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Comparison of atom and photon
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BORDE-CHU INTERFEROMETER
Total phase=Action integral+End splitting+Beam splitters
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NEW OPTICAL ATOMIC INTERFEROMETERS FOR PRECISE
MEASUREMENTS OF RECOIL SHIFTS. APPLICATION TO ATOMIC HYDROGEN
Christian J. Bordé
Laboratoire de Physique des Lasers, UPN, URA 282, Villetaneuse
and Laboratoire de Gravitation et Cosmologie Relativistes,

UPMC, URA 769, Paris, France

M. Weitz * and T. W, Hinsch,

Max-Planck-Institut fiir Onantenantil N_RNAR Carahine Mavnaans
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FROM 3 TO 4 SPATIAL DIMENSIONS

2
o(x,c7)=exp ilvIC (r —7,) |@(x,Mc)

p(x,c7)= j d(Me) exp| | Mc” (r —7,) |p(x,Mc)




E(p)
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do’ =c*dt* —dx*—ds* =0
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s> ~T*dt” —dx* =0
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OPTICAL PATH & FERMAT’S PRINCIPLE IN (4+1)D

eikonal equation in 5D (4,v =0,1,2,3,4):
g Wa[,¢ a&¢ =0
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BASICS OF ATOM /PHOTON OPTICS
Parabolic approximation

of slowly varying phase and amplitude
E(p)

Po



BASICS OF ATOM /PHOTON OPTICS

Schroedinger-like equation for the atom /photon field:

8(0 Mc 1 1
ot 2 2M 2M’
p, =ihd;; p,=ihd,; pP,=M"c (ha/c for photons)

1h——

- p'p;+p*p, | P,

- gravitation field: h” = -2§.G/c*—q.7.G/c’

- rotation field: h = —« g/c

= @ = =

- gravitational wave: h= -0

= B.a(t).G+ P. S).P/2M =M G.7(t).G/2—M GG+ f.p



ABCDEd LAW OF ATOM/PHOTON OPTICS

wavepacket(g,t) =
exp| ip,(1)(q-0,(1))/ 7 |F (a-0, (1), X (1), Y (1))

p=(P. Py, P,,MC); g=(X,Y,Z,C7)
g, (t)=Aq,(t)+Bp(t)/ M +S(t,t)
p (t)/M =Cq.(t)+Dp (t)/M +g¢(t,t)
X (t)= AX(t )+BY(t )

Y(t)=CX(t)+DY(t)



Ehrenfest theorem
_I_

Hamilton equations

H. . = p.a®).q+p.AM).p/2M" =M'G.7(t).§/2—M GG+ F.p
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GENERAL FORMULA FOR THE PHASE SHIFT
OF AN ATOM/PHOTON INTERFEROMETER

N ~
5p =Y (6ki™. Y +5p))
=

~ (0)
KO = (kx,ky,kz,wc ),f LG9 =[(x.y,z.cr).ct]

5RO =K -k g = (g +q)/2

Bi aj? i 8] ]



Atomic Gravimeter
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op=-k(z,-2,-2"+2,)+k(z,-2",)/2



Exact phase shift for the atom gravimeter
op=-K(z,-2,-2"+2,)+k(z,-2",)/2

=L{[smh(ﬁ(T+T ))- 2smh(J_T)}(vO+—j

2M

Jr
+\0[1+005h(\5(T +T ) 2COSh(\FT)J(Z _;j}

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

Reference: Ch. J. B., Theoretical tools for atom optics and interferometry,
C.R. Acad. Sci. Paris, 2, Série IV, p. 509-530, 2001



ARBITRARY 3D TIME-DEPENDENT GRAVITO-INERTIAL FIELDS

Example: Phase shift induced by a gravitational wave
Einstein coord.: =1+ h cos(g’ft + ¢),7/ =0, with h = {h”}

Fermi coord.:Z’> = T,; =(&°/2 ﬁcos(ft + ¢)




Atomic phase shift induced by a gravitational wave

S = —khV,&T 2 sin (ST +¢)sinc’ (ST /2 )
—khq, /2[00 (24T + ¢) —#05(5 3

—thog% ST +4)=Clb(ST+4)
- - ik
l \

Ch.J. Bord¢, Gen. Rel. Grav. 36 (Mar h 2004
Ch.J. Bordé, J. Sharma, Ph. Tourrenc and Th. Damour,
Theoretical approaches to laser spectroscopy in the presence of
gravitational fields, J. Physique Lettres 44 (1983) L983-990
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Atomic clocks and inertial sensors

Space coordinate z

Vo T ™
Time coordinate ¢

Figure 18. Space-time diagram of the atomic gravimeter.

what could be obtained with light rays, since the times
T can be of the order of 1s and gT™ is of the order of
10 m compared with an optical wavelength. The next
term is a significant correction due to the gravitational
field gradient +. One can also measure directly these
field gradients, with two gravimeters using two clouds
of cold atoms and sharing the same vertical laser beam
splitters. It is then no longer necessary to have a very
sophisticated inertial platform for the reference mirror
and it is possible to measure directly the differential
acceleration between these two clouds. This is the
principle, illustrated in Figure 19, of the gradiometers

developed first in Stanford then in Yale by Kasevich
and co-workers [27, 59]. The cwrent sensitivity is
4 % 107 s—zf z and the uncertainty is 1 x 102
s2/f v/Hz for an extrapolated 10 m separation between
accelerometers. For the future, this principle may be

consjdergd for graitational ovavg delrofign, WaSDaEs pe e e = — = e - — w8 n o e
gl r r

accelerometers. For the future, this principle may be
considered for gravitational wave detection In space

[60].

mne SL MAss energy v nas 1o pe replaced oy ine
photon energy fuv in the case of light waves. This
expression can be derived by a number of approaches,
the best of which is to use the rotation operator in
the Schrodinger equation and the derived propagator
and ABCT matrices, as outlined above, which gives
the Sagnac shift thanks to an exact formula. The same
approach applies to the trapezoid geometry used in the
previous experiment as well as to the parallelogram
geometry, as suggested in [24], analogue of the Mach-
Zehnder optical interferometer, which has been used in
more recent experiments and which has the advantage of
being insensitive to laser detuning. For the illustration,
the formula calculated with the ABCDY¢ formalism is
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Figure 19. Atom wave gradiometer of Yale University. The two clouds of atoms share the same Raman beams,
which generate two atom interferometers separated vertically by 1 m.

Metrologia, 2002, 39, 435-463
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Merrelogia, 2002, 3, 435-463



Bordé-Ramsey interferometers

Atom
*— _»
beam
M*c?_( Ak Y
S = — . T(M*Cj hcos(&T +¢)sinc(&T)
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