneer Project NASA/ARC document No. PC-202

(NASA, Washington, D.C., 1971

[5] Pioneer Extended Mission PlaRevised, NASA/ARC docu-
ment No. PC-1001INASA, Washington, D.C., 1994

[6] For web summaries of Pioneer, go to:
http://quest.arc.nasa.gov/pioneer10,
http://spaceprojects.arc.nasa.gov/Space_Projects/pioneer/
PNhome.html

[7] 3.D. Anderson, E.L. Lau, K. Scherer, D.C. Rosenbaum, and

V.L. Teplitz, Icarus131, 167 (1998.

[8] J.D. Anderson, E.L. Lau, T.P. Krisher, D.A. Dicus, D.C.
Rosenbaum, and V.L. Teplitz, Astrophys.43l8 885 (1995.

[9] K. Scherer, H. Fichtner, J.D. Anderson, and E.L. Lau, Science
278 1919(1997.

[10] J.D. Anderson and B. Mashoon, Astrophys. 2R0, 445
(1985.

[11] J.D. Anderson, J.W. Armstrong, and E.L. Lau, Astrophys. J.
408 287(1993.

[12] J.D. Anderson, P.A. Laing, E.L. Lau, A.S. Liu, M.M. Nieto,
and S.G. Turyshev, Phys. Rev. Lei8l, 2858 (1998,
gr-qc/9808081.

[13] S.G. Turyshev, J.D. Anderson, P.A. Laing, E.L. Lau, A.S. Liu,
and M.M. Nieto, inGravitational Waves and Experimental
Gravity, Proceedings of the XVIlith Moriond Workshop of
the Rencontres de Moriond, edited by J. Dumarchez and J.
Tran Thanh VanWorld Publishing, Hanoi, 2000 pp. 481—
486, gr-qc/9903024.

[14] There were four Pioneers built of this particular design. After
testing, the best components were placed in Pioneg(This
is probably why Pioneer 10 has lasted so [9fde next best
were placed in Pioneer 11. The third best were placed in the
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“proof test model.” Until recently, the structure and many [22] L. Lasher, Pioneer Project Manager, recently reminded us

components of this model were included in an exhibit at the
National Air and Space Museum. The other model eventually
was dismantled. We thank Robert Ryan of JPL for telling us
this.

[15] Figures given for the mass of the entire Pioneer package

range from under 250 kg to over 315 kg. However, we even-
tually found that the total“wet” ) weight at launch was 259

kg (571 Ibs, including 36 kg of hydrazin€79.4 Ibg. Credit

and thanks for these numbers are due to Randall Rathbun,
Allen Parker, and Bruce A. Giles of TRW, who checked and
rechecked for us including going to their launch logs. Con-
sistent total mass with lower fu€27 kg numbers were given

by Larry Kellogg of NASA/Ames(We also thank V.J. Slab-
inski of USNO who first asked us about the mass.

[16] Information about the gas usage is by this time difficult to

find or lost. During the Extended Mission the collaboration
was most concerned with power to the craft. The folklore is

that not long after launch, the electrical power had decreased
to about 155 W, and degraded from thdielots of the avail-
able power with time are available.

[23] This is a “theoretical value,” which does not account for

inverter losses, line losses, and such. It is interesting to note
that at mission acceptance, the total “theoretical” power was
175 W.

[24] We take the S-band to be defined by the frequencies 1.55—

5.20 GHz. We take the X-band to be defined by the frequen-
cies 5.20—10.90 GHz. It turns out there is no consistent in-
ternational definition of these bands. The definitions vary
from field to field, with geography, and over time. The above
definitions are those used by radio engineers and are consis-
tent with the DSN usagéSome detailed band definitions can
be found at http://www.eecs.wsu.eefiudson/Teaching/
ee432/spectrum.htin.We especially thank Ralph McConahy

of DSN Goldstone on this poirt.

that most of Pioneer 11's propellant was used up going to [25] dBm is used by radio engineers as a measure of received

Saturn and used very little for Pioneer 10. In particular, a

power. It stands for decibels in milliwatts.

Pioneer 10 nominal input mass of 251.883 kg and a Pioneer[26] For a description of the Galileo mission, see T.V. Johnson,

11 mass of 239.73 kg were used by the JPL program and the
Aerospace program used 251.883 for both. The 251 number
approximates the mass lost during spin down, and the 239

C.M. Yeats, and R. Young, Space Sci. R&9, 3 (1992; For
a description of the trajectory design, see L.A. D’Amario,
L.E. Bright, and A.A. Wolf,ibid. 60, 22 (1992.

number models the greater fuel usage. These numbers werg27] The LGA was originally supposed to “trickle” down low-rate

not changed in the programs. For reference, we will use 241
kg, the mass with half the fuel used, as our number with
which to calibrate systematics.

[17] We take this number from Reff4], where the design, boom-

deployed moment of inertia is given as 433.9 slug ?(ft)
(=588.3 kg m). This should be a little low since we know a

engineering data. It was also to be utilized in case a fault
resulted in the spacecraft “safing” and shifting to a Sun-
pointed attitude, resulting in loss of signal from the HGA.
(“Safing” refers to a spacecraft entering the so called “safe
mode.” This happens in case of an emergency when systems
are shut down.

small amount of mass was added later in the development. A[28] J.D. Anderson, P.B. Esposito, W. Martin, C.L. Thornton, and

much later order-of-magnitude number 770 k§wmas ob-
tained with a too large magd5,16. See J.A. Van Allen,
Episodic Rate of Change in Spin Rate of PioneerRiGneer

D.O. Muhleman, Astrophys. 200, 221 (1975.

[29] P.W. Kinman, IEEE Trans. Microwave Theory Tedl®, 1199

(1992.

Project Memoranda, 20 March 1991 and 5 April 1991. Both [30] For descriptions of the Ulysses mission, see E.J. Smith and

numbers are dominated by the RTGs and magnetometer at
the ends of long booms.

moved in circles of angular size corresponding to one half of
the beam width of the incoming signal. This procedure, pos-
sibly iterated, allows the correct pointing direction of the an-

tenna to be found. When coupled with a maneuver, it can also

R.G. Marsden, Sci. Am278 (No. 1), 74 (1998; B.M. Bon-
net, Alexander von Humboldt Mag@2, 27 (1998.

[18] Conscan stands for conical scan. The receiving antenna is[31] A technical description, with a history and photographs, of

the Deep Space Network can be found at http:/
deepspace.jpl.nasa.gov/dsn/. The document describing the ra-
dio science system is at http://deepspace.jpl.nasa.gov/
dsndocs/810-5/ 810-5.html.

be used to find the correct pointing direction for the space- [32] N.A. Renzetti, J.F. Jordan, A.L. Berman, J.A. Wackley, and

craft antenna. The precession maneuvers can be open loop,

for orientation towards or away from Earth pointing, or
closed loop, for homing on the uplink radio-frequency trans-
mission from the Earth.

[19] When a Pioneer antenna points toward the Earth, this defines

the “rear” direction on the spacecraft. The equipment com-
partment placed on the other side of of the antenna defines
the “front” direction on the spacecraftSee Fig. 2.

[20] SNAP 19 Pioneer & G Final Report Teledyne report IESD

2873-172, 1973, tech. report No.
DE85017964, gov. doc. No. E 1.9, and S. T. Christenbury
(private communications

[21] F.A. Russo, inProceedings of the 3rd RTG Working Group

Meeting edited by P. A. O'RieordaifAtomic Energy Com-
mission, Washington, DC, 19Y,2papers No. 15 and 16.
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T.P. Yunck, “The Deep Space Network—An Instrument for
Radio Navigation of Deep Space Probes,” Jet Propulsion
Laboratory Technical Report 82-142982.

[33] J.A. Barnes, A.R. Chi, L.S. Cutler, D.J. Healey, D.B. Leeson,

T.E. McGunigal, J.A. Mullen, Jr., W.L. Smith, R.L. Sydnor,
R.F.C. Vessot, and G.M.R. Winkler, IEEE Trans. Instrum.
Meas.20, 105 (1971).

[34] R.F.C. Vessot, irexperimental Gravitationedited by B. Ber-

totti, (Academic, New York and London, 19y4. 111.

DOE/ET/13512-T1; [35] O.J. Sovers, J.L. Fanselow, and C.S. Jacobs, Rev. Mod. Phys.

70, 1393(1998.

[36] One-way data refers to a transmission and reception only.

Two-way data is a transmission and reception, followed by a
retransmission and reception at the original transmission site.
This would be, for example, a transmission from a radio an-
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tenna on Earth to a spacecraft and then a retransmission back  LE403,” Jet Propulsion Laboratory Internal IOM No. 314.10-

from the spacecraft to the same antenna. Three-way refers to 127 (1995.

the same as two-way, except the final receiving antenna is[51] C.M. Will, Theory and Experiment in Gravitational Physics

different from the original transmitting antenna. (rev. ed) (Cambridge University Press, Cambridge, England,
[37] Much, but not all, of the data we used has been archived. 1993.

Since the Extended Pioneer Mission is complete, the re- [52] C.M. Will and K. Nordtvedt, Jr., Astrophys. 177, 757

sources have not been available to properly convert the entire (1972.

data set to easily accessible format. [53] F.E. Estabrook, Astrophys. 158 81 (1969.

[38] The JPL and DSN convention for Doppler frequency shift is [54] T.D. Moyer, Celest. Mech23, 33,57(1981), Parts 1 and 2.
(Av)psn=vo— v, Wherew is the measured frequency angl [55] Explanatory Supplement to the Astronomical Almareatited
is the reference frequency. It is positive for a spacecraft re- by P.K. SeidelmanriUniversity Science Books, Mill Valley,
ceding from the tracking statiaied shify, and negative for a CA, 1992.
spacecraft approaching the statidatue shify, just the oppo- [56] C. Ma, E.F. Arias, T.M. Eubanks, A.L. Fey, A.-M. Gontier,
site of the usual conventionAQ@) .= v— vo- In conse- C.S. Jacobs, O.J. Sovers, B.A. Archinal, and P. Charlot, As-
quence, the velocity shifl\v =v —wv, has the same sign as tron. J.116, 516 (1998.

(Av)pgn but the opposite sign ta\(¥) ysua- Unless otherwise [57] A. Milani, A.M. Nobili, and P. FarinellaNon-Gravitational

stated, we will use the DSN frequency shift convention in Perturbations and Satellite Geode$&fdam Hilger, Bristol,

this paper. We thank Matthew Edwards for asking us about 1987). See, especially, p. 125.

this. [58] J.M. Longuski, R.E. Todd, and W.W. g, J. Guid. Control
[39] As we will come to in Sec. XI D, this property allowed us to Dyn. 15, 545(1992.

test and reject several phenomenological models of the [59] D.O. Muhleman, P.B. Esposito, and J.D. Anderson, Astro-
anomalous acceleration that fit Doppler data well but failed to phys. J.211, 943(1977).

fit the range data. [60] The propagation speed for the Doppler signal is the phase
[40] D.L. Cain, JPL Technical Repo(1966. velocity, which is greater thaa Hence, the negative sign in
[41] T.D. Moyer, “Mathematical Formulation of the Double Pre- Eq. (8) applies. The ranging signal propagates at the group
cision Orbit Determination PrografbPODB,” Jet Propul- velocity, which is less thaeo. Hence, there the positive sign
sion Laboratory Technical Report 32-1521071). applies.
[42] T.D. Moyer, “Formulation for Observed and Computed Val- [61] B.-G. Anderssen and S.G. Turyshev, JPL Internal IOM 1998-
ues of Deep Space NetwofBSN) Data Types for Naviga- 0625, and references therein.
tion,” JPL Publication 00-72000. [62] M.K. Bird, H. Volland, M. Pdzold, P. Edenhofer, S.W. As-
[43] Applied Optimal Estimatiaredited by A. Gelb(M.I.T. Press, mar, and J.P. Brenkle, Astrophys.4R6, 373 (1994).
Cambridge, MA, 1974 [63] The units conversion factor foA,B,C from m to cm 2 is
[44] D.O. Muhleman and J.D. Anderson, Astrophys247, 1093 2N¢(S)/R»=0.01877, wherd\ (S)=1.240x 10*? is the S
(1981. band(in MHz) critical plasma density, anB, is the radius

[45] Once in deep space, all major forces on the spacecraft are of the Sun.
gravitational. The principle of equivalence holds that the in- [64] These values of parameteisB,C were kindly provided to

ertial mass fn;) and the gravitational massng) are equal. us by John E. Ekelund of JPL. They represent the best solu-
This means the mass of the craft should cancel out in the tion for the solar corona parameters obtained during his simu-
dynamical gravitational equations. As a result, the people lations of the solar conjunction experiments that will be per-

who designed early deep-space programs were not as worried formed with the Cassini mission spacecraft in 2001 and 2002.
as we are about having the correct mass. When non-[65] This model is explained and described at http:/
gravitational forces were modeled, an incorrect mass could science.msfc.nasa.gov/ssl/pad/solar/ predict.htm

be accounted for by modifying other constants. For example, [66] These come from the adjustment in the system of data
in the solar radiation pressure force the effective sizes of the weights (inverse of the variance on each measurepnéot
antenna and the albedo could take care of mass inaccuracies.  Mariner 6/7 range measurements. Private communication by

[46] J.D. Anderson, inExperimental Gravitation edited by B. Inter-office Memorandum from D. O. Muhleman of Caltech
Bertotti (Academic, New York and London, 19)4. 163. to P. B. Esposito of JPL.
[47] J.D. Anderson, G. S. Levy, and N. A. RenzettiRelativity in [67] G.W. Null, E.L. Lau, E.D. Biller, and J.D. Anderson, Astron.
Celestial Mechanics and Astrometidited by J. Kovalevsky J. 86, 456 (1981).
and V.A. Brumberg(Kluwer Academic, Dordrecht, 1986 [68] P.A. Laing, “Implementation of J2000.0 reference frame in
p. 329. CHASMP,” The Aerospace Corporation’s Internal Memoran-
[48] X.X. Newhall, E.M. Standish, and J.G. Williams, Astron. As- dum No. 916703-1, 1991.
trophys.125 150(1983. [69] J.H. Lieske, Astron. Astrophysz3, 282 (1979; Also, see
[49] E.M. Standish, Jr., X.X. Newhall, J.G. Williams, and D.K. “FK5/J2000.0 for DSM Applications,” Applied Technology
Yeomans, irExplanatory Supplement to the Astronomical Al- Associates, 1985.
manac[55], p. 279; Also see E.M. Standish, Jr. and R.W. [70] E.M. Standish, Astron. Astrophy414, 297 (1982.
Hellings, Icarus80, 326(1989. [71] 3. Sherman and W. Morrison, Ann. Math. St&tl, 124
[50] E.M. Standish, Jr., X.X. Newhall, J.G. Williams, and W.M. (1949.

Folkner, “JPL Planetary and Lunar Ephemeris, DE403/ [72] J.D. Anderson, Quarterly Report to NASA/Ames Research
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Center, “Celestial Mechanics Experiment, Pioneer 10/11,” 22 August 1990, when a clear anomaly in the spin data was
July 1992. Also see the later quarterly report for the period 1 seen. We have checked, and these choices produce less than
Oct. 1992 to 31 Dec. 1992, dated 17 Dec. 1992, Letter of one percent differences in the results.

Agreement ARC/PP017. This last, specifically, contains the [86] J.A. Estefan, L.R. Stavert, F.M. Stienon, A.H. Taylor, T.M.
present Fig. 7. Wang, and P.J. Wolff, “Sigma User's Guide. Navigation

[73] We only measure Earth-spacecraft Doppler frequency and, as Filtering/Mapping Program,” JPL document 699-FSOUG/
we will discuss in Sec. VIII A, the down link antenna yields NAV-601 (Revised: 14 Dec. 1998
a conical beam of width 3.6° at half-maximum power. There- [87] G.W. Null, Astron. J.81, 1153(1976.
fore, between Pioneer 10's past and pregbfay 2000 dis- [88] R.M. Georgevic, “Mathematical model of the solar radiation
tances of 20 to 78 AU, the Earth-spacecraft line and Sun- force and torques acting on the components of a spacecraft,”
spacecraft line are so close that one can not resolve whether JPL Technical Memorandum 33-494971).
the force direction is towards the Sun or if the force direction [89] Data is available at http://www.ngdc.noaa.gov/stp/SOLAR/
is towards the Earth. If we could have used a longer arc fit IRRADIANCE/irrad.html
that started earlier and hence closer, we might have able to[90] For an ideal flat surface facing the Suli=(a+2¢)=(1
separate the Sun direction from the Earth direction. +2u+2v). a and e are, respectively, the absorption and

[74] A preliminary discussion of these results appeared in M.M. reflection coefficients of the spacecraft's surface. ODP uses
Nieto, T. Goldman, J.D. Anderson, E.L. Lau, and JreRe the second formulation in terms of reflectivity coefficients,
Mercader, inProceedings of the Third Biennial Conference ODP’s inputu and v for Pioneer 10, are obtained from de-
on Low-Energy Antiproton Physics, LEAP;9ddited by G. sign information and early fits to the dat&ee the following
Kernel, P. Krizan, and M. Mikuz(World Scientific, Sin- paragraph. These numbers by themselves yie{gg=1.71.
gapore, 199h p. 606, hep-ph/9412234. When a first(negative correction is made for the antenna’s

[75] Since both the gravitational and radiation pressure forces be- parabolic surfacelC— 1.66.
come so large close to the Sun, the anomalous contribution[91] There are complicating effects that modify the ideal antenna.
close to the Sun in Figs. 6 and 7 is meant to represent only The craft actually has multiple different-shaped surfaces
what anomaly can be gleaned from the data, not a measure- (such as the RTGQsthat are composed of different materials
ment. oriented at different angles to the spin axis, and which de-

[76] B.D. Tapley, inRecent Advances in Dynamical Astrongmy grade with time. But far from the Sun, and givéhand A,
edited by B.D. Tapley and V. SzebehelReidel, Boston, the sum of all such corrections can be subsumed, for our
1973, p. 396. purposes, in aeffectivekC. It is still expected to be of order

[77] P.A. Laing, “Thirty Years ofcHASMP,” Aerospace report. 1.7.

[78] P.A. Laing, “Software Specification Document, Radio Sci- [92] Equation(25) is combined with information on the spacecraft
ence Subsystem, Planetary Orbiter Error Analysis Study Pro- surface geometry and its local orientation to determine the
gram(POEAS,” Jet Propulsion Laboratory Technical Report magnitude of its solar radiation acceleration as it faces the
DUK-5127-OP-D, 1981. POEAS was originally developed to Sun. As with other non-gravitational forces, an incorrect mass
support the Mariner Mars program. in modeling the solar radiation pressure force can be ac-

[79] P.A. Laing and A.S. Liu, NASA Interim Technical Report, counted for by modifying other constants such as the effec-
Grant NAGW-4968, 1996. tive sizes of the antenna and the albedo.

[80] Galileo is less sensitive to either amp- or an [93] E.J. Smith, L. Davis, Jr., D.E. Jones, D.S. Colburn, P.J. Cole-
a;,=ap/c-model effect than the Pioneers. Pioneers have a man, Jr., P. Dyal, and C.P. Sonnett, Scieh88 306 (1974);
smaller solar pressure and a longer light travel time. Sensi- 188 451(1975.
tivity to a clock acceleration is proportional to the light travel [94] This result was obtained from a limit for positive charge on

time squared.
[81] T. McElrath (private communication
[82] T.P. McElrath, S.W. Thurman, and K.E. Criddle, Astrody-

namics 1993 edited by A. K. Misra, V. J. Modi, R. Hold-

away, and P. M. BainurfUnivelt, San Diego, CA, 1994Ad.

Astrodynamical Sci.85, Part Il, p. 1635, paper No. AAS

93-687.

the spacecraff87]. No measurement dealt with negative
charge, but such a charge would have to be proportionally
larger to have a significant effect.

[95] R. Malhotra, Astron. J110, 420 (1995; 111, 504 (1996.
[96] A.P. Boss and S.J. Peale, Icakig 119 (1976.
[97] A.S. Liu, J.D. Anderson, and E. Lau, Proc. AGBall Meet-

ing, San Francisco, 1996paper No. SH22B-05.

[83] The gas leaks found in the Pioneers are about an order of[98] G.E. Backman, A. Dasgupta, and R.E. Stencel, Astrophys. J.
magnitude too small to explaiap. Even so, we feel that Lett. 450, L35 (1999; also see S.A. Stern, Astron. Astrophys.
some systematic or combination of systematssch as heat 310 999 (1996.
or gas leakswill likely explain the anomaly. However, such  [99] V.L. Teplitz, S.A. Stern, J.D. Anderson, D. Rosenbaum, R.J.
an explanation has yet to be demonstrated. We will discuss Scalise, and P. Wentzler, Astrophys516, 425(1999.
his point further in Secs. VI and VIII. [100] J.D. Anderson, G. Giampieri, P.A. Laing, and E.L. L@work

[84] More information on the “Heliocentric Trajectories for Se- in progress
lected Spacecraft, Planets, and Comets,” can be found &t101] R.F.C. Vessot, irProceedings of the “Workshop on the Sci-
http://nssdc.gsfc.nasa.gov/space/ helios/heli.html. entific Applications of Clocks in SpacePasadena, Califor-

[85] ODP=siGmaA took the Interval I/1l boundary as 22 July 1990, nia, 1996, edited by L. Maleki JPL Publication 97-0B°L,
the date of a maneuverHasmptook this boundary date as 31 Pasadena, CA, 1997p. 67.

082004-48



STUDY OF THE ANOMALOUS ACCELERATION @ . .. PHYSICAL REVIEW D 65 082004

[102] O.J. Sovers and C.S. Jacobs, Observational Model and Pa- C.J. Hansen, C.P. Helfenstein, C. Howell, G.E. Hunt, A.P.

rameter Partials for the JPL VLBI Parameter Estimation Soft- Ingersoll, T.V. Johnson, J. Kargel, R. Kirk, D.I. Kuehn, S.

ware “MODEST” - 1996, Jet Propulsion Laboratory Techni- Limaye, H. Masursky, A. McEwen, D. Morrison, T. Owen,

cal Report 83-39, Rev. 61996. W. Owen, J.B. Pollack, C.C. Porco, K. Rages, P. Rogers, D.
[103] J.I. Katz, Phys. Rev. Let83, 1892(1999. Rudy, C. Sagan, J. Schwartz, E.M. Shoemaker, M. Showalter,

. Do . - B. Sicardy, D. Simonelli, J. Spencer, L.A. Sromovsky, C.
[104] There is an intuitive way to understand this. Set up a coordi Stoker, R.G. Strom, V.E. Suomi, S.P. Synott, R.J. Terrile, P.

nate system at _the closest ax.lal p_omt of an RTG palr._ Have Thomas, W.R. Thompson, A. Verbiscer, and J. Veverka, Sci-
the antenna be in the{z,— x) direction, and the RTG pair in ence246, 1432(1989

the positive x direction. Then from the RTGs the antenna is in[113] E.M. Murphy, Phys. Rev. Let83, 1890(1999.

1/4 of a spherdpositive z and negative)xThe “antenna”  [114] J.D. Anderson, P.A. Laing, E.L. Lau, A.S. Liu, M.M. Nieto,
occupies about 1/3 of 180° in azimuthal angle. Its form is the and S.G. Turyshev, Phys. Rev. Le88, 1891(1999.

base part of the parabola. Thus, it resembles a “flat” triangle[115] L.K. Scheffer,(a) gr-qc/0106010, the original modification;

of the same width, producing another factor-ef1/2— 2/3) (b) gr-qc/0107092{c) gr-qc/0108054.

compared to the angular size of a rectangle. It occupies of116] J.D. Anderson, P.A. Laing, E.L. Lau, M.M. Nieto, and S.G.
order (1/4-1/3 of the latitudinal-angle phase space angle of Turyshev, gr-qc/0107022.

90°. This yields a total reduction factor ef(1/96—2/108), [117] These results were not treated for systematics, used different

or about 1 to 2%. time-evolving estimation procedures, were done by three
[105] The value of 1.5% is obtained by doing an explicit calcula- separate JPL navigation specialists, separated and smoothed
tion of the solid angle subtended by the antenna from the by one of ug72], and definitely not analyzed with the care of
middle of the RTG modules using the Pioneer’s physical di- our recent run1987.0 to 1998.6 In particular, the first two
mensions. V. J. Slabinski of USNO independently obtained a Pioneer 11 points, included in the early mema@g], were
figure of 1.6%. after Pioneer 11 encountered Jupiter and then was going back
[106] Our high estimate of 40 W is not compromised by imprecise across the central solar system to encounter Saturn.
geometry. If the RTGs were completely in the plane of the [118] T.K. Keenan, R.A. Kent, and R.N.R. Milford, “Data Sheets
top of the dish, then the maximum factor multiplying the 40 for PMC Radioisotopic Fuel,” Los Alamos Report LA-
W directed power would b&,=1. This would presume all 4976-MS(1972, available from NTIS. We thank Gary Rein-
the energy was reflected and/or absorbed and re-emitted to- hart for finding this data for us.
wards the rear of the craftlf the RTGs were underneath the [119] Diagrams showing the receptacle and the bayonet coupling
antenna, then the total factor could ideally go as high as “2,” connector were made by the Deutsch Company of Banning,
from adding the RTG heat going out the opposite direction. CA. (The O-ring was originally planned to be silicpmia-
The real situation is that the average sine of the latitudinal grams of the receptacle as mounted on the RTGs were made
angle up to the antenna from the RTGs is about 0.3. This by Teledyne Isotopesnow Teledyne Brown Engineering
means that the heat gong out the opposite direction might Once again we gratefully acknowledge Ted Christenbury for
cause an effective factas, to go as high as 1.3. However, the obtaining these documents for us.

real reflection off of the antenna is not straight backwards. I1t[120] In principle, many things could be the origin of some spin
is closer to 45°. The absorbed and re-emitted radiation is also down: structural deformations due to adjustments or aging,

at an angle to the rotation axis, although small€his does thermal radiation, leakage of the helium from the RTGs, etc.

not even consider reflected and/or reemitted heat that does But in the case of Pioneer spacecraft none of these provide an

not go directly backwards but rather bounces off of the cen- explanation for the spin history exhibited by the Pioneer 10,

tral compartmen}.So, the original estimate af=1 is a good especially the large unexpected changes among the Intervals

bound. [, I, and IlI.

[107] J.D. Anderson, P.A. Laing, E.L. Lau, A.S. Liu, M.M. Nieto, [121] S. Herrick,AstrodynamicgVan Nostrand Reinhold Co., Lon-

and S.G. Turyshev, Phys. Rev. L8, 1893(1999. don, New York, 1971-72 Vols. 1-2.

[108] We acknowledge R.E. Slusher of Bell Labs for raising this [122] We thank William Folkner of JPL for his assistance in pro-
possibility. ducing several test files and invaluable advice.
[109] B.A. Smith, G.A. Briggs, G.E. Danielson, A.F. Cook, I, M.E. [123] D. Brouwer and G.M. Clemencé/ethods of Celestial Me-

Davies, G.E. Hunt, H. Masursky, L.A. Soderblom, T.C. chanics(Academic, New York, 19611

Owen, C. Sagan, and V.E. Suomi, Space Sci. Rdy.103 [124] W.G. Melbourne, Sci. Am234 (6), 58 (1976.

(1977. [125] We thank E. Myles Standish of JPL, who encouraged us to
[110] C.E. Kohlhase and P.A. Penzo, Space Sci. R&v77(1977). address in greater detail the nature of the annual-diurnal
[111] We are grateful to C.J. Hansen of JPL, who kindly provided terms seen in the Pioneer Doppler residuélhis work is

us with operational information on the Voyager video cam- currently under way.He also kindly provided us with the

eras. accuracies from his internal JPL solar system ephemeris,
[112] B.A. Smith, L.A. Soderblom, D. Banfield, C. Barnet, T. Basi- which is continually under development.

levsky, R.F. Beebe, K. Bollinger, J.M. Boyce, A. Brahic, G.A. [126] D.F. Crawford, astro-ph/9904150.
Briggs, R.H. Brown, C. Chyba, S.A. Collins, T. Colvin, A.F. [127] N. Didon, J. Perchoux, and E. Courtens, UnivérgigeMont-

Cook, Il, D. Crisp, S.K. Croft, D. Cruikshank, J.N. Cuzzi, pellier report, 1999.
G.E. Danielson, M.E. Davies, E. De Jong, L. Dones, D. God-[128] D.A. Gurnett, J.A. Ansher, W.S. Kurth, and L.J. Granroth,
frey, J. Goguen, |. Grenier, V.R. Haemmerle, H. Hammel, Geophys. Res. LetR4, 3125(1997); M. Landgraf, K. Au-

082004-49



ANDERSON, LAING, LAU, LIU, NIETO, AND TURYSHEV PHYSICAL REVIEW D65 082004

gustsson, E. Gy and A.S. Gustafson, Scien@s86, 239 [148] B.G. Sidharth, Nuovo Cimento Soc. Ital. Fis., B5 151
(1999. (2000, astro-ph/9904088.

[129] Pioneer 10 data yielded another fundamental physics result, B149] M.A. lvanov, Gen. Relativ. Gravit33, 479 (200J); Also see
limit on the rest mass of the photon. See L. Davis, Jr., A.S. gr-qc/0009043, a contribution to the SIGRAV/2000 Con-
Goldhaber, and M.M. Nieto, Phys. Rev. Let5 1402 gress.

(1975. [150] R. Foot and R.R. Volkas, Phys. Lett. B17, 13 (2001,

[130] G.J. Stephenson, Jr., T. Goldman, and B.H.J. McKellar, Int. J. gr-qc/0108051.

Mod. Phys. A13, 2765(1998, hep-ph/9603392. [151] J.P. Mbelek and M. Lachie-Rey, gr-qc/9910105.

[131] M.M. Nieto and T. Goldman, Phys. Rep05, 221 (1991); [152] S. Calchi Novati, S. Capozziello, and G. Lambiase, Gravita-
216, 343(1992, and references therein. tion Cosmol.6, 173 (2000, astro-ph/0005104.

[132] J. Bekenstein and M. Milgrom, Astrophys. 2B6, 7 (1984); [153] R.A. Hulse and J.H. Taylor, Astrophys. J. Left95 L51
M. Milgrom and J. Bekenstein, iDark Matter in the Uni- (1979; J.H. Taylor and J.M. Weisberg, Astrophys253, 908
verse edited by J. Kormendy and G.R. Knaggluwer Aca- (1982.
demic, Dordrecht, 1987p. 319; M. Milgrom, Recherch#&9, [154] M. Consoli and F. Siringo, hep-ph/9910372.

182(1988. [155] M. Consoli, hep-ph/0002098.

[133] P.D. Mannheim, Astrophys. 419, 150(1993; Also see K.S.  [156] S. Capozziello and G. Lambiase, Mod. Phys. Lett4A2193
Wood and R.J. Nemiroffibid. 369, 54 (1991). (1999, gr-qc/9910026.

[134] K.G. Begeman, A.H. Broeils, and R.H. Sanders, Mon. Not.[157] P.D. Mannheim and D. Kazanas, Astrophys.332 635
R. Astron. Soc.249, 523 (1991); T.G. Breimer and R.H. (1989; P.D. Mannheim, Gen. Relativ. Gravs, 697(1993;
Sanders, Astron. Astrophy274, 96 (1993. Astrophys. J479 659 (1997).

[135] M. Milgrom, Ann. Phys.(N.Y.) 229 384 (1994; also see [158] J. Wood and W. Moreau, gr-qc/0102056.
astro-ph/0112069. [159] O. Bertolami and F.M. Nunes, Phys. Lett4B2 108(1999,

[136] S. Capozziello, S. De Martino, S. De Siena, and F. llluminati, gr-qc/9902439.

Mod. Phys. Lett. A16, 693 (2001, gr-qc/0104052. Also see [160] L. less, G Giampieri, J.D. Anderson, and B. Bertotti, Class.
gr-qc/9901042. Quantum Gravl6, 1487(1999.

[137] R.D. Reasenberg, I.I. Shapiro, P.E. MacNeil, R.B. Goldstein,[161] “SIM Interferometry Mission: Taking the Measure of the
J.C. Breidenthal, J.P. Brenkle, D.L. Cain, T.M. Kaufman, Universe,” edited by R. Danner and S. Unwin, NASA docu-
T.A. Komarek, and A.l. Zygielbaum, Astrophys. J. LeiB4, ment JPL 400-8111999. Also see http://sim.jpl.nasa.gov/
L219(1979. [162] The situation may be analogous to what happened in the

[138] J.D. Anderson, J.K. Campbell, R.F. Jurgens, E.L. Lau, X X 1980s to geophysical exploration. Mine and tower gravity
Newhall, M.A. Slade lll, and E.M. Standish, Jr., Rroceed- experiments seemed to indicate anomalous forces with ranges
ings of the Sixth Marcel Grossmann Meeting on General on the order of knj163]. But later analyses showed that the

Relativity, edited by H. Sato and T. Nakamup&/orld Scien-
tific, Singapore, 1992 Part A, p. 353.

[139] R.H. Sandergprivate communication to M. Milgrom

[140] The principle of equivalence figure of meritas /ay . This is
worse than for laboratory experimeritsomparing small ob-
jects or for the Nordtvedt Effectlarge objects of planetary

experiments had been so precise that small inhomogeneities
in the field surveys had introduced anomalies in the results at
this newly precise level164]. But the very important posi-

tive outcome was that geophysicists realized the point had
been reached where more precise studies of systematics were
necessary.

size) [51]. It again emphasizes that the Earth and Mars do nof163] F.D. Stacey, G.J. Tuck, G.J. Moore, S.C. Holding, B.D.

change positions due @ .
[141] F. Munyaneza and R.D. Viollier, astro-ph/9910566.
[142] J.L. Rosales and J.L."8ehez-Gomez, gr-qc/9810085.
[143] V. Guruprasad, astro-ph/9907363;
gr-qc/0005090.
[144] D. Ostvang, gr-qc/9910054.
[145] W.B. Belayev, gr-qc/9903016.
[146] G. Modanese, Nucl. Phy8556, 397 (1999, gr-qc/9903085.
[147] R. Mansouri, F. Nasseri, and M. Khorrami, Phys. Let2%9,
194 (1999, gr-qc/9905052.

082004-50

Goodwin, and R. Zhou, Rev. Mod. Phys9, 157 (1987);
D.H. Eckhardt, C. Jekeli, A.R. Lazarewicz, A.J. Romaides,
and R.W. Sands, Phys. Rev. Ledh, 2567(1988.

gr-qc/0005014;[164] Measurements were more often taken at easily accessible

sites, such as roads, rather than at more inaccessible cites at
different heights, such as mountain sides or marshes. See D.F.
Bartlett and W.L. Tew, Phys. Rev. B0, 673(1989; J. Geo-
phys. Res[Solid Earth Plandt95, 17 363(1990; C. Jekeli,

D.H. Eckhardt, and A.J. Romaides, Phys. Rev. L&.1204
(1990. For a review, see Sec. IV of Rdfl31].



