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Spectroscopie et Interférométrie:
des photons aux molecules

Christian J. Bordé

LPL & SYRTE

Application a la détermination des constantes fondamentales
et a la realisation d’horloges et de senseurs gravito-inertiels
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Mesure des fréquences optiques

ED OF LIGHT FROM DIRECT LASER MEASUREMENTS
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Mesure de la vitesse

de la lumiere et redéfinition du metre

Yar mesure de la frequence d’un laser a He Ne asservi sur unc
a1e d’absorption saturée du méthane, par rapport a I’horloge
Cesium, et de la longueur d’onde de ce laser par comparaiso
iterferometrique avec une lampe a Krypton (1972) :

Av=c=299792458 m/s
17¢me CGPM (1983) Adoption d’une valeur précise
pour la vitesse de la lumiere dans le vide:

Le metre est la longueur du trajet parcouru dans le vide par
a lumiere pendant une durce de 1/299792458 de seconde»

’ou la nécessite de realiser pratiquement le metre au moyen
e lasers stabilis€s en frequence et asservis sur des transitions
tomiaues ou moléculaires nréconisées nar le BIPM
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ENERGIE
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SPECTROSCOPIE A DEUX PHOTONS
SANS LARGEUR DOPPLER
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SATURATION

VW

doublet de recul



omposantes hyperfines magneétiques de la raie du méthane a 3.39 um
dédoublées par I’effet de recul: 412 / Mc?> =2.16 kHz
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Optical clocks
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CLOCKS/RAMSEY FRINGES :
FIRST-ORDER TRANSITION AMPLITUDE AFTER A SINGLE FIELD ZONE

EM WAVE

Out of resonance there 1s an additional momentum
communicated to the atom in the forward direction
and hence a change in the wave vector

Sk=(w—a, —kv, —3)/V.
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FRANGES DE RAMSEY AVEC DEUX ZONES
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Horloges optiques a atomes froids
Piege magnéto-optique (MOT)




Horloge optique a atomes de 4°Ca froids

efroidissement

p
1
T Horloge

423 nm
=2.108
Y=2-10°%s 3P1
1 657 nm (v, =456 THz)
So 320 Hz: Q~10"2

nuage d‘atomes de Ca froids en expansion

3107 atomes a 3 mK



Time-domain Ramsey-Bord¢ interferences
with cold Ca atoms ISI-B ‘
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-~ Minimum uncertainty wave packet:

WMWA S 2

v(t) =v(t,) velocity of the wave packet

z,(t)=z.(t)+ (f — I ) v(t,) center of the wave packet
width of the wave packet

Y(t)=n/MAz in momentum space

iX(t) = 2Az + i(l‘ — 1, )h /M Az complex width of the wave
packet in physical space

LS . f
Im(YX ) _ % conservation o

M phase space volume
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"ABCD PROPAGATION LAW

wave packet(z,t) =
q0) (iSC, (2,¢,)/ h) wave _ packet,, (z—z (1), v(t), X (1), Y (¢

where
Sq(t,t,)=M (V(t)ZC (£)—V(Zy)z, (to))/z

1s the classical action

D-‘nnm/\vtvr\“lr 17Al-:r1 'pt\in Unm;‘l‘-r\ﬂ;nﬂ{ﬂ r\'p r]/\rv-‘n/\f\ ~ q -:1/\ “f\ﬁ‘:"‘:f\ﬂ (\1/\/] PRSI N



EQUATION DE KLEIN-GORDON
en présence de champs gravito-inertiels faibles

ds® = g, dx"dx"  u,v=0,1,2,3

g, =M, +h, avec n,=(1,-1,-1,-1) et ‘hﬂv
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DAJSILD U A1UM /FAVUV1IUIN UFLILS
Parabolic approximation of slowly varying phase and amplitude

Massive particles

Photons




BASICS OF ATOM /PHOTON OPTICS

Schroedinger-like equation for the atom (photon) field:

~ 1 . 1
ih— agp Mczgﬂ_ >x< p]pj * pluhluvpv¢

ot 2M 2M
1
= Linet-Tourrenc phase shift - h*" p dt
2hM J Pt Py

- champ de gravitation: A =-2g.G/c” —g. 7/ glc’

=

- champ de rotation: h=—a.qg/

—_—

glc
- onde gravitationnelle: 47 = -0



ABCDEG LAW OF ATOM OPTICS

[ =p.a)g+p.0O).pI12M —MG.y(t)G/2—M'8G+1.
avepacket(q,t) =
p(iS,, /n)exp| ip, (1) (g —q.(0))/ 7 |F (q-q,(1), X (),Y (1))

q (t)=Aq (t)+Bp (t)/ M +5(1,t)
p )/ M =Cq(t)+Dp(t)/ M +¢(,t )
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Y(O)=CX (@t )+DY(t)



Théoreme d’Ehrenfest
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equations de Hamilton pour le mouvement externe
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THE LAGRANGE INVARIANT IN ATOM OPTICS
“Optical System”

P M,S N
q, — 1 B q- X Space

or
[C Dj g, Time
/pvv .
2

M',S§"

7 D

The quantity: v v
1 4 qpl_qvﬁ_q pz_qv&
1 1 12 2
M’ M M’ M
1s conserved by the ABCD transformations
Then the action difference cancels the mid-point phase shift

S=8'=(p,+p,)q,—4q,)/2
(1" Mo —a" /D — (M — M"\2r



FORMULE GENERALE POUR LA DIFFERENCE DE PHASE
DANS UN INTERFEROMETRE QUELCONQUE
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Ch. Antoine and Ch.J. Bordé, Exact phase shifts for atom interferometry, Phys. Lett. A306, 277-284 (2003

at Or11antiim thenryvy of atomic clocke and aravito-inertial canceonre: an 1inAdafe | Ont R 5§ {R1900_-<207 (200~



b_Application aux horloges en fontaing
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fountain clocks (Figure 11) is given in detail
Appendix 3 with the following conclusions: t
additional momentum communicated after the fi
interaction

hok = hw — wya (V) F kv, — 8) /s, (5

combined with the path length & = —(1/2)gT?, giv
the phase shift responsible for the Ramsey fringes &
(see Figure 11). Note that this phase shift is indeed t
same as in the atom gravimeter (see below) and an atc
fountain clock 1s essentially a gravimeter with a rec
momentum communicated longitudinally proportior
to the detuning. After integration over the tranver
velocity ¥z, the first-order Doppler shift Fkvy giv
a reduced contrast, which depends on the focusing
the atom wave, as discussed above. The second-oic
Doppler shift in wpqe{¥) combines with the gravitatior
phase shift to give a correction factor (1 + v§/6c?)
e The final overall phase factor for the fringes is th

ol o) ().

There is an opposite recoil correction for the cont
bution which comes from the successive interactio
with oppositely travelling waves, with a contrast tl
depends on the position of the focal point of the atc
wave, as discussed above in the absence of gravitatic
In addition, there is a global gravitational red sh
w},’a(gh/c”) of the fountain at altitude . Finally, out
resonance, there 1s a small splitting of the wave packe
as they travel along the two parabolic paths, which al



\tom Interferometers as Gravito-lnertia

letric tensor Do = 1+ hoo

lewtonian potential

h,=2U/c* =28X/c" ~

Gravitoelectric field
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vith light: Einstein red shift

|
vith neutrons: COW experiment (1975)

/1th atoms: Kasevich and Chu (1991) N
T T

Gravitational phase shift:

w0!2 = —k.g T
)hase Circulation of Ratio of Mass independel
shift potential gravitoelectric flux oc (time)?

to quantum of flux



Atom Interterometric Gravimeter
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Gradiometer with coid atomic
clouds

Yale university

& e Sensitivity: 3.108 s2/\Hz

?’_ 30 E/NHz

% e Potential on earth:
1E/NHz

Mirror

38



Gradient Phase (rad)

Stanford/Yale Gravity Gradiometer:

P

Measurement of G
- BT /T i Pb mass translated
=7\ vertically along gradient
measurement axis.

Typical data:

P ~1x10-¢ g change in

: acceleration due to
gravitational forces for
different Pb positions

1.6 e

1.5 4 o

il
1742
VE) :
P
& o
/ 8
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2
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Present sensitivity/accuracy:
oG =3x103G
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1o|oo 2oloo 3oloo 4oloo soloo acce pted va /ue

1.2 1




5 INovembore ZUU4 College de I'ranc

ABCD matrices for matter-wave optics

~ Weadd a quadratic potential term (gravity gradient):
U=Mgz—Myz’/2

= —My(z—gly) /2+Mg* /2y




Ator

) -z, = M\/;[;inh(\/;(T+T'))—2sinh(\/;T‘

N arm ITI S, Z2 '
@ z1' vi1' zZ2 V2
c AS=S +S.—8. 8. = (Mv, +hk+ My, )| 222
S =0 T3 790, 4—( Vo THhK+ Vz)
o
3
@ S,
O
©
7]
Vo' vz =AT)z,—g/y)+B(T)v,+ g/

arm I v, =C(T)z,—g/y)+D(T)v,+hk/1
0 Vo T T'
Time coordinate t

op=—k(z,—z,—z'+z,)+k(z,—2",)/2



Exact phase shift for the atom gravimeter

op=—k(z,—z,—z'\+z))+k(z,—2z',)/2

- %{[sinh(\/; (T+T'))—2sinh(\/;T)J(vo +%j

+\/;[1+cosh(\/;(T+T'))—Zcosh(\/;T)}(ZO _f]w

'

which can be written to first-order in vy, with T=T":

7 hilk
o0 =koT* +kyT?| —oT* —| v, +—— |T —z
® = Kg /4 _12g (0 2Mj 0

eference: Ch. J. B., Theoretical tools for atom optics and interferometr
‘D Anad Qrl Darvic N Qhea TV w~ SN0O 20 2001
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Metric tensor

'ure inertial rotation
h=Qxx/c

sravitomagnetic field

AV xh =2c0
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with light: Sagnac (1913)
with neutrons: Werner et al.(1979) N
with atoms: Riehle et al. (1991)

Sagnac phase shift:

Phase Circulation of Ratio of

shift potential gravitomagnetic flux
to quantum of flux






MLV Jodlll Yylvouupyo

Laser Atomic beams

/1

Cs oven Q / \V4

cooling

Q

il

preparation Detection Magnetic shield
Wave packet
) manipulation
Interference fringes

g1

=P

7}

°

2]

>

=

= 0

T

=)

Z

-10 -5 0 5 10 15 20

Rotation rate (x10-%) rad/s



COLD CESIUM ATOM SENSOR

i

Collaboration between several

laboratories 1n Paris:
LHA/LPTF, LPL, IOTA, LKB



Gyro-accélérometre a césium froid du SYRTE
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lL.aseribeams
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Atoms = ” M (Vi )(




Atoms

R(4,t)=T exp[i j jf)(tl)dtl}
k=R(52")k,

.
]
°®



SAGNAC PHASE IN 1HE ABCD FORMALISM
— = g
Er =ty )

COB%QT) jTQétZ 2
gDnggnac ) 5
| cos(2QT)=2cos(QT) |1 h% +[/60 %}T >

Reference: Ch. J. B., Atomic clocks and inertial sensors,
N\ fotral e 20 ]\ A8 ALY (DA COSPAR 2004
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RBITRARY 3D TIME-DEPENDENT GRAVITO-INERTIAL FIELD

Example: Phase shift induced by a gravitational wave
instein coord.: # =6+ hcos(Et+ @),y =0 with /1 = {h’f

ermi coord.:,:B> = 2,; =(&7/2 Zcos(§t+¢)



Atomic phase slit induced by a gravitational wave

T

-

6@ =—khV,ET* sin(ET+ @) sinc® (T / 2)

khV,T| c =20, +

h.J. Borde, Gen. Rel. Grav. 36 (2004) 475-502
h.J. Bordé, J. Sharma, Ph. Tourrenc and Th. Damour,

heoretical approaches to laser spectroscopy in the presence of gravitational fields
Dhhcrrts ~x1 A~ T Addser~~ A4 100NN T OO0 OON
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SPECTROSCOPIE D' ABSORPTION
%Mesure de la constante de Boltzmann kg

Fréquences  Cuve d’absorption
temporelle, spatiale ., jet moléculaire
OURCE LASER Vv 1 / > Mouvement
> A externe
Amplificateur /”\ nr ,
WANANA Detecteur
\ o Intensité
N A
Résonateur fransmise

Degrés de \\ //W
liberté internes < \
< / \\/ \_J

Largeur

Doppler SPECTRE
1 [2k,T

Av, =— e
D Spectre |- | N
A\ M dérive | oV

Fréquence V



Réesumeé, conclusions et perspectives

|_a spectroscopie sous-Doppler et l‘interférométrie atomiqu
ont joué un réle-clé et constituent des outils essentiels pou

Détermination de constantes fondamentales: c, h/M, R_, kg ,c,
Redéfinition des unités de base: m, Kg, A, Kelvin, mole

Exploration de I‘espace-temps:
Horloges et étalons de fréquence: Cs, Ca, Sr, H ...
Senseurs gravito-inertiels: gravimetres, gradiometres, gyrometres

Détection des ondes de gravitation
Géophysique, prospective géologique, navigation sous-marine et spatic

Tests des grands principes de symeétrie: Pauli, Parité,
CPT (Antihydrogene), Principe d‘équivalence

E“A‘A ‘AI‘AIAIMAI“AII‘II ar. . S~ .
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RELATIVISTIC PHASE SHIFTS

for Dirac particles interacting with weak gravitational fields
1n matter-wave interferometers

- I dt {— p“h,p" Linet-Tourrenc phase

¥ czp"ﬁhwp‘” N

+ XD |.s eneralized Thomas precessic
M(y+)| 282 P F P

_ % [@ X ( h—h. pcl E ﬂ S } spin-gravitomagnetic field

§ mean spin vector
gr-qc/0008033 http://christian.j.borde.free.fr



vorresponding energy term v

Nuv

IName 01 tvne enecy

Eh00/2

Newtonian potential: hoo = 2U/c* = —2g.¢/c’

Gravitational red shift

or acceleration field hoo = 2a.z/c’

Acceleration shift

Gravity gradient g(2).¢ = — (9 — 9 2/2) z

or curvature Roiojz'z’
Fermi gauge: hoo = h4.(t — z/c).(c” — y°)/2
+hx(t — z/c).xy

Effect of
gravitational waves

mﬂTﬁ (Vhoo X p) ]

hoo = 2U/c” gives V = =5 =5 [VU x p| .3

Thomas precession

—cp.h

Rotating frame: h = 2 x z/c
gives V = -0.L

Sagnac
effect

ho; given by the Lense-Thirring metric

Lense-Thirring (orbital)

—(c/2)[V x h] .3

h=0Rxz/cgvesV =-03

Spin-rotation interaction

ho; given by the Lense-Thirring metric

Lense-Thirring (spin)

— g [V (cp-h/E) x p].3

~ Thomas for rotation

=
cp. h .p/2E

Schwarzschild metric in isotropic coordinates:
hoo = h11 = haz = haz = 2U/c? gives

V = p*U/E in addition to EU/c? from hoo

Einstein gauge: h11 = —h22 = h4(t — z/c),

Effect of gravitational

(c/2) [v X (T.pc/E)] 3

hi2 = ha1 = hx (t — 2/c) waves
Schwarzschild metric: U = ~GM/r
hoo = hn = hay = haz = 2U/c? de Sitter

[VU X p].3 in addition
mc? 31 =1 [VU x p] .3 from hoo

gives V = —
toV = =5

mc‘)'

or geodetic precession

Einstein gauge:
hi ]

Interaction of the spin
with gravitational waves

1
2m(v+1)

2, 7 2
Vi{c'p. h .p/E* | x

%l

~ Thomas for gravitation




