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Velocity-selective coherent population
trapping in caesium atoms

By E. ARIMONDO

Unita INFM, Dipartimento di Fisica, Universita di Pisa,
Piazza Torricelli 2, 56126 Pisa, Italy

The extension to high angular momentum transitions of laser cooling below the recoil
limit based on velocity-selective coherent population trapping (VSCPT) is explored.
An efficient VSCPT can be realized only by applying a compensation of the kinetic
energy mismatch between the components of the superposition wavefunction and
introducing repumping on the hyperfine transitions. Theoretical and experimental
progress for VSCPT on caesium atoms is discussed.

Laser cooling based on velocity-selective coherent population trapping (VSCPT) pre-
pares atoms in a coherent superposition of ground states, i.e. an entangled state com-
posed by internal variables and the external variables of the atomic momentum (see
Aspect et al. 1988). The internal variables may correspond to the Zeeman compo-
nents of a given angular momentum states, or to the Zeeman components of different
hyperfine states. VSCPT has been successfully applied by Aspect et al. (1988) and
Lawall et al. (1995) for operation on 1, — 1. transitions in helium and by Esslinger
et al. (1996) on rubidium. The 1, — 1. transition has several important features. (i)
The coherent superposition is made up by a limited number of ground state levels,
two only in the case of VSCPT in one dimension; (ii) all the wavefunctions compos-
ing the entangled state have the same kinetic energy, so that a stationary coherent
superposition is formed; and (iii) the atomic superposition wavefunction is isomor-
phic to the applied laser field. A limited progress has been made in the extension
of VSCPT to high angular momentum transitions, where the 1, — 1. features are
not satisfied and where several additional conditions must be introduced for an effi-
cient preparation. In the present work, the theoretical progress in the application of
VSCPT to caesium atoms and in the experimental realization are discussed.

We consider atoms with mass M and excited state spontaneous decay rate I,
interacting with a one-dimensional cooling laser field of wave number k, i.e. with
recoil frequency wg = hk?/2M. The VSCPT laser field, composed by ¢+ — o~ coun-
terpropagating fields, is characterized by the Rabi frequency yscpr and detuning
bvscpr. For this VSCPT configuration, the AF = 0 transitions have the advantage of
producing only one coherent superposition non-coupled from the applied laser fields.
For caesium atoms, excitation on the 3, — 3. transition produces a non-coupled
superposition with a smaller number of momentum components, i.e. the following
one:

INC(p)) = (1/2y/7) [\/5|3g,p,73> + \/3|3g,p,71> + \/3|3g’p,1> + \/5‘39,17:3”7 (1.1)
where [3,,,») describes a ground state with magnetic quantum number m and

Phil. Trans. R. Soc. Lond. A (1997) 355, 2397-2399 © 1997 The Royal Society
Printed in Great Britain 2397 TEX Paper


http://rsta.royalsocietypublishing.org/

'y
N
o \

L A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

‘/‘/\\ \
/A '\

r

A

Py

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

2398 E. Arimondo
@ (b)

Light shift compensation on: 0.3

3 — 3transition only
0.2+

£ 0.4 both 3 — 4 and 3 — 4 transitions f
0.2 0.1
0.0 T T T T T T 0.0 T T T T 1
0 400 800 1200 0 20 40 60 80 100
I, (MW/cm?) Oy

Figure 1. Results for the numerical analysis of caesium VSCPT on the 3, — 3. transition.
(a) Fraction of trapped population, f, at interaction time @ = 100/wgr versus the light-shift
laser intensity Iis (in mW cm72) and other parameters vscpr = 0.961", dyscpr = 2.8,
61y = —630I". The cases of light-shift laser exciting the Fy = 3 — F. = 3 transition only, or
both the Fy =3 — F. = 3 and F; = 3 — F. = 4 transitions, are examined. (b) Trapped
population versus the interaction time with light-shift laser exciting both hyperfine transitions,
at I1s = 442 mW cm ™2 and other parameters as in (a).

momentum p 4+ mhk. The preparation of this superposition in a stable form requires
to compensate for the difference in kinetic energy between the different momen-
tum components. An additional m-polarized laser field near resonant with another
3, — 3¢ transition may produce a ground state compensated for that kinetic energy
difference (see Foot et al. 1994). For the non-coupled wavefunction of equation (1.1),
the light-shift energy AU should satisfy the following relation:

Uis(m = +3) = 9Uys(m = +1). (1.2)

Even if the light-shift laser is out of resonance, the non-coupled state experiences
a small probability of absorption, +i5, which cannot be neglected in the long time
evolution required for the VSCPT preparation. In the laser cooling of alkali atoms,
the optical pumping towards an hyperfine ground state different from the one of
atomic preparation requires the application of a repumping laser field. A repumping
from the 4, state should be applied also in the case of VSCPT in the 3, state,
for instance on the 4, — 4. transition. For the results reported in figure la, ot —
0~ repumping configuration has been chosen. Our model takes into account the
interaction between all the hyperfine levels composing the atomic optical transitions
and the three lasers, for the VSCPT, the light-shift compensation and the repumping.
By a proper choice of the parameters for the different laser fields, reported in the
caption to figure 1b, it is possible to achieve a large filling rate of the non-coupled
state.

The experimental realization of VSCPT on caesium atoms is based on a sequence
of laser cooling operation. In a magneto optical trap excited by the 4, — 5. transition
of the Dy line, 107-10® caesium atoms are trapped at temperatures in the 200 pK
range. By switching off the applied magnetic field and applying a molasse phase,
temperatures in the 4 uK range are reached for more than 5 x 10° atoms. In the
final phase, the 0™ — o~ VSCPT laser field acting on the 3, — 3. Dy transition,
the m-polarized light-shift laser on the 3, — 3. D; transition, and the repumping
laser acting on the Dy 4, — 4. transition are applied. The VSCPT interaction
time O is around 100/wg. After laser slicing of the atomic spatial distribution, the
atomic momenta will be derived from the spatial distribution of the fluorescent light
emitted by the atoms crossing an horizontal sheet of probe light located 10 cm below
the interaction region. Temperatures in the 20-60 nK range are predicted from the
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theoretical analysis and roughly a total of 10% atoms will be needed to resolve the
VSCPT momentum distribution.

Using the outcome from the atomic preparation into VSCPT states with high
angular momentum, the h/m constant may be determined from a measurement of
the recoil frequency wg. If, after a preparation phase, the VSCPT and light-shift
compensating lasers are eliminated, the free-flight time evolution between coupled
and non-coupled states contains a beat frequency at a multiple of the recoil fre-
quency. That frequency may be extracted from the absorption measurement for a
VSCPT field applied at the end of the free-flight evolution. By using an initial narrow
momentum distribution, with width around %k/100, and a free-flight time around
100/wr, the fraction of the recoil time is small enough to reach an accuracy in h/m
of 1 x 1077 part. A large increase in the accuracy of the determination could be
obtained if this free-flight evolution is included within the evolution of an atomic
interferometer, in analogy to the atomic interferometer based on dark states used by
Weitz et al. (1996).

In conclusion, the preparation of atomic states into superposition of high angular
momentum states could be important for the creation of high-order coherences, for
the preparation of atoms into states useful for atomic interferometry and for the new
determination of fundamental constants.

The contribution of D. Cassettari, O. Marag6, C. Menotti, J. H. Miiller and H. Wu to the
investigations here reported is gratefully acknowledged.
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