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GP-B Launch - 20 April 2004

Launch! 09:27:54Z

Fairing Installation

SpacePart06 Beijing, 21Apr2006 (GPs Tooes) 2



640 km

Geodetic Effect Aoome || ! If, at fII’St, the |dea |S

(0.00183 degrees/yrl ¢ ; " { 1’ '\ not absurd, then there
e R Is no hope for it.”

- Albert Einstein

Guide Star |
IM Pegasi |

40.9 milliarcseconds/yr
(0.0000114 degrees/yr)

Geodetic Frame Dragging
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(ﬁ Why a Space-based Experiment?

ProBe

Electrostatic vacuum
gyro on Earth
uncompensated
(101 deg/hr)

Spacecraft gyros
(3x10-3 deg/hr)

Best laser gyro
(10-3 deg/hr)

Electrostatic vacuum
gyro on Earth with
torque modeling
(10-° deg/hr)
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Geodetic effect
<0.002% accuracy

__ Frame dragging

—4 <0.3% accuracy

e— (0.5 —— GP-Brequirement
e— (0.21 —— Single gyro expectation
o— (.12 — 4 Gyro expectation
e— (.08 —— Readout alone (4 gyros)

Expected GP-B
performance on orbit

Operation in 1g environment degrades mechanical gyro performance

Laser gyroscopes and other technologies fidelity too low for GP-B
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ﬂ What is required for GP-B Performance?

ProBe The Gravity Probe B Satellite

Critical “Near-zeros”

“Zero” rotor aspehericity.
“Zero” rotor inhomogeneity.
“Zero” magnetic field.

“Zero” gas pressure.

Science

o~ b~

“Zero” residual acceleration:
drag-free gravitational orbit

The World's
Roundest Gyroscope

. Plus very careful calibrations.

N

The SQUID Monitors
the London Moment

5.5-inch Aperture
Telescope
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e The Overall Space Vehicle

ProBe * Redundant spacecraft
\ GPS antenna N AT processors, transponders.
* 16 Helium gas thrusters, 0-10 mN
) . S ea, for fine 6 DOF control.
A Star sensor 4 -— anT:njma : L
: A * Roll star sensors for fine pointing.
\ )h ! / solararray % Magnetometers for coarse
Ly ,/’/’E‘E“‘-‘ mechanism  gttitude determination.
G ¥ * Tertiary sun sensors for very
A - ATC equipment pallet coarse attitude determination.

* Magnetic torque rods for coarse
orientation control.

Starsensorand X Mass trim to tune moments of
gyro pallet inertia.

* Dual transponders for TDRSS and

Omni ground station communications.

antenna Mass trim
mechanlem * Stanford-modified GPS receiver

Gyru . [ [ .
for precise orbit information.

suspension unit

* 70 A-Hr batteries, solar arrays
operating perfecily.
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/—Spinup Helium Tank
Structure Rings

Dewar

(one drag-frec) Tele: - EP -r_lr.?(.i‘ '/ Probe /Prohe
He lum Neck Tube Valve
Helium Tank ank

Key innovations:

 Largest flight dewar,
2524 liters of superfluid Helium (1.8 K)

» Porous Plug (phase separator)

Dewar in ground testing at Stanford, |
August 2002
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The GP-B Flight Probe

. B Radiation
Science_/’ N/ Baflles  permal Shoes 24
Instrument |I ~PL at 4 Heat Stations
Assembly " \ ll i _Top Hat with
Shell - 2 / pecraalPlublg UV
Quaﬂ?. Blﬂck : o :f 1ber p ICS Iég ras
Support .~ ./ / J ~Shutter Rotor
PP s/ [/ A
Cold
Windows 3PL [/ &%
Alumina/Titanium~/
Foil Necktube ‘,-*"

by
T-Flange/

y with,/
“'E'flif:‘d HE"H“'S Ga[c Valve
Warm™
Window
Hermetic
Seal

Designed and assembled at Lockheed
Martin, Palo Alto, CA

. . L s yr’-.. &y ¥
Assembled probe at Lockheed prior to
shipment to Stanford
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* Material: Fused quartz, homogeneous
to a few parts in 107

Overcoated with Niobium.
Diameter: 38 mm.
Electrostatically suspended.

Spherical to 10 nm — minimizes
suspension torques.

Mass unbalance: 10 nm — minimizes
forcing torques.

* All four units operational on orbit.

* % % %

*

< SPIN-UP
\CHANNEL

~—PICK-UP

Demonstrated performance:
» Spin speed: 60 — 80 Hz.
* 1 yHz/hr spin-down.

GYROSCOPE -~

ZELECTRODE —PARTING < LEAKAGE GAS

(10f6) PLANE EXHAUST HOLES If a GP-B rotor was scaled to the size of the

Earth, the largest peak-to-valley elevation
change would be only 2 meters!
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1st Near-Zero: Asphericity - Measurement

+Y PROJECTION

Talyrond sphericity
measurements to ~1 nm

71.cof: 11/15/94, All L, 2=< L =< 16.
-0.36mi -0.27mi -0.18mi -0.09mi 0.01mi L 10mi 0.18mi 0.29mi 0.38mi
Min: -0.36 microinches Max: 0.38 microinches

Typical measured rotor topology:
peak-valley = 19 nm

SpacePart06 Beijing, 21Apr2006 (crB Tooes) 10



2hd Near-Zero: Mass Balance

Mass Balance Requirements:

On Earth (f =1 g) Or<58x 1018
r

i ~ 10-8
Standard satellite (f ~ 10 g) grr< 5.8 x 10-10
(unlikely — 0.1 of H atom diameter)

External forces acting _ _ . 12
through center of force, GP-B drag free (f 10 g Q <58 X106

different than CM cross- track average) (Straightrforwa'rd " 100 nm)
Drag-free eliminates Demonstrated GP-B rotor: irr <3x107

mass-unbalance torque
and key to
understanding of other
support torques

Requirement Q < Q, =) or < 2 1o, O
~ 0.1 marc-s/yr r 5 f °
(1.54 x 10-77 rad/s)

Drift-rate: 2=17/lo,
Torque: =mfor
Moment of Inertia: | =(2/5)mr?
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o 3 Near Zero: Superconducting SQUID Readout
ProBe
The Conundrum:
How to measure with extreme
accuracy the direction of spin of
perfectly round, perfectly uniform,
sphere with no marks on it?

TO sQUID
ELECTRONICS

The Solution:
London Moment Readout. A
spinning superconductor develops
a magnetic “pointer” aligned with
its spin axis.

Magnetic field sensed by a SQUID,
a quantum limited, DC coupled
magnetic sensor.

Performance:
measurement better

than 200 marc-s/\VHz

TN

PSD (@0 / sqrifHz))

v
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&§ 3 Near Zero: Ultra-low Magnetic Field

ProBe

» Magnetic fields are kept from
gyroscopes and SQUIDs using a
superconducting lead (Pb) bag

— Mag flux = field x area.

— Successive expansions of four
folded superconducting bags give
stable field levels at ~ 107 G.

» AC shielding at 10-2[ =120 dB! ]
from a combination of cryoperm,
lead bag, local superconducting
shields & symmetry.

Lead bag in Dewar
Enables the readout system to

function to its stringent
requirements

Expanded
lead bag
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Detector Package

Guide Star Tracking Telescope

« Telescope provides distant inertial reference for
the experiment.

« All-quartz construction + cryogenic temperatures
make a very stable mechanical system.

Physical length  0.33 m

Focal length 3.81Tm

Aperture 0.14 m Demonstrated tracking
At focal plane: performance better
Image diameter 50 pm than 34 marc-s/\Hz
0.1 marc-s = 0.18 nm

Image divider

\
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Gyro2 Position Snapshot, VT=135835310.3

Position (um)

Gyro initially suspended with
high science level analog
backup controller

Suspended for 5 seconds then
released.

“Fall” trajectory and subsequent
bounces clearly seen in position
data

The analog backup modes
together with computer health
monitor provide robust backup
to computer based system for
gyro safety.

Demonstrated performance:
< 0.5 nm RMS positioning
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Helium Boil-off = Propellant

Gra
ProBe

* A very different control system
— 16 proportional cold gas thrusters.

— Propellant: Helium boil-off @ 10 torr
— Isp = 130 sec; 6.5 mg/sec flow

ATC Performance:
* Pointing to 200 marc-s RMS
» Translation to < 10-""g RMS

« 6 DOF control

1.0 20 30 40

CHAMBER PRESSURE x 10*(mmHg) P "
10050 030 020 0I5 ///+ g 2
KNUDSEN NUMBER (Kpq) il ®
T

<
MEASURED Ip =130 sec

THEORETICAL Iy, =156 sec

o
40° NOZZLE DIMENSIONS
Y- Dy = Q137 cm
489 re/v, 2.7
a2 Ae/By=4.0
é’ HALF ANGLE =20°

THRUST (dynes)

F :
s
THROAT REYNOLDS NUMBER (Re)
0 18 20
1.5 20 25 30 35 40
MASS FLOW RATE x 10* (g/sec)

Prototype thruster cutaway view
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ﬁ:ﬁ 5th Near-Zero on orbit: Drag Free Control

ProBe

Prime and Backup Drag Free operations, GP-B Gyro3 (VT=142273900)

N
o

Demonstrated performance

o E better than 10-1! g residual
(%, c ° acceleration on drag free
= ” | gyroscope
DO_ o 1000 2000 000 4000 5000 6000
B 1 T T T T
£ S ||— Xv Accelerometer " Prime
6 |~ Ysv mode Y| mode |
o = Of — Zsv VAV — ) :
° 0 | ] Suspension ‘ Inertial space — Frequency domain
Y
= Suspension ON ' OFF | ;
O] N ‘ ‘ ‘ ‘ ‘ Drag-free control effort and residual gyroscope acceleration (2004/239-333)
0 1000 2000 000 4000 5000 107 | | | | ]
Polhode 1 .. || — Gyro CE inertial |
+ 1 w —Gravity | __ E ine ]
g R i . frequency i i Gradient i SV CF inertial
c Z ! ~ 10 Sl Ay - - - b - tRRUsL - Al
= g 2
> | | =
n -5 ; ; | | ; g 10'9 ,,,,,,,,,,,,,,,,,,,,,
0 1000 2000 3000 4000 5000 ©
seconds @
)
: : 10 - e R bl - .
Drag free modes in operation < Residual gjrd
acceleration
TR .
‘k“x.[ 10

Frequency (Hz)
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4t Near-Zero on orbit: Ultra-low Pressure

The Cryopump

Gyro spindown periods on-orbit (years)
before bakeout after bakeout

Gyro1 ~ 50 15,800
Gyro2 ~ 40 13,400
Gyro3 ~ 40 7,000
Gyro4 ~ 40 25.700 Demonstrated

performance:

Pressure <2 x 10-° Pa
(1.5x 10" Torr)
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Dither & Aberration: Two Secrets of GP-B

Grav
ProBe

Dither: Slow 30 marc-s calibration oscillations
* injected into pointing system

\'\st‘ - Scale factors
l { 9y P matched for

P P Subtraction
Vehicle pitch/yaw dither

Aberration: Nature's calibrating signal for gyro readout

Orbital motion creates a varying apparent
position of star

Earth around Sun: 20.4958 arc-s peak
Annual period

Vehicle around Earth: 5.1856 arc-s peak
97.5 minute orbital period

ST These sources provide a
. EW Aberration . continuous, accurate calibration of
e~ 1 | GP-B experiment
SpacePart06 Beijing, 21Apr2006 (rs Tooss) 19
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(ﬁ 3 Phases of In-flight Verification

ProBe

A. Initial orbit checkout (121 days)

— Re-verification of all ground calibrations.

— Scale factors, temperature sensitivity, etc.

— Disturbance measurements on gyros at low spin speed.
B. Science Phase (~ 11 months)

— Exploiting the built-in checks (i.e. Nature's helpful variations).
C. Post-experiment tests (~ 1 month starting Aug 2005)

— Refined calibrations through careful and deliberate enhancement of
disturbances, etc.

Mission Operations Center (MOC)
SpacePart06 Beijing, 21Apr2006 (crs Tooss) 20




Data processing:

 Remove known (calibrate-able)
signals from SQUID signal to get
at gyro precession.

Remove effects of:

60.08 60.09
Guide star in view » Motional aberration of starlight.

« Parallax.
« Pointing errors; roll phase errors.
» Telescope/SQUID scale factors.

« Pointing dither.

60.08 60.09 . . _ , _
Day of year, 2005 « SQUID calibration signal.

» Scale factor variation with gyro
polhode (trapped flux).

» Other systemic effects.

SpacePart06 Beijing, 21Apr2006 (cPB Toos5)
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(ﬁ Data Analysis Phases:

ProBe An Incremental Approach

 Phase 1 — Day-by-day. (thru March 2006)
— Full year data grading; Instrument calibration.
— Treatment of known features (e.g. aberration, pointing errors).
— Result: first-cut “orientation of the day” per gyroscope.

 Phase 2 — Month-to=Month. (thru September 2006)
— Identify and remove systematic effects.
— Improve instrument calibrations through long-term trending.
— Result: second-cut: “trend of the month” per gyroscope.

« Phase 3 — 1 Year Perspective. (thru April 2007)
— Combine and cross-check data from all 4 gyroscopes
— Incorporate measured guide star proper motion.
— Result: Experimental results compared with predicted GR effects.

CY 2005 CY 2006 CY 2007

SAC15
. Internal Science

/ Result

Analysis Analysis SAC Peer Pub E
Phase 2 Phase 3 Review Prep w
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ﬂ Enabling Technology for other Space-
Gra . .
ProBe based Physics Experiments

While GP-B collects science data on orbit, GP-B technology

and expertise is aiding other programs:
1. Satellite Test of the Equivalence Principle (STEP)

10
il Technology: SQUIDs, suspension electronics, thrusters,
,’;ﬂﬁ%ﬁw 5 dewar technology, precision fabrication, charge control,
W,J"R/WW | magnetics control/shielding, drag-free control.
%% ﬂ_+ Status: Embarking on a 27 month technology development
=" Dz program.
‘ 2. LISA and LISA Pathfinder (USA: ST7/GRS)
o Technology: suspension electronics, precision fabrication,
— charge control, drag-free control.
@ popet Status: Early prototypes developed; contributing to LISA
’ mission definiton.
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4&§ Satellite Test of the Equivalence Principle

ProBe

F =ma mass - the receptacle of inertia
Newton’s Mystery { P | |

F=GMm/r® mass - the source of gravitation

time

: ¢ { More time for separation to build
en ~ L Periodic signal
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Significance of the STEP EP Measurement

1078 STEP Goal

107 “Mission Success’
nscope—,

107

Best ground-based

1072 _| ’  — ~5X10'13‘{

" _~ Dicke

10 / /° Edtubs

=T

1t STEP’s 5orders
of magnitude

: Siring Theory take physics into
' DPV runaway new theoretical

dilation (max.) territory

Adelberger, et al.
LLR

: & effect (min.)

' 1 TeV Little

International Team

Stanford University, (USA)

DICKEY 1994 University of Birmingham, (UK)
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1
1700

i ] ]
1750 1800 1850
Year

i
1900

1
1950

1
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ESTEC, Noordwijk (NL)

FCS Universitat, Jena, (D)

Imperial College, London, (UK)

Institut des Hautes Etudes Scientifiques, (F)
ONERA, Paris (F)

PTB, Braunschweig, (D)

Rutherford Appleton Laboratory, (UK)
University of Strathclyde, (UK)

Universita di Trento, (I)

ZARM, Universitat Bremen, (D)
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(ﬂ STEP Status

d
ProBe Beginning second year of 3 year Technology Program
under NASA MSFC

STEP Technical Program Goals:

Fabricate prototype flight instrument

— Differential accelerometer.
— Cryogenic electronics.
— Quartz block mounting structure.

Transfer critical GP-B technologies
— SQUID readout.
— Drag-free thrusters.
— Electrostatic positioning system.

Integrated ground test of prototype flight accelerometer

Prepare (jointly w/ European team) winning Flight Proposal.
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e GP-B: Over the Horizon

ProBe

* Dewar was depleted on 29 Sep 2005 —
superconducting electronics ceased to function.

* Data analysis is underway, initially focusing on
tuning up algorithms and removing calibratible
short-term effects.

* Systematic effects will be characterized and
compensated for in CY 2006, followed by
detailed data review by external experts.

* Data analysis will continue to April
2007 when results will be published.

Gravity Probe B is on track to meet its
science mission requirement of
of 0.5 mas/yr
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