
2 
G

R
A

V
IT

Y
 P

R
O

B
E

 B
- 

- 
P

ie
rr

e 
To

u
b

o
u

l –
 2

èm
e  
E

co
le

 d
’é

té
 G

éo
dé

si
e 

sp
at

ia
le

 –
  3

0 
ao

ût
  -

  4
  s

ep
te

m
br

e 
20

04
  -

  1
 

Gravity probe B  
experiment, 
Superconducting gyro  
& atomic gyros 

Pierre Touboul 
ONERA  -  Physics and Instrumentation Department 
BP 72  F-92322 Châtillon  
Pierre.Touboul@onera.fr 
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  2
 Precision Clocks in Space and GPA H-maser (1976) 
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  3
 GRAVITY PROBE B Scientific Objectives 

Earth gravity field 
as a curvature of space time 

Earth  rotation 
drags local space time 

Gravito-magnetic effect 

Gyro drift in the orbital frame 
Gyro drift normal to the orbital frame 

I, M, w Earth Inertia, Mass, angular 
velocity 
R, v Gyroscope position and velocity 
g, a, PN parameters (GR  : 1,0) 
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  4
 In orbit configuration 

Circular Polar Orbit :  

  Altitude :  640 km 
  Eccentricity :  1-2 10-3 

  Inclination :  90.007 ° 

18 months operation 
(16 months present evaluation) 

1 telescope 
4 gyros (0.3 marcsec/year resolution) 
1 GPS receiver 
Mass trim mechanism 
12 thrusters 
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  8
 VEHICLE 

  Length 6.43 meters 
  Diameter 2.64 meters 
  Weight 3,100 kg 
  Spacecraft Power: 293 Watts  

LAUNCH 20 April 2004 

The Satellite  
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  9
 Payload general 
configuration 

  From cryogenic (He liq. 1.8 K) to room temperature 
  Alignment : Telescope, Gyros, S/C spin axis 
  Drag free satellite : 10-9 g  
  S/C mass centring  
  Satellite rotation : ~ 10-2 Hz (period : 1 to 3 mn) 

4  gyros for redundancy and performance improvement 
 drift rate : 0.25 marsec/year 

leads to accuracy  γ ≈ 2.10-5              α ≈ 3 10-3 
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0 The Payload with 

the Dewar  

PAYLOAD and DEWAR 
  2 441 liters of supercooled helium at 1.8 Kelvin (-271.4 C)  
  2.74 m tall /  2.64 m diameter  
  Porous plug at the top : as the internal liquid helium heats up,  
   it evaporates and the gas is vented out taking heat with it. 
  Payload Power Usage: 313 Watts  

High structural stability 
Low  temperature 
Fine management of He behaviour 
Fine magnetic shielding 
Fine mass centering 
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1 The Probe PROBE 

  Length- 2.74m (9 feet).  
  Working temperature- 1.8 Kelvin (-271.4 C).   
 The probe contains 450 plumbing lines and electrical wires.  
  The entire probe was assembled in a class-10 cleanroom.  
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2 The Quartz Block 

QUARTZ BLOCK  
  Weight : 34 kg  
  Length : 55 cm 
  Diameter : 18.5 cm  
  Block lapped and polished (14 months to hand-polish)  
  Telescope mounting surface of the block had to be  
polished to within 0.01 µm 
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3 The Gyroscopes GYROSCOPE 

  Ball (rotor) size- 3.81 centimeter diameter (1.5-inch) 
  Homogeneous fused quartz : 2 10-6  
  Sphericity : less than 40 atomic layers from perfect (1nm) 
  Coating- Niobium (uniform layer 1,270 nanometers thick)  
  Electrostaticaly suspended (25 µm gap).  
  Spin Rate- Between 5,000 and 10,000 RPM (obtained once by He flow) 
  Accuracy : 0.25 marcsec/year drift (0.5 10-16 rd/s) 

Major deffects : 
  Non sphericiy 
  Unballanced mass 
  Friction 
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4 The SQUID's rotation measurement 

SQUID's 
  Cryogenic magnetic field variation sensor. 
  Superconducting loop with 2 Josephson junctions 
  Sensitivity :  5x10-14 gauss (5x10-18 Tesla) 10-13 of  
  the Earth's magnetic field. 

Rotation Measurement : 
London Effect 
6.10-12°/ hour (< 10-6 best nav. gyro performance) 

London effect  induces magnetic moment 
the variation of orientation is detected 

by SQUID 
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  1
5 The Telescope CASSEGRAIN TELESCOPE 

  Composition- Homogeneous fused quartz  
  Length 35.56 centimeters (14 inches)  
  Aperture 13.97 centimeter (5.5-inch)  
  Focal length 3.81 meters (12.5 feet)  
  Mirror diameter 14.2 centimeters (5.6 inches)  
  Guide Star HR 8703 (IM Pegasi : Mag 5.6)  
  Accuracy : 0 .1 milliarcsecond i.e. 5.10-10 rd 
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6 The star tracker 

 & Sunshade 

STAR TRACKER 
Two star trackers : wide field and narrow field (star sensor).  
Star sensor :    field of view ~ 1°  (1.7 10-2 rd)  

       resolution    ~ 1 arcminute (3 10-4 rd ) 
                         in GP-B telescope field of view, 

       -> Guide star's position to 1 milliarcsecond (5 10-9 rd). 

SUNSHADE  
Inside sun shield : series of black, metal 
baffles to absorb incoming stray light before 
it can reach the telescope.  
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7 

GMA FACTS 
  Helium gas (99.999% pure) used to spin up the gyroscope ball.  
  Helium gas used for  thrusters of  the drag free control. 
  Fine distribution and management of the evaporated He to be ejected  
from the dewar   

The GMA  

The Gas Management Assembly  
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8 The Thrusters THRUSTER 

  12 pairs of thrusters on the vehicle.  
  Use of the evaporated liquid helium from the dewar as a propellant 
   linear thruster independent of the inlet pressure 

Objective : 
  Fine control of the satellite attitude and orbit 
  Satellite rotates to modulate the SQUID output (reduction of noise)  
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  1
9 GPB Mission Present Status     

(Cospar july 04) 

  Satellite in nominal orbit and nominal operation 

  Drag free and attitude control being optimised :  
    telescope pointing not yet stabilized along reference star 

  2 gyros rotates at nominal frequency 

  He Dewar : 14 months mission evaluated  

  Calibration phase running : 
    no scientific results before 6 months 
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  2
0 Existing gyroscope technology for craft 

attitude motion application 
ESGN (submarine navigation) 
Draper LN-TGG gyro 
Litton/Northrop Hemispherical Resonator 

LN-TGG; 1 nrad 0.1-100 Hz 
Source: SPIE 4632-15 

Fibersense IFOG   
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  2
1 Atom interferometer force sensors 

Gravity/Accelerations 

g 

(longer de Broglie   
wavelength) 

As atom climbs gravitational potential, velocity 
decreases and wavelength increases 

Rotations 

Rotations induce path length differences by 
shifting the positions of beam splitting optics 

The quantum mechanical wave-like properties of atoms can be used to 
sense inertial forces. 
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  2
2 

Resonant traveling wave 
optical excitation, 
(wavelength l) 

(Light-pulse) atom interferometry 

2-level atom 

|2〉 

|1〉 

Resonant optical 
interaction 

Recoil diagram 

F=3 F=4 

π π/2 π/2 

Time 

F=4 

F=3 

D
is

ta
nc

e 
al

on
g 

la
se

r 
be

am
 

Momentum conservation between atom and 
laser light field (recoil effects) leads to spatial 

separation of atomic wavepackets. 
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  2
3 Refroidissement et positionnement des atomes : 

piège magnéto-optique (avec gradient de champs magnétiques) 

Au total : F = -αv - βr = friction + rappel 

Faisceau de droite : 
ν app = νL + kv 
       = ν 0 -kv + kv = ν 0 
Résonance  

Faisceau de gauche : 
ν app= ν - kv 
       = ν 0 -kv -kv = ν 0-2kv 
Hors résonance  

La force résultante s’oppose au mouvement  
de l’atome : refroidissement 

ν ν0 

δ 

J = 0, m = 0 

    J = 1, m = 0 
  J = 1, m = 1 

  J = 1, m =-1 

E 

z 

z 

σ- 

σ+ 

0 
0 0 

Bz = b.z 

Bz = b.z 

Effet Zeeman + Gradient de B --> Force de rappel 
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  2
4 

Calcul du déphasage 

La probabilité d’obtenir des atomes dans l’état /b,…>  
résulte des interférences des probabilités 
des différents chemins possibles : 1 et 3 

Interférométrie à onde de matière 

3 termes :  - ‘ Evolution ’ des états internes 
  - ‘ Propagation ’ 
  - ‘ Interaction ’ avec la lumière 

- ‘ Propagation ’ sur la trajectoire réelle : Exp(-i.S/h) 

   et la formulation donne en référentiel tournant : 

- ‘ Evolution ’ des états internes : Exp(-i.w.t) 
        Onde de matière à la pulsation w=E/ h 

/a,p> 

/b,p+hkL> 

2 pulses (ici p/2) 

T 

1 

2 
3 

4 z 

 t ou x=vX.t 
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  2
5 Capteurs inertiels à ondes de matière 

Interférométrie atomique : (ici le plus simple : MACH - ZENDER) 

π/2 

Atomes 

T T 

Ω 

Δφ=2T (ωL-ω0-ωR- ωD + …   ) 

Detuning 
Recul, Doppler 

Rotation, g, 
gradients, 

déphasage  ... 

π π/2 

g 

Δφ= 2ΩkLvXT2 

Δφ= -kLgT2 

Gyromètre (Sagnac) 

Accéléromètre (Red-Shift) 

Terre g ω 200 ~  
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  2
6 

Α 

Double Interférométrie atomique : Gyromètre 

Atomes 

T T T’ 

k 

Atomes 

Interféromètre n°1 

Interféromètre n°2 

Différence 

Kasevich 91-92 

(ici RAMSEY-BORDE) 

AI prototype laboratory gyroscope 
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  2
7 Gyroscope performance 

Raw signals for floor mounted unit 
(cultural noise of laboratory): 

Inferred noise floor from 
independent tests  

Allan variance : 

PSD for 20 hour record Allan variance 

Bias stability:       < 60 mdeg/hr 
Scale factor stability: < 5 ppm 
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  2
8 

Historique - 1923 : Louis de Broglie 
- 1927 : interférence sur e- (Davisson- Germer) 
- 1974 : expérience COW (neutron lent)  
- 1980 : écho de photon (Mossberg) 
- 1991 : Sodium (Kasevich / Chu) 
- 2001 : Formalisme ABCD abouti (Bordé) 

Capteurs inertiels à ondes de matière 

Interférométrie atomique 

Résultats - Gyromètre (à jet thermique) : Kasevich 1991 : 

- Gravimètre (à atomes froids) : Chu 1999 : 

- Gradiomètre : Kasevich 2000 : 

En France, développements au SYRTE, IOTA, LPL, ONERA 
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  2
9 AI inertial sensors: performance summary 

<10-13 g/Hz1/2 

<10-16 g ? 
<10-12 

<10-10 g/Hz1/2 

<10-10 g 
<10-10 

10-9 g/Hz1/2 

<10-10 g 
<10-10 

Accelerometer 

Sensitivity 
Bias stability 
Scale factor 

<10-8 deg/hr1/2 

<10-7 deg/hr 
<1 ppm 

<1x10-6 deg/hr1/2 

<10-5 deg/hr 
<1 ppm 

2x10-6 deg/hr1/2 

6x10-5 deg/hr 
5 ppm 

Gyroscope 

ARW 
Bias stability 
Scale factor 

Projected space Anticipated ground 
Demonstrated 

ground 

Kasevitvh 2003 



2 
G

R
A

V
IT

Y
 P

R
O

B
E

 B
 -

 P
ie

rr
e 

To
u

b
o

u
l –

 2
èm

e  
E

co
le

 d
’é

té
 G

éo
dé

si
e 

sp
at

ia
le

 –
  3

0 
ao

ût
  -

  4
  s

ep
te

m
br

e 
20

04
  -

  3
0 

Accelerometer Technology 

Excellent bias stability is required 
Scale factor stability too, depending on s/c environment  
Other aspects : Absolute accuracy & frequency bandwidth 

Source:IEEE PLANS 2000 

10-2 10-3 10-5 10-6 10-7 10-8 10-9 

10-2 

10-3 

10-4 

10-5 

10-7 

Electrostatic 
Accelerometer 

AI 

10-4 

10-6 

  Atom interferometer 
accelerometers: 

Scale Factor stability: 10-12 

Bias stability:    <10-10 g 
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  3
1 

A 

B 
C 

D 

Capteurs inertiels à ondes de matière 

Interférométrie atomique : Gravimètre 

π/2 

Atomes 

T T 

π π/2 

g 

A 

B 
C 

D 

Δφ= -(kLgT2) provient du terme d’interaction = kL.(zA-zD+zB-zC) 

3 règles absolues à mesurer sont  
imprimées dans l’espace par les lasers, 

pour être lues 4 fois par les atomes 
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  3
2 Gravimètre 
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  3
3 Stanford/Yale laboratory gravity gradiometer 

1.4 m 

Distinguish gravity induced accelerations from 
those due to platform motion with differential 

acceleration measurements. 

Demonstrated diffential acceleration 
sensitivity: 

4x10-9 g/Hz1/2  

(2.8x10-9 g/Hz1/2 per accelerometer) 

Atoms 

Atoms 

L 
a 

s 
e 

r 
 B

 e
 a

 m
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  3
4 

Calcul général et exact du déphasage ...  

Gravimètre 

Formules disponibles :  - pour les gradients 
   - général en T et T ’ 
   - ... 
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  3
5 Cold Atom Inertial Base 

Courtesy of  A. Landragin (Paris) 

Theoretical model (include. relativity) by C. Bordé 
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  3
6 Measurement of G 

Present sensitivity/accuracy: 

dG = 3 x 10-3 G 

Measurement consistent with 
accepted value 
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  3
7 IMU 

Full IMU/compact sensor arrangement: 

• 10 µdeg/hr1/2 ARW (2.5 10-9 rd/s1/2) 

• 10-8 g/Hz1/2 accel noise 

• 100 Hz bandwidth 

• Expected excellent bias stabilities for 
accel/gyro 

• Laser/control electronics similar to gravity 
gradient sensor 

• Robust   

3 axes rotation + 3 acceleration 

DARPA 
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  3
8 Gravity gradient sensor : 

planar configuration developed by Stanford U. 

POC sensor: equilateral configuration 
minimizes sensor head count to achieve 
required gg tensors components 

Interrogation axis 
(Raman beams) 

x’’’x’’’ 

x’’x’’ 

x’x’ 

Laser beams for atom cooling not shown Raman laser beam for 
acceleration measurements 

Laser system 
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  3
9 Accelerometry 

ZARM drop 
tower 

ONERA sensitivity (GRADIO/GOCE configuration) 
Stanford sensitivity for 160 ms interrogation 
Stanford sensitivity after extrapolation for 10 s iterrogation 
Theortical evolution of   sensitivity after extrapolation for 10 s iterrogation 
Expected  sensitivity 10 s iterrogation 
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  4
0 ICE : interferometry in 0-g with BEC 

Proposed to Cnes in 2003 
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  4
2 

Perfo - calcul simpliste … (exemple du cas A. Peters/ S. Chu) 

Gravimètre 
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  4
3 

-  déplacements lumineux 
 (effet Stark AC/DC) 

- asservissement du miroir Raman 

-  sources de bruit  : 
  bruit de phase haute fréquence,  
  vibration, rotation, intensité laser, … 

- double interféromètre :  même déphasage ...  

Gravimètre 
Points importants non abordés : 
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  4
4 Long distance acceleration measurement : 

« Pionner effect » 

A≈8x10-10 m/
s2 
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  4
5 Gravity gradiometer: measurement of G 

Pb mass translated vertically along 
gradient measurement axis. 

Typical data: 

 ~1x10-8 g change in 
acceleration due to gravitational 
forces for different Pb positions 
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  4
6 Prototype field ready sensor 

Laser system 

Sensor optomechanics 

Sensor head 
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  4
7 Gyroscope 

High sensitivity 2 axis 
gyro + 2 axis 
accelerometer: 
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  5
0 The Solar Arrays  

so·lar cell  
def: A semiconductor device that converts the energy of sunlight into electric energy. Also 
called a photovoltaic cell.  

SOLAR ARRAYS FACTS 
  Each panel is 3.5 meters long by 1.3 meters wide  
  The release mechanism is made up of Nitinol 
rods, commonly called "memory metal". When the 
rods are heated, they change shape and release the 
panels.  
  The 9,552 individual Gallium Arsinide solar cells 
have an effeciency of 18.5%  
  The total power needed to run the entire satellite 
would barely power the average microwave.  
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  5
1 The Truss Structure  

Truss 
def: An engineered structure of short framing members, such as beams, chords, 
and diagonals, assembled into a rigid support structure.  

TRUSS STRUCTURE FACTS 
  The truss structure is made of aluminum alloy beams, 
heliarc welded at the joints. Mechanical joints were not stiff 
enough to maintain the satellite's critical geometry.  
  The structure's "open" frame design exposes the dewar to 
space, improving heat radiation.  
  Equipment is attached by self-integrated pallets. Individual 
subsystems can be removed without disassembling the entire 
space craft.  
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