cta vr%mmow slovaca vol. 46 No. 3, 463 — 467 June 1996
a

CONCEPTS OF TEMPORAL MACH-ZEHNDER INTERFEROMETRY
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The possibility of building a Mach-Zehnder type atomic interferometer within
a magneto-optical trap is presented here. We propose trapping 'Li atoms and
subsequently applying a pulsed laser beam to the trap region. By a judicious
choice of pulses and delays a temporal, three light diffraction gratings atomic
interferometer can be obtained.

1. Introduction

During the past decade there has been a huge surge in the interest expressed by the
physics community in the field of atom optics. This has resulted in the successful design
and construction of numerous atom optical devices which facilitate the manipulation of
and control over atoms. Beam-splitters, mirrors and diffraction gratings for atoms have
made the realisation of atomic interferometers possible and several different techniques
have been adopted for this purpose. For a review of the developments made in the field
in the past few years the reader is referred to [1] and [2].

Recently, in our laboratory, an atomic interferometer using three standing light
waves as diffraction gratings has been constructed for a thermal beam of metastable
argon atoms [3] [4]. The atomic waves are divided at the first standing light wave
and a coherent superposition of mainly zero and first order diffraction components is
obtained. These components then pass the second standing light wave.which alters their
direction such that they overlap at the third grating. A number of beams emerges at
this point, some of which are coherent superpositions of different trajectories through
the three light gratings and, thus, form an interferometer. Interferences are detected
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by displacing the third grating along the direction of the laser light. This arrangemey
Is equivalent to a Mach-Zehnder type three-grating interferometer. i

We propose extending this experimental technique in order to build a similar inter:
ferometer in the time domain for magneto-optically trapped lithium atoms. The three
light diffraction gratings will consist of three standing waves crossing the trap Tegion
at the same position in space but at different times. The first two waves will haye

atoms, being quasi-stationary in the time scale considered, interact with each grating
successively as a consequence of the sequential pulsing of the light gratings. Some of
the more interesting features associated with the proposed experiment, including jtg
”white-light” nature and its Insensitivity to stray magnetic fields, will be discussed.

2. Experimental Considerations

The experimental arrangement which we will use consists essentially of a magnet.
optical trap [5) optimised for the capture of lithium atoms. Work on this is already’
underway in the laboratory. A beam of lithium atoms is produced by heating an oven’
to 350 — 400°C. The atomic beam is then trapped using a standard magneto-optical
trap in which three orthogonal, retroreflected, circularly polarised, standing light €w<8M
and a magnetic field gradient provide the trapping mechanisms. The magnetic field:
1s produced by a pair of anti-Helmholtz coils, arranged so that the zero-field at the:
centre of the coils defines the trap region. The measured magnetic field gradient along
the propagation axis of the atomic beam 1s 30G/cm for a current of 304. We us
the wm.m.w?m, =2) & wwﬁwﬁu = 3) transition at 671nm [6]. The six trap beams haw
intensities of 20mW/em? and are all at the same frequency. The laser light, provided b;
an Ar-Ne pumped dye laser, is detuned off-resonance by 10M H z to the red. The entir
experiment is housed in a vacuum chamber maintained at UHV (~ 5x10~°Torr with
lithium in the system). From previous work carried out with “Li traps in our group [7
a life-time of ~ 3s is expected for the trapped atoms. An atomic density of 10'* fem?
and a velocity of 60cm/s should also be obtainable.

Next we consider the actual construction of the temporal interferometer within the:
trap. The trapping light beams must first of all be switched oft. The trapped atom
are initially distributed over the two ground state hyperfine levels (F = 1 and -2):

These atoms must be optically pumped to the F = 1 ground state level via the wﬁuw :
excited state. One chooses a pumping beam on-resonance with the wwmw (F =2) &

22P; (F = 3) transition with frequency vy (Fig. 1). Under these experimental conditions

the m&ﬁmnmuo structure of the excited state can be ignored and it can be treated as a.

single state with a natural linewidth of ~ 18.54M H z.
Once the atoms are pumped to the lower (F = 1) ground state level the intensity

of the laser beam is increased and a quick pulse of light of 100ns duration, ogww.ﬁm :
using an AOM, is applied to the trap. This first light pulse acts as the first diffraction

light grating through which the atoms pass in the time domain. A momentum transfer

of 2hk results in a coherent separation of the atomic wave impinging on the grating '

into primarily, zero and first diffraction order beams. A schematic representation of
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Fig. 1. Energy level diagram for Li showing the two ground state hyperfine levels mm@wq.m.omm
b mwow 5MHz and the excited state. The resonance frequency, v, corresponds to the transition
mﬂi the F' = 2 ground state level to the excited state and has a wavelength, Aope ~ 670.96nm.
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Fig. 2. Schematic representation of the three light diffraction gratings showing the zero and

first diffraction orders only. Ap corresponds to a momentum transfer to the atoms parallel to
the standing light waves. v is the laser frequency. Note that the interferometer is drawn as

a function of time.

the interferometer, in which one can see the three light gratings, and the zero and first
difiraction order beams (corresponding to momentum kicks of 0 and +2hk parallel to
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the standing light waves), is shown in Fig. 2. ,
The different atomic trajectories then freely evolve for 10045 before the second &
light p of duration 100ns is applied. This acts as the second light grating for g
atoms, which experience once more a momentum kick of 2hk. Some of the diffra; ]
beams are redirected and they freely evolve for a further 100us. After this time’ the
beams overlap and an interference pattern can be observed. A third light pulse wit
a frequency vy = 1y + A is applied in order to produce the third grating in the iy,
ferometer. Laser light with a frequency v is obtained by passing the vy light (as useq
for the first two light gratings) through an EOM and selecting the positive, first order
optical side-band with a fixed detuning of A. Thus the frequency of the third pulse ig
shifted with respect to the first two pulses, and the intensity of the light is lower, By
a displacement of this light grating parallel to the standing wave one should observa
intensity modulations in the light. We thus will obtain a Mach-Zehnder type m.eo.n:.n
interferometer in time, in which the usual roles played by matter and radiation hava
been reversed. Since the internal state of the atoms remains unaffected, this can bs
classified as a de Broglie wave (centre-of-mass) interferometer. oE
It is important to emphasize that there will be no spatial separation between the
three light gratings, and the successful operation of this interferometer relies
on the temporal evolution of the trapped 'Li atoms and the sequential pulsi
frequency selections of the laser light which produces the three gratings through which’
the atomic wave is coherently split by diffraction, redirected and finally recombined.

3. Discussion

In the atomic Mach-Zehnder interferometer in the time domain presented here, th
atoms are diffracted at near-resonant standing light waves. It has been shown [8] 9
that this can be treated as diffraction from a sinusoidal phase grating and, therefore
the strength of the diffraction orders depends on the Rabi frequency (i.e. the light
intensity) and the detuning, A. Thus, the characteristics of the diffraction gratings in::
the proposed interferometer can be changed by varying either of these parameters. In"
addition the period of the light grating, which is given by Aope/2 where Aopt & 671nm
can easily be changed by varying the frequency of the laser light. 5

A distinct advantage of using light gratings rather than material gratings in atomic
interferometry lies in the fact that interferometers in time, as described above, can
be constructed. However, in general, the separation between the diffracted beams will
not be large enough to result in separated wave-packets. The interaction times of the
atoms passing through such an interferometer are identical irrespective of the atomic
velocity. This non-dispersive, ”white-light” nature allows us to choose the diffraction
regime (Bragg or Raman-Nath) in which we operate the apparatus by varying the light
pulse duration and thus, changing the atom-light interaction time. In addition, the time
of evolution between two successive light gratings can be very long since it depends OEM. :
on the delay-time between two light pulses.

Generally, the grating alignment in interferometers is extremely critical for observing ‘.- ¢
interference effects. We expect to overcome this problem since in the proposed design. -
all three light gratings occupy the exact same position in space and, thus, any stringent
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irements with respect to their relative alignment are removed. Additionally, any
ir

_.on_:. s of the mirror used as the retroreflector for producing the standing :mr?é.wém
ivnmroH__a in overall phase-shifts to the interference pattern. To avoid this, the mirror
R0 nm,ﬁm roperly mounted so that it is adequately isolated from all vibrations of the
mwomm_amﬂw It has been shown that if the amplitude of mirror displacements due to
exp ’

he vibrations is small enough the measured contrast of the interference pattern will be
the

reduced. Finally, due to the small size of an interferometer built within a MOT, it is

ected that the strength of any stray magnetic fields will be sufficiently constant over
exp

the entire dimensions of the interferometer. Therefore, such an interferometer should
be quite insensitive to the presence of stray fields.

Acknowledgements We would like to thank J. Uw:mnr_.mm“ m Batelaan and St. e.<m-
hinger for partaking in many helpful discussions. This project is funded .U% nrm.>smﬁ._w=
Science Foundation (FWF), project no. S6504. .mZO acknowledges a Lise go_ﬁ.ﬁn Fel-
lowship from the FWF. SF acknowledges financial m.:wvo; from the m,.<<m,_ project no.
P10216. JS is supported by an APART Fellowship from the Austrian Academy of

Sciences.

References

(1} see Advances in Atomic, Molecular and Optical Physics, Supplement - Atom Interfer-
ometry, ed. by P. Berman (1996}, to appear;

[2] see special issue on Optics and Interferometry with Atoms, ed. by J. Baudon, Ch.
Miniatura, J. de Phys. II 4 (1994); N

(3] E. M. Rasel, M. Oberthaler, H. Batelaan, J. Schmiedmayer, A. Zeilinger: Phys. Rev.
Lett. 75 (1995) 2633; B

[4] H. Batelann, S. Bernet, M. K. Oberthaler, E. M. Rasel, J. Schmiedmayer, A. Zeilinger:
to appear in [1];

(5] E. Raab, M. Prentiss, A. Chu, S. Chu, D. Pritchard: Phys. Rev. Lett. 59 (1987) 2631;

[6] Z. Lin, K. Shimizu, M. Zhan, F. Shimizu, H. Takuma: Jap. J. Appl. Phys.-Part 2 30
(1991) 1324;

{7] Johannes Denschlag: Private communication;

[8] P.E. Moskowitz. P. L. Gould, S. R. Atlas, D. E. Pritchard: Phys. Rev. Lett. 51 (1983)
370;

(9] P. L. Gould, G. A. Ruff, D. E. Pritchard: Phys. Rev. Lett. 56 (1986) 827;



