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This paper discusses a new scheme for generating quantum coherence between different
degrees of freedom of an atom interacting with two modes of the electromagnetic field.
The presence of quantum interference in a two-photon coupling between the ground
state of the atom and the continuum through two quasi-resonant intermediate states
induces selective ionization of the atoms for particular combinations of the different
parameters characterizing the degrees of freedom of the system, leading to quantum
coherence between the internal state, the center-of-mass motion of the atom, and the
electromagnetic field. The application of this method to the selection of an atomic
velocity class is discussed.

1. Introduction

In recent years, considerable progress has been made in the manipulation of mi-
croscopic systems by taking advantage of their quantum properties. Two of the
most impressive realizations are the demonstrations of “sub-quantum noise” mea-
surements of electromagnetic quantities using non-classical coherence properties of
the light field (squeezing' and Twin-photon experiments®), and atomic manipula-
tion and cooling. Atom vapors were cooled to extremely low temperatures of the
order of a few nanoKelvins, allowing the first experimental observation of the Bose-
Einstein (degenerate gas) condensation.> Mechanisms relying on the high sensitivity
of the atomic state to motion in laser waves exhibiting gradients of polarization or
alignment attained temperatures close to the “photon-recoil energy limit”, typi-
cally of a few microKelvins.* This limit being related to the random nature of the
spontaneous emission, it seemed for a little while to be the ultimate one. However,
new schemes have been devised, and experimentally demonstrated, to overcome
this limit through suppression of spontaneous emission by quantum interference
(velocity selection by coherent population trapping - VSCPT?), by velocity selec-
tion through a Raman process,® or by selective evaporation out of a magnetic trap’
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(this latter method. not relying on fluorescence cycles, is not limited by the photon-
recoil effect). This paper discusses, with emphasis on the basic physical processes,
a recently proposed method for generating quantum coherence thanks to quantum
interference in the two-photon ionization of atoms, that shows up to be able to
generate non-classical light coherence® and to allow velocity selection of atoms.”
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Fig. 1. Level scheme and electromagnetic couplings of the two-photon ionization scheme.

2. Interference Effects in Two-Photon Ionization

Consider a system where the ground state is coupled to the continuum by two
distinct modes of the electromagnetic field through two quasi-resonant intermediate
states (see Fig. 1). Mode 1, containing n; photons, couples the ground state g to
the intermediate state e; (dipole matrix element v;) and the intermediate state e,
to the continuum (dipole matrix element v{). Mode 2 (ny) couples the ground state
g to the intermediate state e, (v5) and the intermediate state e; to the continuum
(vh). As there are two distinct paths leading from the ground state to a particular
final state in the continuum, the two-photon ionization process shows interference
effects. Let us recall that the two-photon ionization rate of the ground-state is given
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by (we restrict ourselves here to the one-dimensional case)

1 (—vovg)/(vyvy) i

& + kv + byyng + byono B 09 + kov + boyny + boano

Ty(ving,ng) = Tow?nins

(1)

In writing this equation. we took into account two perturbing effects affecting
the energy interval between the ground-state and the intermediate levels, to which
the ionization rate is highly sensitive. The two denominators in Eq. (1) include,
aside of the laser atom detuning é;, the first-order Doppler effect correction k;v (k;
is the wave number for mode ¢ and v the center-of-mass velocity) and the light-shift
correction b;;n; induced by the light intensity in mode j. The light-shift coefficients
b;; are calculated® by application of second order perturbation theory. Finally, I'y
is a constant depending on other parameters of the system. We neglect, in Eq. (1),
eventual processes connecting the ground-state to the continuum by absorption of
two photons of the same mode; they do not show quantum interference and are not
interesting for our purposes here (for a detailed discussion, see Ref. 8).

We now discuss the generation of quantum coherence. We first made the simpli-
fying assumption that the dipole matrix elements are such that (—vovh/v1v;,) = 1
in Eq. (1). It is then clear that if we take §; = 6o = &, the destructive interference
between the two possible ionization paths will cause the ionization rate to vanish in
the absence of the perturbing effects. In the presence of these effects, the ionization
rate still vanishes if the following (destructive interference) condition is satisfied:

kyv + biing + biang = kov + bayng + baons . (2)

Supposing that we prepare the system in an initial global state such that the
internal atomic state is the ground state, the external atomic state is a superposition
of eigenstates of the center-of-mass velocity operator V' = P/M and each field mode
is a superposition of photon-number states:

[To)=19) @) clv) @D anln) @Y bmlm) =19) @ Y anbmesv;n,m) (3)

v,n,m

.

where the three summation symbols apply respectively to the velocity eigenstates,
the number states in mode 1, and the number states in mode 2. Note that there is
no quantum coherence between the internal, the external atomic state and the field
modes.

If we let the system evolve for a time ¢, the survival probability for each state
in the right-hand side of Eq. (3) is given by:

Py(vin,m:t) = |an|?|bm|?|co|? exp[=T4(v; n, m)t] . (4)

If t is long compared to the typical coherence-building time t, = [Tow?(n)(m)/6%] ",
this probability will be negligible except for those states corresponding to values of
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v,n,m satisfying the destructive interference condition [Eq. (2). for which thus
I, = 0], that we shall call the “uncoupled” states (in the sense that they are not
coupled to the continuum). The state of the system at a time t >> t, is thus of the
form

) = l9) @ o) + |9) (5)

where |,) is a superposition containing only “uncoupled” states, whereas |®) con-
tains the states where the atomic internal state is a continuum state (we suppose
that the detuning 8 is large enough to allow us to neglect the population of the inter-
mediate states), and thus (g|®) = 0. One sees that the state described by Eq. (5) is
not factorable, and that the selective ionization process has generated a complicate
kind of quantum coherence involving the ground-state — that is correlated only to
“uncoupled” states — the external atomic state (center-of-mass motion) and the
field modes.

As a first example, let us consider the case where one can neglect the Doppler
effect compared to the light-shift (the atoms are supposed to be cold enough),
Eq. (2) then implies that the ground state becomes correlated to the field modes
satisfving:

n, =any + 3 (6)

where a and 3 are related to the light-shift coefficients. If a measurement of the
atomic state is made, giving as a result the ground state, the wave packet is reduced
to the first term in the right-hand side of Eq. (5), and the correlation is completely
“transferred” to the field. The inconvenience of this scheme is that, as the cor-
relation increases, the probability of obtaining ¢ as a result of the atomic state
measurement decreases, and this is the major limitation of the present method.

In the next two sections, we shall discuss the opposite limit of negligible light-
shift compared to the Doppler effect, that allows atomic velocity class selection.

3. Atomic Velocity Selection by Selective Ionization

In this section we consider the limit where the light-shifts in Eq. (2) are negligible
compared to the Doppler effect. We take the field modes to be counterpropagating;:
ky = —ks = k, implying that the “uncoupled” states now satisfy

& + kv =6, — kv (7)

We thus see, after the reasoning of the previous section, that the ground state
will be correlated to the velocity eigenstates characterized by v = (8, — 6;)/2k.
Furthermore, if we choose §; = §; = 4. the zero-velocity class will be selected.®
There is no need, in the present case, for an explicit measurement of the atomic
internal state: the ionized atoms, not interacting with the lasers, eventually escape

ACare should be taken in talking about “velocity classes”, as we are considering quantum states
that are eigenstates of the velocity operator. However, it can be shown that in the present case
the concepts of velocity eigenstate and velocity class are equivalent.®






