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e o \What is wrong with the Universe?

Equivalence Principle i All objects fall at the same rate. The
basis of Physics

Material does not matter
Size does not matter

Gravity applies a different force to each mass so that all
mass falls at the same rate

Newton T Gravjisimmmns i 2)/r2
Applies to t '

_ _ 250
Einstelin - Grav

Applies to t
Dark Mattergki!
- Galaxy
Dark Energy |

Candle brightness (d) inconsistent with Doppler shift (v)

e caused by mass.
of the Universe)
% of the universe

B 6 X mass invisible

Gravity Probe B Measures Einstein’s field prediction
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o e, The Relativity Mission Concept

Frame-dragging Effect

39 milliarcseconds/year

(0.000011 degrees/year)

Guide Star L/ :

IM Pegasi

(%]
(HR 8703) F :

Geodetic Effect

6,606 milliarcseconds/year
(0.0018 degrees/year)

Geodetic Effect
e Space-time curvature ("the missing inch")

Frame-dragging Effect
. Rotating matter drags space-time ("space-time as a viscous fluid")
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NS orientation (acrsec)

EW orientation (acrsec)
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Expected Gyroscope Behavior

____________ 1. ______Geoden(; effect*

(- 6571 marcsec/yr)

i i i
Mar Apr May
date (2004/2005)

Frame dragglng effect*_

( -75 marcsec/yr)

Nov

Dec

Jan

i i i i i
Feb Mar Apr May Jun Jul
date (2004/2005)




“s Wi Seeing General Relativity Directly

Star-Tracking
Telescope

~Mounting

G
yro s Flange

‘Gyro 4

10/30 12/19 02/07 03/29 05/18 07/07

Gyro 3: NS Inertial Orientation

Gyro 4: NS Inertial Orientation : Red:
? ? Unprocessed flight data

Blue:
After self-checking misalignment
torque correction
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— SPIN-UP

— PICK-UP \'\QHANNEL

GYROSCOPE -

S

ZELECTRODE —PARTING < LEAKAGE GAS
(1 of 6) PLANE EXHAUST HOLES

A Electrical Suspension

A Gas Spin-up

A Magnetic Readout
A Cryogenic Operation
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The GP-B Gyroscope

"Everything should be made as

simple as possible, but not simpler."
-- A. Einstein
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Superconducting Magnetic Shield

. Pickup  gateliite

London Moment
. (Magnetic Dipole)

4 Requirements/Goals

.  SQUID noise 190 marc-s/CHz
¢ Centering stability < 50 nm

e DC trapped flux < 10° gauss
e AC shielding > ~ 1012
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The London Moment Readout

SQUID 1
SQUID 2
SQUID 3
SQUID 4
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Gyro Readout Performance On-Orbit

Gyroscope London Moment Data

!il?}!!'llilz,||
AR |
| 1 ] |

On-orbit Gyro Pointing Noise - May 23, 2004

London Moment (voits)

RAERRRARANRARA RN
l|“"iiiililll'“

* - & 5 E “ Timertminute;)

190 marc-sec/\VHz

readout specification EXperIment
measurement band Dura’“on Readout lelt

roll (12.9 mHz)
+/- orbital (0.171 mHz) (marc-slyr)

107
frequency (Hz)
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Flight Hardware

GYROSCOPE  SCIENCE INSTRUMENT ASSEMBLY ~ PROBE WITH SCIENCE

ORAG-FREE
PROOF MASS

SCIENCE MISSION PAYLOAD:
DEWAR WITH PROBE &
SCIENCE INSTRUMENT ASSEMBJ.Y

SPACE VEHICLE: PAYLOAD
INTEGRATED WITH SPACECRAFT
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Payload Hardware

H Gas Management Assembly (GMA)
Provides Spin Up gas to Gyros

Dewar
Adolds 2200 liters of liquid Helium
ASuperfluid at launch and on orbit
Probe
Arovides 1x10e-10 torr vacuum

Star ([ Quartz Block
. X : o , : :; "‘, v = q‘_:_‘ — »- ................ Assembly
Thocsngwam iy (inside)
Telescope ..: :

(inside)
10



STANFORD

"(‘\.91‘- UNIVERSITY

: The Overall Space Vehicle

GPS antenna

Sun Shield
Thruster un e

7 e Omni
N Star sensor iy | / antenna
l :1» J A Solar array

release mechanism
a
C

B ‘"‘\N

Star sensor and
gyro pallet

equipment pallet

Thruster

Omni
antenna )
Mass trim
Gyro mechanism

suspension unit
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16 Helium gas thrusters, 0-10
MmN ea, for fine 6 DOF control.

Roll star sensors for roll phase
control

Mass trim to tune moments of
inertia.

Stanford-modified GPS receiver
for precise orbit information.

Magnetometers for coarse
attitude determination.

Tertiary sun sensors fo_r very
coarse attitude determination.

Magnetic torque rods for coarse
orientation control.

Dual transponders for TDRSS and
ground station communications.

Redundant spacecraft
processors, transponders.

70 A-Hr batteries, solar arrays
operating perfectly.
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A very different control system
¢ 16 proportional cold gas thrusters.
¢ Propellant: Helium boil-off @ 12 torr
e Isp =130 sec; 6.5 mg/sec flow

1.0 20 30
CHAMBER PRESSURE x 10*(mmHg)

P o
10050 030 Q20 0lIS / Go
P e T R — T Wi
KNUDSEN NUMBER (Kp,)

a
Q
1 é:\MEAsuaeo Tgp+130 sec
x
o

NOZZLE DIMENSIONS
D* = Q137 cm
re/te =2.7
Ae/Ay= 4.0
HALF ANGLE=20°

=}

THROAT REYNOLDS NUMBER (Re)
10 15 20

1.5 2.0 25 30 35 40
MASS FLOW RATE x 10* (g/sec)

Specific impulse vs. mass flow rate
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Six Degree of Freedom Control

Helium Boil-off = Propellant

ATC Performance:
A Inertial Pointing to <20 marc-s
A Translation to < 1011 g average
A 6 DOF control

Prototype thruster cutaway view
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Mass Trim to adjust CM and
Axis of Inertia
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7 Mass Trim Mechanisms
(Lockheed Martin and Litton P8gientific)
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Electrostatic Suspension
System Functional Design

Functional Design

Flight Modes Ground Test

Spin-up &
Alignment
(Digital DC, SQUI
Compatible)

Primary Science Mission (SM)
Digital (Adaptive Authority Torque
Control Minimizing)

Ground Test
(DigitaDC, ®UID
Compatible)

Robust

Analog SM Low SM High Spin-up
Backup Backup Backup Backup

Controller

Specific force 107m/s?| 10°m/s? 102m/s? 1 m/s? 10 m/s?
-«—— Low voltage drive | High voltage drive L

Req'd voltage 0.2v 2V 50V 300V 1000V

Grav. gradient
ES torques
Rotor charge
Meteoriotes
Spin-up gas

Soft computer
failures

1g field

Primary Disturbances




VS i GP-B Launch - 20 April
Fairing Installati‘on 2 O O 4
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Gravity Probe BOos C

(a Commercial system modified by Stanford)

AGPS data sole data source
for orbit determination

Atwo fully redundant sets:
receiver + four antennas

AData (position, velocity, time)
every 10 seconds

AMore than 5000 points per

Position
Accuracy

.Requirement 25m 7.5 cm/sec RMS
RMS

: :;-; Actual 2.5 m 2.2 mm/sec
RMS RMS

Velocity Accuracy
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Near Zeros & Their Technologies

Seven Near Zeros

1) Rotor inhomogeneities < 10° met
2) "Drag-free" (crosstrack) <10 g met
3) Rotor asphericity <10 nm met
4) Magnetic field < 10 gauss met
5) Pressure < 10-*? torr met
6) Electric charge < 108 electrons met
7) Electric dipole moment 0.1 V-m issue

-Y PROJECTION +Y PROJECTION
® "




WA wwmm pointing from Science Gyros @ orbits)

Rotor to case measurement measures spacecraft control system

NS & WE vs time NS vs WE

Long-term mean uncertainty through mission < 10 marc-s
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Seeing General Relativity Directly

Gyro 1: NS Inertial Orientation

\-m

g

arcsec

10/30  12/19
Gyro 2: NS Inertial Orientation
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07/07
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Gyro 3: NS Inertial Orientation
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Gyro 4: NS Inertial Orientation

07/07
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10/30 12/19 02
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Star-Tracking
TEIETOPE W0

Red:
Unprocessed flight data

Blue:
After self-checking misalignment
torque correction




e e Result Issues 2008

5

: : : : .| First Glimpse
.................. ................... .................. .................. . June 2006 |-

Second Glimpse
December 2006

A

New Glimpses
March 2007

-RE40 -RE20 -BEO0 -B5E0 -B540

Rns, masfye
Solar Proper Net
Earth | Geodetic [ Motion expected
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Three Complications (likely due to Patch Effect)

1. Polhode damping - complicates C, determination

100 150 200 230 300 330

Mean rate (marcsec/day) vs. mean misalignment (arcsec)
90 4000

S

W
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Mean North-South misalignment
Drift rate magnitude (arcsec/day)
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. 0 500 1000 1500 2000 2500 3000 3500 4000
Mean East-West misalignment Mean misalignment (arcsec)
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Three Complications (likely due to Patch Effect)

3. Roll-polhode Resonance Torque

A 6Jumpsoé occur when harmonicisof cha

coincident with roll rate
Gyro 2 per orbit orientation
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Two Champions of the Data Analysis

NASA

1. Spectral separation
a) Rotor spin ~ 60 Hz - 80 Hz (changing with time)

b) Spacecraft roll =13 mHz (from on-board star trackers)
c) Spacecraft orbit=0.17 mHz (from on-board GPS)
d) Rotor polhode ~ 0.1 mHz (changing with time)

e) Eart hds or bit ={fradn2PLBdreth ephemeris)

Y General Relativity acts at zero-frequency (inertial frame)

2. Trapped magnetic flux - Enables determination of a) & d)

1. + 2. + model of patch effect & gyro dynamics

allow separation of relativistic & Newtonian effects




Trapped Flux & Readout Scale Factor

6 Sept 2004
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