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It is shown that the interaction geometry comprising four travelling laser waves which is used to obtain optical Ramsey fringes
in atomic spectroscopy. is also well suited to build an atom interferometer based on the atomic recoil. Since two different internal
states are associated with the two arms of the interferometer, the de Broglie phase. induced by rotation or acceleration, manifests

itself as a frequency shift of the Ramsey fringes.

Everybody has in mind the beautiful experiments
performed with neutron interferometers [1,2] and
much effort has been recently devoted to build an
interferometer for heavier species such as neutral at-
oms [3]. stimulated by new techniques in cooling
and handling atomic beams. The key component is.
of course, the beam splitter for which the atomic re-
coil in a standing wave (analog of the Kapitza-Dirac
effect) represents an attractive possibility demon-
strated both in the frequency [4] and momentum
[5] domains.

As opposed to neutrons, atoms offer the possibil-
ity of easily providing the additional labelling of their
internal states when the corresponding lifetimes are
long enough. As we shall see, different external paths
can be labelled by different internal quantum num-
bers, and it is therefore possible to associate the ex-
ternal phase with internal degrees of freedom which
can be probed by usual spectroscopic techniques.

As an example. we shall consider the case of a mo-
lecular beam of two-level systems (E,<£FE,) inter-
acting with two counterpropagating sets of pairs of
copropagating travelling laser waves as in the inter-
action geometry which has been used for Ramsey
fringes in the optical domain [6-12] (fig. 1).

Owing to the energy and momentum exchanges
during the resonant absorption/emission processes
in each interaction zone the matter waves are co-
herently split into two components with an internal
state [a) or |b) and with wavevectors differing by

a
o

Fig. 1. Interaction geometry of the four travelling laser beams (.
= kz) with the atomic beam (E.. py). Each ray is labelled by its
energy and momentum state |a. m, ) =|E,. po+mfik) (a=a
orb).

the laser wavevector k in the direction £ of light
propagation.

All possible rays originating from the ground state
(]a) ) incident beam have been drawn on the figure.
Each segment is labelled by a given state a or b and
by an integer /71, (=2 or b) which indicates the net
number of light momentum quanta 7k which have
been exchanged from the initial momentum p,. For
a definition of energy-momentum states
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see refs. [7.8,13].

We shall be interested in the transition probability
to state |b) in the last zone, which can be monitored
either through the excited population or through the
absorbed laser power. This probability can be ob-
1ained from the product of amplitudes correspond-
ing to two guantum mechanical paths. Such a cal-
culation is given in matrix form in refs. [7.8]: it leads
to oscillations in the transition probability as a func-
tion of laser detuning known as Ramsey fringes which
result from an interference of two paths where only
the internal degrees of freedom have been consid-
ered to play a role (with the exception of the recoil
shifts and of second-order Doppler corrections).

Owing 1o the final integration over a broad dis-
tribution of velocity components v.. only the con-
tributions associated with the two closed circuits of
fig. 2 are non-vanishing. They correspond to the two
recoil components of the Ramsey fringes (the third
closed circuit of fig. 1 is a parallelogram which cor-
responds to a photon echo in the same direction as
the first two waves). These two circuits having a fi-
nite area will behave as matter-wave interferometers
with a phase difference sensitive to bor/ internal and
external degrees of freedom.

Let us observe that each of these interferometers
has two arms labelled by a different internal state (if
the small central dark space is ignored). If the sys-
tem is now submitied to an external inertial field
(rotation or acceleration) the induced de Broglie
phase corresponding to each arm will therefore ap-
pear in association with a given internal state in the
final transition probability and thus, we expect a fre-
quency shift of the Ramsey fringes.

As an example let us consider the rotation of this
system with the angular velocity Q. The correspond-
ing additional Hamiltonian is [14]

Hg=—-0Q-(rXp).

where r and p are respectivelv the position and mo-
mentum operators of the atoms. In the basis of un-
perturbed energy-momentum states and to first or-
der in Q the extira phase factor for the evolution
operator is

exp(% | [QXr(t)]-(p, +m Fk) df') .
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Fig. 2. Closed circuits of matter-wave rays which correspond re-
spectively to the higher frequency (2) and 1o the lower frequency
(b) recoil components of the Ramsey fringes and which consti-
tute two distinct atom interferometers.

where r(1") 1s the classical position of the atom taken
along each arm of the circuits of fig. 2. If 2 is per-
pendicular to the interferometer plane. this gives

exp(2ikQd*/v)

for the round-trip phase factor which enters into
expressions (16) and (17) of ref. [8§] for the tran-
sition probability. and vields fringe terms propor-
tional to

cos[(w—ea,+2nQd//+6)2d/v]

which are shified from the central frequency @, by
the amount dr=Qd// (d is the distance between
zones in fig. 1). For 2d=21 cm [13] and the earth
rotation rate, the calcium line at 6573 A is shifted by
dr=12 Hz which should be easily detectable.

Similarly the gravitation field g would give a phase
factor
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exp(— LT‘:Iing-r(z" ) df')

(M is the atomic mass) and hence a maximum fre-
quency shift of the fringes equal to gd/2vi. Thus our
set-up offers sensitivity to rotation or acceleration
just as the neutron interferometer and images the
corresponding phase shifts into an optical frequency
shift. These shifts reverse if the propagation direc-
tions of laser beams are reversed and of course can-
cel if standing waves are used instead of travelling
waves. This reversal can be used for a modulation of
the effect (or to get rid of it as in ref. [12]).

As pointed out in ref. [16] quantum optics ex-
periments are easier to analvse in an accelerated ref-
erence frame where the atoms are freely falling and
where the light fields are correspondingly modified.
It is the case in both examples considered previously
where Qd//. and gd/2v/ are easilv reinterpreted as
shifts associated with the light fields in the acceler-
ated frame. A dual description of this sort is also
available for the neutron interferometer [2].

State labelling offers new possibilities for the in-
terferometer tuning: even if the beams are not spa-
tially resolved *', the phase on either arm of the atom
interferometer can be modified through any state se-
lective mechanism or through interaction with aux-
iliary light fields which may be resonant with tran-
sitions involving either state [a) or |b) and a third
level [c). Adiabatic fast passage in a spherical wave
[7.17] can be used to achieve any number of exact
m pulses, in order to investigate the spinorial char-
acter of the pseudo-spin.

It should be stressed that such a set-up has already
been successfully demonstrated with various atomic
systems [6-12]. It was simply not realized that it
could be described as a matter-wave interferometer
with separated beams. Its sensitivity to rotations and
accelerations remains to be  investigated
experimentally.

Other possible realisations of the same idea in-
volve more complicated interactions in each zone:
two-photon transitions connecting states with long
lifetimes could be used (e.g. the transition 1s—2s in
atomic hydrogen).

' For full spatial resolution of the beams, the recoil splitting
should be larger than the residual Doppler width, which itself
should be larger than the Ramsey fringe period.
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A detailed theoretical analysis of these systems will
be given elsewhere. Beyond the consequences for op-
tical frequency standards and a possible new class of
gyros or accelerometers they offer the conceptual in-
terest of a new playground where quantum physics
and gravitation physics interact strongly.

The author would like to thank Professor Ph.
Tourrenc for many fruitful discussions and for his
encouragement on this subject.
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