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Abstract: The radio-metric tracking data received from the Pioneer 10 and 11 spacecraft from the distances between 20--70 astronomical units from
the Sun has consistently indicated the presence of a small, anomalous, blue-shifted Doppler frequency drift that limited the accuracy of the orbit
reconstruction for these vehicles. This drift was interpreted as a sunward acceleration of aP = (8.74 1,£1.33) 1,” 10i€-10 m/s2 for each particular
spacecraft. This signal has become known as the Pioneer anomaly; the nature of this anomaly is currently being investigated. Recently new Pioneer
10 and 11 radio-metric Doppler and flight telemetry data became available. The newly available Doppler data set is much larger when compared to
the data used in previous investigations and is the primary source for new investigation of the anomaly. In addition, the flight telemetry files,
original project documentation, and newly developed software tools are now used to reconstruct the engineering history of spacecraft. With the help
of this information, a thermal model of the Pioneer vehicles is being developed to study the contribution of thermal recoil force acting on the two
spacecraft. The goal of the ongoing efforts is to evaluate the effect of the on-board systems on the spacecrafts' trgjectories and possibly identify the
nature of this anomaly. The current status of these investigations will be discussed. Besides the Pioneer anomaly, there are other intriguing puzzles
in the solar system dynamics still awaiting a proper explanation, notably the, so-called, &odly-by anomalyé€e, that occurred during Earth gravity
assists performed by severa interplanetary spacecraft. We will discuss the observed effect, the conditions that led to its observation and will
elaborate on the potential causes of this anomaly. This work was carried out at the Jet Propulsion Laboratory, California Institute of Technology
under a contract with the National Aeronautics and Space Administration.
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THE STUDY OF THE PIONEER ANOMALY
It’s all began 11 years ago...

JPL

VOLUME 8§1. NUMBER [4 PHYSICAL REVIEW LETTERS 5 OcTOBER 1998

Indication, from Pioneer 10/11. Galileo. and Ulvsses Data, of an Apparent Anomalous.
Weak. Long-Range Acceleration

John D. Anderson '* Philip A Lams_ "Eunice I TLan'- —'1.11|:lmnv5 Lin*
Michael Martin Nieto.™| and Slava G. Turyshev"

L er Propuision Laboratory, California Institute of Technology. Pasadena. Califormia 91109
*The devospace Corporanon. 2350 E Fl Segundo Boulevard. El Segundo. Caltfornia 90245-2691
* istrodhvmamic Sciences. 2393 Silver Ridge Avenue. Los Angeles. Califorma 90039
*Theoretical Division iMS5-B285). Los Alamas Naronal Laborarory, Universitv af f*; forma. Los Alamos. New Mexico $7343
(Recaved 10 June 1908)

PHYSICAT REVIEW D. VOLUME 65. 082004
Studyv of the anomalous acceleration of Pioneer 10 and 11

John D. Anderson.'#* Philip A. J'_zu_uﬂr—' Funice L. Lau.! -‘mr_honv . Lin*¥ Michael Martin Nieto
and Slava G. Turyshev™
*Jer Propuision Laﬂamran :'_"::n ljornia [nsmmre af Teci noioey, Pasadena. Califorma 61100

3

“The Aeraspace Corporaiion, 2350 Easr Ei ,}Eﬂ'!.i"aa Bouievard. El Sermda Cmfarf'm 9023 4£00]
“-.Lf‘ma'"t namic Sciences, 2383 Siiver Ridee dvenue, Los 4ngeles, Caiifornia 90039

*Theoretical Division { MS-B285), Los _ilamos Narional Labora: rory, Universiiv af Cai fﬂr".::r Las diamaos. New Mexico 87345
iRecerved 15 Mav 2001. pubhished I1 Apnl 2002)

Our previous analvses of ra
catad .h:{t an apparent anomd

% 10™% cm s dirscted towaz The St—“d}‘ of the Pioneer ‘%ﬂﬂﬂlal}f:
ke New Data and Objectives for New Investigation
Pirsa: 100mobpEnal ro the spacecrall. as wi Page 3/73

discuss the methods. theoreng
e e [ e S L e ] e L R S Ve TR | [ 2] (AP o U o (ST PRER VN - SR e AT [ s o peehl GO (N ASTCARLR T 1 TR i | (SRl U Rt et A SRR TR G, (oSt el =0 q LI .



B Anomalous acceleration of Pioneers 10 and 11:

THE STUDY OF THE PIONEER ANOMALY
The Pioneer Anomaly: Summary @
5
3

ap = (8.74 + 1.33) x 107!° m/s>
— A constant acceleration of both Pioneers fowards the Sun
— No mechanism or theory that unambiguously explains the effect

— Most likely cause is on-board systematics. yetto be demonstrated

Phys. Rev. D 65 (2002) 082004, gr-gc/0104064

B T[he Pioneer anomaly, taken at its face value:

— Pioneers conducted the largest-scale-ever gravitational experiment
in the solar system... that failed to confirm Newton's gravity...

— The Pioneer anomaly constitutes a departure from the Newton's 1/r?
gravity law in regions farther than 235 AU from the Sun....

Possible Origin of the “Dark Force™?
B New Physics [many proposals exist, some interesting] .

g = N ' 1
m Ve focus on conventional physics, as the cause: a
P

age a7 %

— Gas leaks. drag force. thermal recoil force. €ic. .. %




_IP THE STUDY OF THE PIONEER ANOMALY
L The Pioneer 10/11 spacecraft

Agency: NASA Pioneer 10
Launch 2 March 1972 5 April 1973
Planetarv fly-bys Jupiter: 4 Dec 1973 Jupiter: 2 Dec 1974

Saturn: 1 Sep 1979
Last data point 27 Apr 2002 1 Oct 1990
received distance ~80.2 AU distance ~30 AU

Pioneer 11

Parameters for Pioneer 10 (Pioneer 11 — identical)

Total spacecraft mass 259 kg
R SNAP-19 RTG: mass/distance 13.6 kg / 3 m
| S High Gain Antenna. diameter 2.74 m
#F FXP¥Y | Attitude control: spin-stabilized ~4.28 rpm
Communication system Data available
JPL S-band., up-link S-band. down-link (A= 13 em)
2110 MHz 2292 MHz Doppler
Spacecraft transmits cuntiﬂuuﬁl}' Qs W Pioneer 10: pre-launch testing

The Pioneers are still the most precisely navigated deep-space vehicles:
— Spin-stabilization and design permitted acceleration sensitivity ~10-"° m/s?, unlike
a Voyager-type 3-axis stabilization that were almost 50 times worse:

Precision celestial mechanics —a primary objective of the Pioneers extendeq . .
missions —search for gravitational waves. Planet X. trans-Neptunian objects. efc.

Pirsa: 10010@



THE STUDY OF THE PIONEER ANOMALY

JPL Pioneer 10 Launch: 2 March 1972
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_IPI_ THE STUDY OF THE PIONEER ANOMALY
Pioneers 10 and 11: Main Missions (before 1979)
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. Trajectories of Pioneer 10 & 11 during the main mission phase



_IPI_ THE STUDY OF THE PIONEER ANOMALY
Pioneers 10 and 11: Extended Missions (after 1979) @

Last signal from Pioneer 10 was Pioneer 10 last contacted
received on 23 January 2003 Viewed down from in March 2006:
(82.1 AU from the Sun) S - no signal received

/
!

." Pioneer10
! = ag

Pioneer 10 on 29 Oct 2009:
Distance from the Sun 89.02 AU
Position, SE (lat., lon.) *{3.0'3_.78.2“')
Heliocentric velocity 12.01 km/s |
Distance from Earth 17.81 Gkm
Round-Trip Light Time ~ 28hr 25min

Pluto

Pirsa: 10010003 Page 8/73

Traiaortnrice ~f Pinncare and \VVoavasmore |



STUDY OF THE PIONEER ANOMALY

History: Detection of the Effect and Earlier Studies @

JPL

B 1979 search for unmodeled accelerations w/ Pion

— Motivation: Planet X; initiated when Pioneer 10 was at 20 AU
— Solar-radiation pressure away fromthe Sunbecame<5 10T m/s?

m 19380: navigational anomaly first detected at JPL:

— Thebiggest systematic error in the acceleration residuals —
a constantbias of (8+3) 10 '°mi/s? directed towards the Sun

Page 9/73
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'HE STUDY OF THE PIONEER ANOMALY

History: Detection of the Effect and Earlier Studies @

ACCELERATIONS ON PIONEER 1CGAND 11
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Acceleration (1 .0E—1 3 km/sec/sec)

DY OF THE PIONEER ANOMALY
History: Detection of the Effect and Earlier Studies @
UNMODELED ACCELERATIONS ON PIONEER 10 AND 11

Accelergtion Directed Toward the Sun
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THE STUDY OF THE PIONEER ANOMALY
History: Detection of the Effect and Earlier Studies @

B 13/9: search for unmodeled accelerations w/ Pioneers began:

— Moativation: Planet X; initiated when Pioneer 10 was at 20 AU;

— Solar-radiation pressure away fromthe Sunbecame< 5 10T m/s?
m 1980: navigational :aﬂc-mal;.- f1r5t detected at JFL

— Thebiggest systematic error in the acceleration residuals —
a constantbias of (8+£3) 10" m/s? directed towards the Sun

m [nitial JPL-ODP analysis in 1990-93: S0} S0 2061, DO e
(8.09+0.20) 10 '® m/s? for Pioneer 10
(8.56+0.15) 10'° m/s? for Pioneer 11
— NO magnitude variation with distance overa range of 40 to 70 AU
— Theerroris from a batch-sequential & filter-smoothing algorithm

® AnErrorinJPL's ODP? — Numerousinternal checks at JPL
m NASA Grantio The Aerospace Corporation: 1996-1993

Data usedforthe analysis conducted during 1996-1998:

m Pioneer 10 11.5 years. distance= 40-70.5AU = 20,035 data points

Page 12/73

B Pioneer 11: 3.75 years. distance= 22.4-31.7AU — 19.198 data points




JPL

THE STUDY OF THE PIONEER ANOMALY

The Observed Anomalous Doppler Drift

S

=00
Phys. Rev. D 65 (2002) 082004, gr-qc/0104064
I
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[HE STUDY OF THE PIONEER ANOCMALY

JPL The Pioneer Anomaly: Quality of Data Fit

DOFFLER RESIDUALS
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Adding only one more parameter to the model — a constantradial acceleration—led to
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THE STUDY OF THE PIONEER ANOMALY
Modeling of Spacecraft Motion @

m Relativisticeq.m. for celestial bodies are correct to (v/c)*:

— Relativistic gravitational accelerations (EIH model) include: Sun,
Moon. 9 planets are point masses in isotropic. PPN. N-body metric:;

— Newtonian gravity from large asteroids: terrestrial. lunar figure effects:
Earth tides; lunar physical librations.

m Relativistic models for light propagation are correct to (v/c)?

Model accounts for many sources of non-grav. forces, including:
— Solar radiation and wind pressure; the interplanetary media:

— Attitude-control propulsive maneuvers and propellant (gas) leakage
from the propulsion system:

— Torques produced by above mentioned forces:;
— DSN antennae contributions to the spacecrafiradio tracking data.

m Orbit determination procedure, includes:

— Models of precession. nutation. sidereal rotation. polar motion. tidal
effects. and tectonic plates drift;

— Model values of the tidal deceleration. non-uniformity of rotation. polar
motion, Love numbers, and Chandler wobble are obtained
observationallyvia LLR. SLR and VLBI (from ICRF). HEREE




THE STUDY OF THE PIONEER ANOMALY
Sources of Systematic Error: External @

Error budget constituents Bias Uncertainty
107 m/s” 107 m/s
Sources of external systematic error:
= Solar radiation pressure = 0.001
= From the mass uncertainty —+0.03 = 0.01
= Solar wind contribution + < 107
= Effects of the solar corona = 0.02
=  Electro-magnetic Lorentz forces = 10
= Influence of the Kuiper belt’s gravity + 0.03
=  Influence of the Earth orientation + 0.001
= DSN Antannae: mechanical/phase stability = < 0.001
=  Phase stability and clocks + < 0.001
= DSN station location + < 107
= Effects of troposphere and ionosphere + < 0.001
2 Computational svstematics:
= Numerical stability of least-squares estimation += 0.02
=  Accuracy of consistency/model tests + .
= Mlismodeling of maneuvers -+ 0%
= Mlismodeling of the solar corona + 0.02
=  Annual/diurnal terms = 0.32
Phys. Rev. D 65 (2002) 082004, gr-qc/0104064 IJMP A 17 (2002) 875-885, gr-qc/0107022
Dagp’lﬁﬂ?

An interesting set of error sources, but not of a major concern!



THE STUDY OF THE PIONEER ANOMALY

JPL
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A drawing of the Pioneer spacecraft




_IPI THE STUDY OF THE PIONEER ANOMALY
Sources of Systematic Error: On-board @

Error budget constituents Bias Uncertainty
10 " m/s 10 ' m/s SNAP-19 RTG
3 Sources of external svstematic error:
= Radio beam reaction force +1.10 ool |
= Thermal/propulsion effects from RTGs:
= RTG heat reflected off the craft -0.55 + .55
= Differential emissivity of the RTGs + 0.85
= Non-isotropic radiative cooling of s/¢ ~ 0.16
= Expelled He produced within the RTGs +0.15 + 0.16
= Propulsive mass expulsion: gas leakage + 0.56
= Variation between s/c determinations +0.17 ==l | ) 3 ]
Years
197% 14D ImE 1= 1P9s AP 19 PCMIES R TR e B T TR
i FrEFEEPFE T
18gQ 1 ¥ .
170 . Heatis an important source, but:
£ 160 - '+ — Itis NOT strong enough to explain the anomaly;
B 150 i . .
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JPL THE STUDY OF THE PIONEER ANOMALY
Focus of the 1995-2002 Analysis @

— On-board systematic & other hardware-related mechanisms:
e Precessional attitude confrol maneuvers and associated “gas leaks”

e Nominal thermal radiation due to =*Pu decay [half life 87.75 years]
e Heatrejection mechanisms from within the spacecraft
e Hardware problems atthe DSN tracking stations

— Examples of the external effects (used GLL, ULY, and Cassini):
e Solarradiation pressure, solar wind, interplanetary medium, dust
e \/iscous drag force due to mass distribution in the outer solar system
e Gravity fromthe Kuiper belt. gravity from the Galaxy
e Gravity from Dark Matter distributed in halo around the solar system

e Errorsin the planetary ephemeris. in the Earth's Orientation.
precession, polar motion, and nutation parameters

— Phenomenological fime models:

e Drifting clocks, quadratic time augmentation. uniform carrier
frequency drift, effect due to finite speed of gravity. and many others

— All the above were rejected as explanations

Page 19/73

Mostof the systematics are time or/and space dependent!




THE STUDY OF THE PIONEER ANOMALY
The Pioneer Anomaly: Summary @

m By 2009 existence of the anomaly is confirmed by 7 codes:

— JPL's Orbit Determination Program [various versions 1979-2009]:

— The Aerospace Corporation code POEAS [during 1995-2001];

— Goddard Space Flight Center's study in 2003 [data from NSSDCI:

— Institute for Theoretical Astronomy. Norway, Oslo [2002-2008];

— Viktor Toth. Canada [2005-2009]: GAP. France [2006-2008]. others.

m Observed frequency drift can be interpreted as acceleration of
ap = (8.74 + 1.33) x 10 '" m/s?
— Constant acceleration of the spacecrafitowards the Sun. ..
— This interpretation has become known as the Pioneer Anomaly.
m Observation ap ~ ¢H , stimulated many suggestions (>200!):

— Kinematical realization of local cosmological frame; momentum-
dependentgravitational coupling: MONDian mechanism. modified
inertia; non-uniformly-coupled scalar field(s): Brane-worlds; higher-
dimensional gravitational models. {R) models, efc.

Primary focus of new analysis: “ ' ' -

Page 20/73

Existence of the sianal is confirmed its oriain is vet unknown
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track Magnetic Tapes...
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Statistics: ~400 tapes... 90 minutes / tape




THE STUDY OF THE PIONEER ANOMALY
Recent Pioneer Doppler Data Recovery Effort @

Data used for the Analysis (1996-1998):
m Pioneer10: 11.5 years; distance=40-70.5 AU = 20,035 data poinis

m Pioneer11:3.73 years;distance=22.4-31.7 AU = 19,198 data paints

Pioneer 10/11 Doppler Data available (since October 2009):

B Pioneer10: ®m Pioneer11:
— 1973-2002: ~30 years — 1974-1994: ~ 20 years
— Distancerange: 4.56-80.2 AU — Distancerange: 1.0-41.7 AU
— Jupiterencounter — Jupiter & Saturn encounters
— ~150.000+data points — ~120.000+data points
— Maneuvers. spin. initial cond. — Maneuvers. spin. initial cond.

m All 600+ ATDFs went through radio-metric data conditioning (2006-2009)

B Theentire set of Dopplerdata is available since the end of Sept 2009

Page 22/73

Significantvolume of the data never analyzed to study the anomaly




JPL

| CQG 21(2004) 1, gr-gc/0308017

Four Main Objectives:

THE STUDY OF THE PIONEER ANOMALY

Critical Phases of the On-Going Investigation

@
’\‘2

— Analysis of the early trajectory:
e Direction of the anomaly: origin
— Analysis of planetary encounters:

e Should tell more about the onset of
the anomaly (e.g. Pioneer 11)

— Analysis of the entire dataset:
e TJemporal evolution of the anomaly
s 1b@GUS ON ON-board systematics:

e | harmal modelina nisina felemetry

Towards the Sun: gravitational models?
Towards the Earth: frequency standards?
Along the velocity vector: drag orinertia?

Al e =i i s s ey e | oy ot ey gy - )




THE STUDY OF THE PIONEER ANOMALY

JPL

Early Data: Study the Direction of the Anomaly
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— Trajectories of Pioneer 10 & 11 during the main mission phase |




_l L THE STUDY OF THE PIONEER ANOMALY
I Difference Between Bound & Un-Bound Orbits?

C circuiar oromn

B Navigational Anomalies during Earth fly-byes e ok
were observed with multiple spacecratft: u unbound orbit

— Calileo: #1 on *D-‘E 1990 @ altitude of ~960 km;

=2 on 1 1992 @ altitude of ~303 km;

2/8,
— NEAR: 01/22/188

altitude of ~550 km

@
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]

1 @ altitude of ~1,171 km;
— Stardust: 01/15/2001 @ altitude of ~6,000 km;

)

altitude of ~1.900 km

~

m Are they relevantto the Pioneer anomaly?
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INVESTIGATION OF THE FLYBY ANOMALY

Observed Shifts in Hyperbolic Excess Velocity (V_) @

JPL

— For Earth flybys, the Galileo, NEAR, and Rosetta spacecraft show an
anomalous orbital energy increase in the geocentric system.

— Increase in asymptotic velocity v.. is 3.92+0.3 mm/s for Galileo,
13.4620.01 mm/s for NEAR, and 1.80£0.03 mm/s for Rosetta.

Spacecraft(Date) | giominal | Shitin V.
Galileo | (1990) 8.95 3.92+03
Galileo Il (1992) 8.88 46+1.0
NEAR (1998) 685 | 13.46+0.01
Cassini (1999) 16.01 i 20+1.0
Rosetta (2005) 3.86 | 1.8+0.03
Messenger (2005) 4 06 i 0.02 + 0.01

Pirsa: 10010003 Page 26/73




INVESTIGATION OF THE FLYBY ANOMALY

JPL NEAR X-Band Doppler Residuals @
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INVESTIGATION OF THE FLYBY ANOMALY

JPL Equatorlal Side View of NEAR Earth Flyby (1998) @

(Lucon f”f g 1 - Dedination -21 ", fffw g I . Dedcination -727)

— Equatorial view of the NEAR flyby, the most asymmetri-
cal flyby with respect to the equator and the flyby with
the largest energy change.

— The tick marks are at 10-min intervals as measured from
closest approach. Other five other flybys are similar.

Y[ « A“good’ fit is achieved with the following empirical formula:
A l 5 f.
r = _ _A—E = K(c0osd; — cosd,) where Vi =v-v— i
Voo 2 E r
« Where o; and o, are relative to Earth’'s equatorial plane.
2

F el Lo 2l

K can be approximated by

o, = Earth’s rotation rate (rad/s)

k= 2@eRe _ 5 009« 10-6  R.=Earth’s radius (km)
=

Pirsa: 10010003 & Spe.ed of I[ght (km /s»age 28173




INVESTIGATION OF THE FLYBY ANOMALY

JPL Summary of Orbital Parameters

TABLE L Earth tivby parameters at closest approach for Galileo. NEAR. Cassini. Rosetta. and MESSENGER (M GER | spacecratt.
The alutude H 1s reterenced to an Earth geoid. the geocentric lantude & and longitude A are listed for the closest approach locaton. V),
is the mertial spacecraft velocity at closest approach. Vg 1s the osculating hvperbolic excess veloaitv. the deflection angle (DA) 1s the
angle between the incoming and outgomng asvmptotic velocity vectors. the angle £ 1s the inchination of the orbital plane on the Earth’s
equator. the next four rows represent the right ascension a and declination d of the incoming (1) and outgomng (o) osculating asvmptotic
velocity vectors. and Mg is a best estimate of the total mass of the spacecraft during the encounter. The last three rows of the table give
the measured change in V. the estimated realistic error in AV . and the prediction of AV, bv Eq. (1 ). The measured AV for GLL-II
1s actually —8 mmy/s. but it 1s reduced 1n magnitude alter subtracting out an estimated atmosphenic drag of —3.4 mm/'s.

Parameter GLL-I GLL-II NEAR Cassini Rosetta M'GER
Daie 1 2/5/90) 1 2/8/92 1/23/98 S/18/99 305 8/2/035
H ikm) 96l) 303 539 1175 1956 25347
d (deg) 53 —33.8 330 —23.5 20.20 4695
A (deg) 7963 3544 312 2314 2468 107.5
V, (km/s) 13.740 14.080 12739 19.026 10317 10.389
Vo (kmfs) S.949 S.RIT 6.851 16010 3863 L0536
DA idegy 7.7 511 66.9 19.7 gy 3 94.7
[ (deg) 1429 138.7 108.0 754 419 133.1
a; (deg) 266.76 21935 261.17 334351 3612 29261
3, (deg) — 257 —3176 —2).76 — 292 — 181 3LH
@, (deg) 21997 17435 18319 35254 16351 I
d, tdeg) —3 5 — 5 —71.96 —1.94 —34.29 —31.92
Mg (ko) 2497 2497 730 1612 2895 1086
AV, (mm/s) 392 —-416 1346 -2 |.50 (02
oy (mm/s) 0.3 1.0 0.01 | .03 0.0 ]
Equation ( 1) imm/s) 112 —41.67 13.28 —1.07 207 0.06

Page 2973
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Jpl_ INVESTIGATION OF THE FLYBY ANOMALY
Search for the origin of the anomaly @
» Non-Dependences  Possible Causes?

— Asymptotic right ascension: — A true force (non-Newtonian) ?

incoming or outgoing — Doppler modeling error ?
— Direction to sun or moon — Coordinate frame problem  ?
— Close approach distance — Earth-bound dark matter ?
— Orbital deflection — Other ?

— Orbital inclination — The cause is yet unknown

» Possible Cause: Since GLL1 (1990) many models were investigated:
— Earth’s gravity; Earth’'s geo-magnetic field; Earth’s albedo radiation;
Earth’s atmospheric drag; Earth ocean tides; Earth solid tides
— Third body effects; solar radiation pressure
— Spacecraft forces; Spacecraft spin biases
— General relativity; non-Newtonian (Yukawa potential)
— Spin-rotation coupling
— Expansion of the universe — All Dismissed

Pirsa: 10010003 Page 30/73

\ Investigation of the fly-by anomaly is still ongoing |




THE STUDY OF THE PIONEER ANOMALY
Recovery of the Pioneers’ Telemetry Data @

— Pioneer Project Documents (1966-2003) @ Ames:

e All Pioneer 10 and 11 Project documents (design. fabrication.
testing, calibrations, quarterly reports. memoranda. eic.)

e Maneuverrecords. spin-rate data. significant events of the craft. efc.
e Lack of funding resulted in improper storage, near destruction

— Master Data Record (MDR): 40GB spacecratft telemetry

e All housekeeping data for both Pioneer 10 & 11 — the only available
data on their behavior through the missions

e Developed a C++ codeto read the MDRs and distribute the data
e MDRSs will be used together with the Doppler data to study on-board
systematics (e.g. finite-element thermal model. efc.)
— Project documents and data are saved in Ames’ Archives!
e The Pioneer anomaly saved the Pioneer Project archive!

— Late 2006 started development of a finite-element thermal model
that uses the recovered telemetry to estimate recoil force

Page 31/73

Pioneer design documents & performance data available for analysis




JPL

Each craft: ~114 parameters

INTETMAL ELUIFwENT AARAMNCGIVEMT
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THE STUDY OF THE PIONEER ANCMALY
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Recovery of the Pioneers’ Telemetry Data (MDR)
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_IP THE STUDY OF THE PIONEER ANOMALY
L Master Data Records Web-Retrieval Form

Pianesr-10/117 MDE retrieval form - Netscape

Fie Edt Vew oo Codomais TooE Wrdow Hep Spacecraft Fonssi10 ~

q_ Q Q -:3 l - - | S W | Subsystem Al Subsystems >
3 10/ rom 1372 Frower Subiu":'tem '

ioneer-10/11 MDR retrieval form F 72 | e cmicnl Dhcibanon Subisys o

W Aol 15 irmead 10 3 mearrn of 10,000 recands. or up "":"'-m lghine=:ilntid C:IJ.E_E ;i Sigm
-' "-?-cr' MO ¥ -"'1.n me :'if-:r::é-i -'3.1..'_"-:=-'_- ::- - = SI{p every !Themal S o s h
Fropuision Subsystem
IB: The present version of this program has passed some formal testing. It comectly retrieved values from a test file. and its IR msplay i Alfude Comrpt Subrsystem
alibration coefficients have been successfully compared (at least for Froneer-10} against onginal documentaiion. Having Antenna Subsystem
aid that the waming still applies- use the resuits chtained from here with caudon. rm = ut:e_n__.n}u: [nstmuments
| | = LL3=r] L ey

Tease use this program spanngty. Though it may not be evident from the appesrance of this page. every tima you click the
ubmit button. potentiaily several gigabytes worth of files are scanned to produce the reguesied resuit A5 this runs on my
13in server. which has other things to do._ | ask that vou do not use this program unnecessarily. and do not neadlesshy Spa:es:r-dt

Fioneer-10 ~
ubmit [arge queries. Having said that, pleass fas] fres to use the program, just kesp my request in mind. Thank you!

Subsystem Themal Subsvstem -
Spacecraft Cureeil - Parameter C-20187G1FinSoot Tempsreurs = ~
Subsystem s Sees 2 -
= L .-..-Th-:ﬁm.- 5 o 5B e From 1972 -2 | G|
e A L o e et i - - C-203 RTG :-.-m Bioh | Epmiiie
- C-204 BT 4 Fin Foot Temperature |
T7Z | lnmamry. w1 w5 00 w5 00 9 01 1572~ | Diecer w31 w 23 w IZ o~ I3 - | neraturs |
From 1372 Inrasme, i to scEmoer Sklp every C-717 RTG 4 Hot Junciion Tem =2
. E — G "BFT:Z-:meun T empeTature
Skip ev i records _ Show only changed values MG e s
. by L Display n-213 BTG 2 Hot Juncion Tempersiurs
_ Display resuits graphicaily o C-:D RT= 1 Hot lunchon Temperatrs
| Submit SC2I5 Y -—-HA Line Tempersars
- Tresaciones | | et T C226-Y PSA Line Tempershsre
¢ gotothe C-3071 5/C Platfiorm Tempersmsm |
. go o the herma readings fom =7 77 7T - C-302 5/C Plafigrm Tempershsre 2
: C=304 5/C Flaform Tempeoramre J |
“Hesprentnc trajectory shots based on daly coormnate valuss obtsned from P Henmons, with the T cooremate supressed, sne the setected date “Helocentnd frs -~ . 19 S/C Flatiorm 1 mpem; =
range hhisgheed range ﬂmnm:n:e C 319 S/ Flatiom T amperstare 5 =
C-320 S/C Flafiorm T emperatare b
Pirsa: 10010003 Page 33/73

Master Data Record will be critical in studying the effectof on-board systematics |



THE STUDY OF THE PIONEER ANOMALY

JPL RTGs 3 & 4: Current & Voltage from MDRs

! L T L L T =
1oL O] OO eV B o LT mmr UL AL =TLAL FoLmL =Ll FLTLL Rage 34/73
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Thermal History on Pioneer 10

THE STUDY OF THE PIONEER ANOMALY
JPL S
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Jpl THE STUDY OF THE PIONEER ANOMALY @

Objectives of Thermal Engineering Study

Evaluate if anisotropic S/C thermal radiosity can explain the anomaly

B Radiosity includes emissive power plus reflected thermal irradiation
B Develop geometric math model (GMM) to:

— Calculate radiative exchange among all modeled S/C surfaces

— Calculate absorbed solar loads on S/C (although tiny at 25 AU)
B Develop thermal math model (TMM) to:

— Calculate predicted temperatures for all modeled S/C surfaces

— Calculate predicted heat flows for all modeled S/C surfaces

B Develop modeling method to calculate directional components of
radiative heat flow

— Focus on radiative loading parallel to S/C spin axis
B Primary objective:

— To achieve ample model fidelity needed to either confirm or eliminate
rrsa 000003 tNermal emission as an explanation for the Pioneer anomaly Page 36/73



Thermal Modeling Approach for the Pioneers

Jpl THE STUDY OF THE PIONEER ANOMALY @

B Pioneer anomaly work is interesting ... and like a treasure hunt
— Modeling a 37+ year old spacecraft is challenging due to limited info

MODEL DEVELOPMENT SOURCES

PROJECT S/C CONFIG
DOCUMENTS DRAWING
PHOTOS (WEB, GMM&TMM | PRIORFLIGHT
SMITHSONIAN) DEVELOPMENT EXPERIENCE
TRW THERMAL TECHNICAL

Pirsa: 10010003 REI"IREES PAPERS Page 37/73
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_IP THE STUDY OF THE PIONEER ANOMALY
L Science Instrument Locations

CHARGED PARTICLEDETECTOR(UC)

AMD TELESCOPE (GE)

Page 39/73




lpl THE STUDY OF THE PIONEER ANOMALY

Science Instrument Locations

IR RADIOMETER (CIT)

IMAGING PHOTOPOLARIMETER (UA)

TRAPPED RADIATION DETECTOR
(UCSD)

Pirsa: 10010003 Page 40/73



_IPI THE STUDY OF THE PIONEER ANOMALY
Pioneer Spacecraft Configuration @

eschiEnas o METEOROID DETECTOR
\ _E“Rl:'

Page 41/73
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_'pl_ THE STUDY OF THE PIONEER ANOMALY
Geometric Mathematical Model (GMM) @

B Used TSS (Thermal Synthesizer System) — one of the standard
thermal industry tools

Pioneer 10 GMM Test Article in Thermal Model Test
(Mix of Flight and Non-flight H/W)

Pirsa: 10010003 Page 42/73



HE STUDY OF THE PIONEER ANOMALY @

JPL Pioneer Vehicle Geometric Math Model

st Article in Thermal Model! T e
lix of Flight and Non-flight H/W

Page 43/73
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Pioneer 10 GMM
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THE STUDY OF THE PIONEER ANOMALY
JPL S

Pioneer Vehicle Geometric Math Model

S/ICBOTTOMVIEW

X T =
= =t
. &
i3

L py

S/C SIDE VIEW

i

Pirsa: 10010003 Page 44/73
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THE STUDY OF THE PIONEER ANOMALY
JPL S

Thermal Geometric Model (Closed Louvers)

MGA HGA . RTGs3&4

Light Shield

Meteoroid Detector

Launch Adaptor Ring
Louvers, Closed

'.— RTGs1 &2

Pirsa: 10010003 Page 45/73

Main Spacecraft —

Meteoroid Sensor —




THE STUDY OF THE PIONEER ANOMALY
Pioneer Vehicle Geometric Math Model @

S/ICBOTTOMVIEW

X EE _ e oTF _ :E
R BN Theamos, 2
| SIS 3 ., 5‘,"‘. = _H.N P | 1

S/C SIDE VIEW

N
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THE STUDY OF THE PIONEER ANOMALY
JPL . S

Thermal Geometric Model (Closed Louvers)

MGA HGA . RTGs3&4

Light Shield

4 ? Meteoroid Detector

Launch Adaptor Ring
Louvers, Closed

’.— RTGs1& 2

Pirsa: 10010003 Page 47/73
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JPL THE STUDY OF T

HE PIONEER ANOMALY

SNAP-19 RTG Modeling

Pioneer 10/11 GMM

Pirsa: 10010003
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JPI_ THE STUDY OF THE PIONEER ANOMALY
Thermal Mathematical Model (TMM) @

m Used SINDA/3D (S3D): One of the standard thermal industry tools
— S3D is a FEM thermal analyzer consists of a GUI & the SINDA-G solver

— Used on many JPL flight projects the pastten years

B Pioneer spacecraft thermal mathematical model (TMM)

— Models material property values and thicknesses. power, thermal boundary
conditions.

— ~3000 nodes and 2600 plate elements.

— 3.4 million radiation conductors. ~7000 linear conductors

m TMM checkout process includes multiple distances and solar load cases,
and RTG temperatures

m [TMM boundary conditions include space + S/C surfaces using flight
telemetry

— Used telemetry for 4 RTG fin roots. 6 panels (equipment/science
compariments). & various scienceinstruments.

Pirsa: 10010003 Page 49/73



JPL Pioneer 10 S/C Temperature Telemetry
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RTG fin root temperature telemetry is used a
TMM (RTGs 1 & 3 areinboard. RTG

-

g3 £

ecuﬂeery condition nodes in the
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'pl THE STUDY OF THE PIONEER ANOMALY
Measured Versus Predicted RTG Temps

RTGFin 3Ft Temp =142.8°C 144 51

: Tt . 142.85
RTG Fin 3 Prediction = 142.4°C S

‘ 139.54
137.89

136.23
134 58
132.92
131.26
129.61
127.95
126.30
124.64
122.99
121.33
119.68
118.02
116.36
114.71
113.05
111.40
- 109.74
Qutbound 108.09
106.43

RTGFin 4 Fit Temp =136.2°C 104.77

RTG Fin 4 Prediction = 136.2°C e
995.81
98.15
96.50
94 84

+YYRTG e

Inbound

Pirsa: 10010003

B, oo eIy e g SRR el L SIS ey D e b S P RLARE g S AR RSy el e e DRI n SRR T e PR Do e L L R T

=]

G

___NEEREEE TRRRRCRRRRRRRRRY

RTGFin 1 Fit Temp =141.2°C
RTG Fin 1 Prediction = 140.8°C

Outbound

RTG Fin 2 Fit Temp = 136.2°C
RTG Fin 2 Prediction = 136.0°C

-YRTG

'

142.93
141.32
138.71
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134.89
133.28
131.67
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126.85
125.24
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120.41
118.80
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1089.15
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102.72
101.11
99.50

97.89

96.29

94 68

93.07
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JPI THE STUDY OF THE PIONEER ANOMALY
Panel Temperature Telemetry Locations
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THE STUDY OF THE PIONEER ANOMALY
Science Instrument Temperature Telemetry Sites

JPL
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THE STUDY OF THE PIONEER ANOMALY @«

Pioneer 10 Temperature Telemetry

PIONEER 10 S/IC: PLATFORM TEMPERATURES
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TMM predicted panel temperatures compared to this thermal telemetry at 25 AU
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—_.C. is Equipment Compartment, |.C. is Instrument Compartment



JPL

NAAT Y

-
g Vi

- :‘_ _; =,
=C rarn o o c (5 i T
Nar S B waned thsi d il ot
Side F na Aft S - B
] L5 o (e = + S _ _
Pirsa: 0010003 _ = = - == ~ Page b5/73-
i = = 1 m i 8




JPL

THE STUDY OF THE PIONEER ANOMALY
Modeled Surface Properties (Cont’d)

Component gggﬁ‘; Material '_h[’;”;z:ﬁs [w:m E{?ﬂ 4 E.;-iqj e* |[EOLalEOLe
| asunch Support Ring (Extenor) bare Al 6061 0.1 1690 | 2770 | 9612 | — | 024 | 0.10
L aunch Support Ring (Intenor) biack paint Al 6061 0.1 1690 | 2770 (9612 | — |09 | 084
Meteoraid Detector (Inside Facing) black paint Al 6061 0.1 1690 | 2770 | 9612 | — | 095 | 084
e~ of MLI on Meteoroid Detector — - - — — — |0.03
NL! on Meteoroid Detector 2 mul Alum Mylar - - - - - | — | 017 | 0.70
P.*tete-ﬂmic Sensors (facing space) Al 6061 0.1 1690 | 2770 | 9612 | — | 036 | 0.09
Meteoroid Sensors (facing HGA) biack paint Al 6061 0.1 1690 | 2770 | 9612 | — | 098 | 080

DCS2-007 white
HGA (facing Earih) paint. 1% Al 6061 0.1 169.0 | 2770 | 961.2 | — | 050 | 084
specularty

HGA Honeycomb (h=0.0183 W/in"-K ) -- Al honeycomb| 0257 — — — | —
HGA (facing S/C) bare Al 6061 0.1 168.0 | 2770 | %612 | — | 017 | 0.04
MGA (Exerior) white paint Al 6061 0.1 1690 | 2770 | 961.2 | — | 050 (084
MGA (Interior) biack paint Al 6061 1 169.0 | 2770 | 9612 | — | 085 (084
RTG Body white paint HM?:JTJ;—‘;F Mg 0.16 1046 | 1800 |10476 ‘ — | 050 | 082
RTG Fin (from root fin to mid fin) white paint I—LP;;E;J;T;B 0.1 136.6 | 1800 | 10476 ‘ — | 050 | 0.82
RTGFin (from mid fin to fin ip) white paint T{’;;;t IS 01 | 1366 | 1800 |10476| — | 050 | 082
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Jpl THE STUDY OF THE PIONEER ANOMALY
Dual Compartments and Electronic Boxes
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Note: Disregard Second Significant Digit to Right of Decimal on Temperaiure Scale {Software Artifact)



JPL THE STUDY OF THE PIONEER ANOMALY
Predicted Temps - Interior Compartment Surfaces @

> C
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MNoite: Disregard Second Significant Digit to Right of Decimal on Temperaiure Scale (Sofitware Artifact)
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THE STUDY OF THE PIONEER ANOMALY
Predicted Temps - Exterior Compartment Surfaces @

X X :
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3.89 L sy 8.25
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S/C Top View, +Z Side s S/C Bottom View, -Z Side S
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Notie: Disregard Second Significant Digrt to Right of Decimal on Temperature Scale {Software Artifact)



THE STUDY OF THE PIONEER ANOMALY

JPL

Measured Versus Predicted Compartment Temps

O
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JPL

Predicted Temps - Spacecraft MLI

©
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THE STUDY OF THE PIONEER ANOMALY

JPL

Predicted Temps - HGA Temperatures
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Note: Disregard Second Significant Digit to Right of Decimal on Temperature Scale (Software Artifact)



_IPI THE STUDY OF THE PIONEER ANOMALY
Calculation of Directional Thermal Emission @

B Spacecraft emits in all directions, but only the component parallel
to the spin axis is relevant

Sun
o _:-'—"'_'_'_'_\_\__"'-
7 \ Direction of = N o
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“ 4 = ’
e :
-
b =k -
8 HZ
e,
_— T
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v —
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e A . i
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a'f. - S
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L
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Jpl THE STUDY OF THE PIONEER ANOMALY
Control Volume in Geometric Math Model @

S/C is located at the center of a Large
Control Volume

m DCV=40L.L is the radial distance
between the S/C centerlineandthe RTG

m Directional radiative heatflow is
evaluated at 5° polar angle intervals (5°
Pirsa: 10010003 Wlde |EtitL.IdE bands'} Page 64/73
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Jpl THE STUDY OF THE PIONEER ANOMALY @

Calculation of Net Directional Thermal Emission

B Netthermal emission in the direction of the Z-axis:

O =

—

@.d]__ +§_

I I E I J K o
— S NS 1 B, ,co86 + 3y Yy o 4B, %COS 6.

i=1 j=1 k=1 i=t j=1 k=l AT

— Siay Is the solar constant at 1 AU

— Ry, Is the distance in AU of the spacecraft from the sun

— Subscripts j .k refer to the element located at (&, 9,) on the spherical
control volume

B Net directional emission = 0 for an isothermal, isotropic emitter when
external sources are absent (i.e., uniform S/C temp & e)
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THE STUDY OF THE PIONEER ANOMALY
JPL P-10 S/C Total IR Emission vs. Polar Angle @

SC Emission, W

0 10 i 30 40 50 BO 70 O 80 100 110 120 130 140 150 160 170 180

Peolar Angle. d=g
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JPI THE STUDY OF THE PIONEER ANOMALY
Control Volume in Geometric Math Model @

S/C is located at the center of a Large
Control Volume

m DCV=40L.L is the radial distance
between the S/C centerlineandthe RTG

m Directional radiative heatflow is
evaluated at 3° polar angle intervais (S5
Pirsa: 10010003 Wlde Iaﬁtude b ands) Page 68/73



THE STUDY OF THE PIONEER ANOMALY
JPL P-10 S/C Total IR Emission vs. Polar Angle @

SC Emission, W

6 20 30 40 S0 60 70 240 890 1oga 114 120 130 148 150 160 170 130

Peolar Angle. d=g
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JPL

Predicted P-10 Q(-Z) from 3-80 AU
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THE STUDY OF THE PIONEER ANOMALY @/

JPL Conclusions and Next Steps

m High fidelity Thermal Model of the Pioneers is available and evolving
— ldeal tool for future analysis
— Capable of examining all heliocentric distances and off-sun angles

— Capable of identifying anisotropic thermal contributions from individual spacecraft
subsystems

m As of October 2009 the new Doppler data is available, thus

— Certification of the extended Pioneer 10 and 11 Doppler data set

— Focus on the determination of the frue direction of the anomaly and its behavior
as a function of distance from the Sun

m Next Steps: focus on the Anomaly using all available data:
— Analysis of Pioneer 11 Doppler data (proceed with early data. then entire mission)
— Then proceed with Pioneer 10....
— Combined analysis of Doppler and telemeiry data

m Stay tuned... the fun part of the analysis has just began!
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THE STUDY OF THE PIONEER ANOMALY @

JPL Conclusions and Next Steps

m High fidelity Thermal Model of the Pioneers is available and evolving
— ldeal tool for future analysis
— Capable of examining all heliocentric distances and off-sun angles

— Capable of identifying anisotropic thermal contributions from individual spacecraft
subsystems

m As of October 2009 the new Doppler data is available, thus

— Certification of the extended Pioneer 10 and 11 Doppler data set

— Focus on the determination of the true direction of the anomaly and its behavior
as a function of distance from the Sun

m Next Steps: focus on the Anomaly using all available data:
— Analysis of Pioneer 11 Doppler data (proceed with early data. then entire mission)
— Then proceed with Pioneer 10....
— Combined analysis of Doppler and telemetry data

m Stay tuned... the fun part of the analysis has just began!
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