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Abstract. In this paper it will be shown that an atom interferometer, based on the coherent splitting
of the atomic wavefunction by four travelling waves (Ramsey interferometer), may be explained by
a purely mechanical interpretation. As our first application of this Ramsey interferometer we have
measured the phase shifts respectively optical length changes in a magnesium atomic beam caused
by the acceleration of the partial atomic wave in one arm of the interferometer. This acceleration
was achieved by the dipole force exerted by an off-resonant crossing laser beam which interacted
with the ground state part of the wavefunction only. Further applications of this interferometer and

improvements due to laser cooling will be discussed.
PACS: 32.80.-t, 42.50.4q, 07.60.Ly

With the recent developments of atom interferometers [1-
5], matter wave interferometry has been extended to parti-
cles with many internal degrees of freedom. This opens up
new experimental fields not or hardly accessible to neutron
or electron interferometers taking advantage of additional
interactions, e.g., with light fields.

In atom interferometers the atomic wavefunction is either
split by mechanical, microfabricated beamsplitters (wave-
front splitting in terms of optical interferometry) [1, 2], or
by the interaction with light waves (amplitude splitting) [3,
5]. The splitting due to the redistribution of photons in a
standing wave divides the wavefunction into partial beams
of ground state atoms, differing in momentum by even mul-
tiples of the photon momentum Ak (k: wavevector of the
light field).

On the other hand, the splitting due to the absorption
of a single photon from a travelling wave, in which atoms
are excited to a reasonably long living state, will result in
two partial beams, differing in momentum as well as in the
internal states. This simplifies extraordinarily the selective
access to one interferometer arm by state selective interac-
tions, without the need for a spatial separation between the
two arms (typically a few pum in atom interferometers based
on mechanical beamsplitters) or a spatial limitation of the
interaction to one arm.

Applications of atom interferometers [3, 5] presented so
far have only been sensitive to interactions with the external
degrees of freedom. In the experiment described here, we
apply an additional light field to change the phase of the
matter wave in one arm [6].

1 The Magnesium Ramsey Interferometer

Our interferometer setup consists of an atomic beam of
magnesium atoms crossed perpendicularly by four travel-
ling laser waves resonant with the intercombination transi-
tion 'Sg—>P; of Mg (A = 457 nm, lifetime of the 3P, state
7 = 4.6 ms). This setup constitutes an atom interferometer
as was first shown by Bordé [7].

The interactions with the four laser fields split and sub-
sequently recombine the atomic wavefunction by the ex-
change of photon momenta and photon energy between the
laser fields and the atom. Figure 1 shows those atomic tra-
jectories which contribute to the interference. Each closed

_‘—‘—)P‘
3P1
285nm
457nm
—_ Se
?*zv"
«——D—> «—D—> %
2T o
N e B2 ent
. e
,—”’/ ,//ﬁ‘?*‘ww
S I— 2N &.p>
lg.p> le.p> lg.p>
e,
p=ng! 2wt 2Vl Pbie.

Fig. 1. The upper part shows the relevant part of the magnesium level
scheme. The lower part shows the principle configuration of the Ram-
sey interferometer [7]. Solid lines: high frequency (blue) recoil com-
ponent; dashed lines: low frequency (red) recoil component
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loop represents an interferometer of the Mach-Zehnder type
corresponding to the two recoil components. The two exit
ports of both interferometers also differ in momentum and
in the internal state. Therefore the interferometer can simply
be read out by monitoring the excited state population, e.g.,
by detecting its fluorescence.

1.1 Mechanical Interpretation of the Ramsey Interferometer

Compared to atom interferometers working with material
beamsplitters Ramsey interferometers offer the advantage
that the beamsplitting can be affected by the laser frequency.
In the following we will explain the frequency dependence
of the interference pattern as effect of a momentum trans-
fer perpendicular to the direction of the laser beams. This
momentum transfer, which is widely neglected when treating
the scattering of atoms by a laser field, plays a crucial role in
the Ramsey interferometer. Due to the high interferometric
sensitivity, small longitudinal displacements caused by dif-
ferent momenta in both arms strongly affect the interference.
The momentum transfer with a component perpendicular to
the laser beam is possible according to the Heisenberg min-
imum uncertainty between the rms waist radius Aw and the
angular spread of photon momenta hAk,, AwhAk, =h/2
of a Gaussian beam. For simplicity we will consider only
one interferometer (the blue recoil component, solid lines in
Fig. 1).

Energy and momentum conservation for the absorption
of a single photon with frequency wi, demand

pa/2m + hwy = (po + FK)2/2m + hwo , |k| = wr /e (1a)

Here wy denotes the atomic eigenfrequency, po the momen-
tum of the incident atom in the ground state, and m the mass
of the atom. Equation (1a) can be simplified to

K-py/m=A4-6. (1b)

This means that the atom absorbs a photon of the momentum
decomposition of the localized field with the Doppler shift
K - py/m compensating for the detuning A—4§, A = wr —wy
denoting the laser detuning and § = hk?/2m the single recoil
shift. Thus for a detuning A # 6 a momentum component
hk, parallel to the atomic momentum and perpendicular to
the laser beam is transferred to the atom.

If we assume the laser beams to be parallel to the z-
axis (Fig. 1), the momentum transfer leads to a spatial dis-
placement Az and Az of both partial waves |g,po > and
le,po + k > during the dark zone between the first and the
second laser beam:

Az = Thk,/m, Az = TH(A — 6 — p,k./m)/ps . )

Here T = D/v, denotes the time of flight between first
and second respectively 3rd and 4th laser beam, p, and p,
the atomic momentum along x and z, and k., the mean
laser wavevector component along z. During the central
dark zone between 2nd and 3rd laser beam atoms in both
partial waves are in the same internal and external state
|9, po > (le, po + Rk > for the red recoil component), lead-
ing to no additional displacement. In the third dark zone
a momentum difference between both partial atomic waves
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leads to a final displacement at the exit ports of Az = 0,
Az = 2THA — 6)/p, (Az = 2Th(A + 6)/p,, for the red
recoil component). With our experimental parameters a laser
detuning of one kHz corresponds to a longitudinal separation
of the atomic wavepackets by Az = 300fm. In each inter-
ferometer this displacement leads to an interference term in
the probability of finding the atom in one exit port which har-
monically varies with the phase difference ¢ = 2rAz/Agp
(Agp being the de Broglie wavelength Ags = h/po) between
both interfering arms. As the two exit ports correspond to
different internal states, the probability P, of finding an atom
behind the interferometer in the excited state is given by

P. o cos(¢ + ¢) = cos 2T(A + 6) + 4. (3)

neglecting a constant background. The 4§ corresponds to the
red recoil component, the —§ to the blue one. Here ¢p =
@2 — @1+ P4 — 3 is a phase depending on the relative phases
@1, 2, 3, P4, of the four laser beams. This oscillation in
the excitation probability describes the well known Ramsey
fringe pattern.

The resulting amplitude of the interference fringes is
given by the product of the individual excitation amplitudes
in the subsequent interaction with all four laser beams.

The Schrddinger equation in the rotating wave approxi-
mation separates in a free motion along z with momentum
P, — hk,/2, p, + hk,/2 for ground- and excited state, re-
spectively, and a motion along z according to
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neglecting a weak divergence of the laser fields along z,
i.e., for a Rayleigh range of the laser beams large com-
pared to the transverse width of the atomic waves. Here
A= A—§—k,p,/m denotes the effective detuning, £2(x)
denotes the Rabi frequency and ¥ = (3., wg)T denotes the
atomic wavefunction. This equation can be further simplified
if we look for stationary solutions and neglect the different
momenta of both coupled states and the spreading of the
wavepackets during the interaction (Raman-Nath approxi-
mation [8]), rendering

.2 Pz 0 _ h A Q($)6i¢i
i m Bz @) = 2 (Q(a‘;)e_i¢i A ) P(z) )

with ¢(x) = (Pele, Pz >, dglg, P> >)". This is equivalent to
the well known Schrodinger equation for a two level atom
interacting with a laser pulse with a fictitious time z/v,
which can be easily integrated to give the individual ex-
citation amplitudes in each laser beam. In this approxima-
tion the results given here are equivalent to those found by
Bordé etal. treating the Ramsey setup as sequence of four
laser pulses in time [9]. Note that the amplitudes vary only
slowly with the effective detuning A’ as long as A’ is small
compared to the Rabi frequency 2. Therefore the frequency
dependence is mainly determined by the atomic evolution
during the dark zones. When the spatial shift Az surpasses
the coherence length of the atomic beam (or the width of the
corresponding wavepacket) the fringe amplitude disappears.
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The transverse spatial separation of both arms in the inter-
ferometer depends for one atomic species on the longitudinal
atomic velocity and the laser beam distance D (Fig. 1). For
a typical configuration the separation will range from one to
several hundred microns and is usually, but not necessarily,
smaller than the diameter of the atomic beam.

2 Application as Frequency Discriminator

The sensitive dependence of the interference signal on the
laser frequency has been the basis of the optical Ramsey
spectroscopy for several years [10]. Typical widths of the
central fringe range from several kHz up to several tens of
kHz depending on experimental conditions and, according
to (3), on the distance D between the copropagating pairs
of laser beams.

Figure 2 shows the experimental setup of our Mg-inter-
ferometer. The effusive Mg atomic beam (7' = 700K) is
collimated to a divergence of 3mrad and the 457 nm beam
is provided by a stilbene 3 dye laser (rms linewidth less
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Fig. 2. Experimental setup. The 285nm laser beam is used for the
suppression of one recoil component (mirror at position a, laser on
resonance with ! So—! P, transition) or for an additional state selective
potential (mirror at position b, laser detuned off-resonance)
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Fig. 3. Ramsey fringes observed in a Mg atomic beam (D = 12 mm).
The signal is a superposition of the low and the high frequency recoil
component. The incoherent Lamb dip background has been subtracted
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than 200 Hz, drift 20 Hz/s). The laser beam is retroreflected
by two cat’s eyes forming the four Ramsey beams {10].
The fluorescence from the excited atoms is detected a few
centimeters downstream the last laser beam by a photomulti-
plier. The two Ramsey fringe patterns formed by a superpo-
sition of both recoil components separated by 79.5kHz for
24Mg are shown in Fig. 3 with a distance D of D = 12mm
resulting in a width of the central fringe of 12kHz. Only
the lowest order fringes are visible due to the low coherence
length of the thermal atomic beam of about two de Broglie
wavelengths (A\gg = 23 pm).

3 Suppression of One Recoil Component

The excact determination of the line center frequency is com-
plicated by the superposition of the fringe pattern of both
recoil components. Thus it might be quite helpful for metro-
logical as well as for interferometric applications to suppress
one recoil component. This can be done by irradiating atoms
in the central dark zone (Fig.2 with the mirror in position
a) with laser light tuned to the strong 'Sy—'P; transition
(A = 285nm, 7(* P;) = 2.02ns). In this region, atoms con-
tributing to the blue recoil component are in the ground state.
The resonant absorption of the 285 nm light deflects those
atoms and moves them out of resonance with the following
pair of 457nm Ramsey beams. Even one spontaneous pro-
cess at 285 nm would destroy the fringe pattern of one recoil
component. The random momentum distribution of sponta-
neously emitted photons leads to a destructive momentum
distribution of the finally interfering partial wave packets.
But those atoms will still contribute to the incoherent part
of the fluorescence signal.

Figure 4 shows experimental results demonstrating this
effect; the suppression of the blue recoil component with a
UV power of 10mW is clearly visible. The UV laser was
provided by frequency doubling a rhodamine 6G dye laser
in ADA in an external ring cavity. The suppression of the
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Fig. 4. Observed signals without (dashed line) and with additional
285nm laser showing the suppression of the high frequency recoil
component
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red recoil component by an additional laser interacting with
the excited state atoms was demonstrated for Ca atoms in
[11].

4 Light Field as Phase Shifter for Atoms

In Sect. 1.1 it was shown that the interferometer may be ex-
plained by a longitudinal splitting of the atomic wave by the
laser induced longitudinal momentum transfer to parts of the
atom, which are labeled by the internal state. Because of this
labeling it is rather obvious that by state selective interaction
one partial wave can be selectively addressed by an addi-
tional laser beam. If this beam is an off-resonant Gaussian
beam, it will be possible to decelerate or accelerate one par-
tial wave by dipole forces in the inhomogeneous intensity
profile. n

In our experiment this additional state selective force,
acting only on one arm of each interferometer, is introduced
by a laser beam nearly resonant with the ! So—! P; transition,
which is sent into the dark zone between the third and the
fourth Ramsey laser beam (Fig. 2 with the mirror in position
b). Atoms in the ground state moving through the Gaussian
laser intensity profile I(z) will experience the optical dipole
force. E.g., for red detuning of the laser, atoms will be accel-
erated towards the center of the beam and then decelerated
again to their former velocity. This leads to an advance of
this part of the wavepacket compared to that in the other
arm of the interferometer. The corresponding potential U is
the local energy of the ground state (the dressed state [12])
shifted by the interaction with the additional light field (ac-
Stark effect)

U =hApy/2[(1 + 2 /AL)? = 1]. )

2 = I'I /2I5a7)'/? denotes the Rabi frequency of the 1S5—
P, transition, Isar = mhe/(37)A3) its saturation intensity.
For a sufficiently large detuning the spontaneous emission
from the excited level ! P, can be neglected.

The resulting spatial shift Azyy between the two partial
wavepackets can be calculated, with the help of Ehrenfest’s
theorem in the approximation that the additional potential is
small compared to the atomic kinetic energy, to

Azyy = —l/mvi/Udm. (7
The corresponding phase shift A¢yy is given by

Apyy = 2nAzyy/Ag = —1/hvy / Udx. (8)

According to the small coherence length of the atomic beam,
the spatial shift reduces the fringe contrast. As a detuning of
the Ramsey laser also leads to a shift Azr of the wavepack-
ets, the UV induced spatial shift Azyy of the wavepacket
will be compensated if Azg + Azyy = 0. For the corre-
sponding detuning of the Ramsey laser of

AwL = —/Ud.’E/ZhD (08 PUV/AUV (9)

both wavepackets overlap completely (Pyv denotes the UV
laser power). This means that the maximum contrast of the
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Fig. 5. Shift of the interference signal caused by an additional 285 nm
laser, selectively interacting with only one arm of the interferometer.
(Auy = 501yy, Pygv = 10mW). Dashed line with and solid line
without 285 nm laser beam

Ramsey fringes can be restored by an additional detuning
Awr of the Ramsey laser. Note also that according to (6)
and (9) the frequency shift is independent of the atomic
velocity.

The discussion above represents a mechanical interpre-
tation of the ac-Stark effect. This view is better suited to
matter wave interferometry than the traditional interpreta-
tion. In the regime where the light shift potential is small
compared to the kinetic energy both views will lead to the
same results (9).

A typical Ramsey spectrum demonstrating the light in-
duced shift is shown in Fig. 5. The Ramsey signal was mea-
sured at each laser frequency with and without UV laser
beam, in order to reduce the effect of any residual frequency
drift on the 457 nm laser. It should be noted, that the Lamb
dip remains umnaffected, since it is the incoherent sum of
excitation probabilities. We measured the shift for various
detunings and intensities of the UV laser.
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Fig. 6. Measured frequency shifts of the interference signal for various
intensities and detunings of the additional 285 nm laser (285 nm laser
waist 1.3mm, D = 4.5 mm). Data have been normalized to a constant
285 nm laser power
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These results are shown in Fig. 6; the solid curve shows
the values calculated with (9).

The spontaneous emission probability increases with
smaller detuning and higher power of the UV laser. This
results in a decrease of the fringe contrast, since each spon-
taneous emission destroys the coherence and would allow
us in principle to detect which path the atom took.

With a fringe amplitude of 3,000 counts per second and
total signal strength of 20,000 counts per second we can mea-
sure a shift of 0.15rad within one second.

The observed shift is actually a quantum nondemolition
(QND) measurement of the photon number in the UV-laser
beam. Due to the high sensitivity of matter-wave interfer-
ometers, which may be further improved using laser cooled
and manipulated atoms, a detection of single photons inside
a high finesse cavity seems to be feasible.

5 Improvements by Laser Cooled Atoms

Magnesium offers the possibility of laser cooling on the fast
15— P; transition which constitutes a closed two level sys-
tem. We decelerate a Mg atomic beam by the Zeeman tuning
technique [13] within 12cm to a final velocity in the range
50-200m/s [14]. Figure 7 shows a typical final velocity dis-
tribution, which was measured by detecting the fluorescence
induced by a second, counterpropagating 285 nm laser beam.
The detected width of the signal of the decelerated atoms is
mainly determined by the natural linewidth Iyy of the ! Sy—
VP, transition (Iyy = 2780 MHz). The actual width of the
velocity distribution is less than 20 m/s.

5.1 Interferometry

The coherence length L of an atomic beam, e.g., the width
of the atomic wavepackets, is given by Lc = h/(mAv,).
For a thermal atomic beam of Mg atoms (" = 700K), the
coherence length is 33 pm. In terms of optical interferome-
iry this beam corresponds to white light and thus only low
order fringes are visible. This situation can be substantially
improved by laser cooling . For Mg atoms cooled to the
Doppler limit the corresponding velocity spread Awv reads
Av = 81 cmy/s. This is equivalent to a coherence length of
20nm which is a factor of 600 larger than for a thermal
beam.

Furthermore, also the mean atomic velocity can be re-
duced and tuned over a wide range by means of laser cool-
ing techniques. This offers also a large tuning range of the
corresponding de Broglie wavelength. In a matter wave inter-
ferometer slow atoms interact longer with a potential, hence
they will experience a larger phase shift (see, e.g., (6)) com-
pared to fast atoms; this leads to a higher sensitivity on small
potentials.

5.2 Frequency Discriminator
For spectroscopic applications of the Ramsey interferome-

ter the use of slow atoms reduces the fringe period Aw =
1/2T = v, /2D linearly with the mean velocity. The influ-
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Fig. 7. Final velocity distribution of a laser decelerated and cooled Mg
atomic beam

ence of the second order Doppler effect, which leads to a
shift, an asymmetry and a reduction in the fringe contrast,
is also diminished by cold atoms with a well known, nar-
row velocity distribution [10]. Therefore the application of
laser cooled atoms will be of great importance for future
metrological applications: for instance, resolving the natural
linewidth of 35Hz of the 19y—>P; transition with a thermal
atomic beam would require a distance between the Ramsey
laser beams of 2D = 3.3 m (neglecting the broadening due
to the quadratic Doppler effect of 2 kHz!), whereas for laser
cooled atoms with a velocity v, = 10m/s a seperation of
4.6 cm would be sufficient.

6 Interferometry with Trapped Atoms

Trapped atoms offer the possibility of substantially pro-
longed interaction times compared to those of beam experi-
ments.

For trapping of neutral magnesium atoms a magnetoop-
tical trap [15] is well suvited. The trap, composed of six
orthogonal 285nm laser beams and a spherical magnetic
quadrupole field, will narrow both the spatial and the mo-
mentum distribution to the Doppler limit (Av = 81 cm/s).
If this cold and dense ensemble of atoms is irradiated by
successive, coherent pulses of two counterpropagating laser
beams as shown in Fig. 8, we have a situation similar to the
spatial sequence of four Ramsey laser beams in the atomic
beam experiment. Thus the atomic waves are split and re-
combined in place, neglecting a slight motion due to the
photon recoil.

Such a cycle could be started with the filling of the trap
during a short time. Then the trapping lasers and the mag-
netic field would be switched off to allow the application
of a 457nmx/2 pulse to the atoms. After a time 7" a sec-
ond 7/2 puise would be applied from the same direction,
followed by the same sequence from the opposite direction.
The subsequent detection of the excited state population by
monitoring the fluorescence is very effective since all ex-
cited atoms decay within a small volume compared to the
long decay length in an atomic beam.

The interference is based on the difference between the
atomic coherence, which evolves with the atomic eigenfre-
quency, and the frequency of the laser pulses.

This scheme offers the opportunity for ultrahigh resolu-
tion spectroscopy due to the possible long pulse separation,
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Fig. 8. Principle configuration of a pulsed Ramsey interference exper-
iment on atoms captured in a magnetooptical trap

and it can also be used for the interferometric measurement
of very small potentials.

If the trapping lasers are switched on for a short time
after the first pair of pulses, the blue recoil component will
automatically be suppressed.

7 Conclusion

We have shown that the Ramsey interferometer may be in-
terpreted quite naturally by a mechanical splitting and re-
combination of the atomic wave in crossing resonant light
fields. This picture immediately allows the estimation of typ-
ical interferometric quantities like coherence length, coher-
ence time, contrast, etc., as well as the consideration of var-
ious influences by other phase changing interactions. We
have demonstrated the phase shift in one interferometer arm
caused by the dipole force of an additional laser beam. In
addition it was possible to suppress one recoil component by
eliminating one of the two Ramsey interferometers. With an
experimental width of the central fringe of 12kHz we can
measure phase shifts of 0.15rad within one second.

The rich internal structure of atoms in combination with
the high sensitivity of the Ramsey interferometer will allow
further fundamental experiments such as studies of Berry’s
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phase in complex topologies, tests of general relativity, or
searches for a fifth force. Especially laser cooled and trapped
neutral atoms in a pulsed Ramsey geometry will open up
totally new fields in high precision atom interferometry.
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