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Diffraction of Rydberg Atoms by Laser Light
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It is shown that semiclassical path representations provide a weH-suited framework for the de-
scription of the difFraction of Rydberg atoms by laser light. They allow one to relate the momentum
exchange between the atomic center-of-mass motion and the laser field directly to elementary laser-
assisted collisions between the excited Rydberg electron and the ionic core. Thus besides a convenient
calculational tool they provide also direct physical insight into the underlying internal dynamics of
the Rydberg atoms.

PACS numbers: 42.50.Vk, 32.80.—t, 32.90.+a

Defiection of atoms by laser light has been a prob-
lem of atomic physics of considerable experimental and
theoretical interest during the last few years [1, 2]. So
far investigations have concentrated mainly on two- and
few-level systems as far as the internal dynamics of the
atoms is concerned [3]. In this Letter effects originating
from the coherent excitation of a large number of atomic
Rydberg states by a standing-wave laser field are dis-
cussed.

Neglecting the atomic center-of-mass motion it has
been shown recently [4) that laser-induced processes in
which a large number of atomic Rydberg states close to
a threshold are excited coherently from an energetically
low-lying bound state lead to the preparation of a non-
stationary, spatially localized electronic wave packet. As
Rydberg states with low values of the angular momentum
participate in such an excitation process it is only the ra-
dial coordinate of the excited Rydberg electron which is
well localized in comparison with the large extension of
typical Rydberg states. These excitation processes can
be analyzed in a convenient way with the help of semi-
classical path representations [4]. Thereby the relevant
atomic transition amplitudes are related directly to (1)
the quantum mechanical aspects of the atom-laser in-
teraction which is localized typically in a reaction zone
of a few Bohr radii around the atomic nucleus and (2)
the classical paths of the excited Rydberg electron rela-
tive to the atomic nucleus. These semiclassical path rep-
resentations may be obtained in the semiclassical limit
from the corresponding Feynman path integral represen-
tations. Taking into account the atomic center-of-mass
motion in the following it is shown that they also provide
a particularly convenient framework for the description
of the diEraction of Rydberg atoms by laser light.

A typical layout of a diffraction experiment is schemat-
ically shown in Fig. 1. A beam of atoms which are ini-
tially prepared in an energetically low-lying bound state

~ g) crosses a standing-wave laser beam at right angle.
During the passage through the interaction region the
atoms are excited to Rydberg states

~
n) by the laser field.

For simplicity, we assume that the laser Geld may be ap-
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FIG. 1. DifFraction of an atomic beam by a standing-wave
laser field and internal excitation process.

proximated by E(x, t) = 288(z) O(L —z) sin(kx) cos(~t)
and we neglect ionization and spontaneous emission of
photons from the excited Rydberg states. Thereby 8 is
the laser polarization vector and e(z) is the unit step
function. Furthermore, we assume that the kinetic en-

ergy of the atoms is much larger than the relevant in-
teraction energy with the laser field and that during the
passage through the interaction region the atomic motion
in the direction of the standing wave can be neglected,
i.e. , kv r « 1. Under these conditions the center-of-
mass motion of an atom through the interaction region
can be described classically with a straight line trajectory
[1]. This implies that the interaction time 7. is related to
the initial velocity v;„= P;„/M and the beam diameter
L by r = L/U;„and that the standing wave leads to a
periodic modulation of the relevant quantum mechanical
transition amplitudes,

In this approximation the semiclassical path represen-
tation for the probability amplitude of detecting an atom
after passage through the interaction region in the initial
state ] g) with momentum P = +2lk (l = 0, 1, . . .) is
given by [1]

2'/A: —2tlkz r i i[eg+P, „/2Mj-r~g,&, ~j~
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a~(x, 7.) = e ' ' "" "* + ) doe ' '
[p/(27r)][a —e —(h'cu —ip/2)sin (kx)] sin (kx)e ' ( )[ye ' ']

M=O

(2)
and e = —1/(2v) (hartree atomic units are used). The
mean excited energy is denoted e = e~ + tu. Within this
model atoms in state

~ g) are only found with momenta
P, = +2tk, whereas atoms in excited states [ n) have
momenta P = +2(l + 1)k [1]. Physically this is due to
the fact that for the observation of an atom in the initial
state, for example, after the interaction with the laser
field an equal number of photon absorption and stimu-
lated emission events is required each of which transfers
a momentum of b,P = +k to the center of mass of the
atom. The first term in Eq. (2) describes the depletion
of the initial state

[ g) by the laser field according to
an exponential decay. The Mth term in the sum is the
probability amplitude of the Mth return of the excited
Rydberg electron to the core region. The quantity 2vrv

is the classical action of a Rydberg electron of energy
e which moves along a classical periodic Coulomb orbit
with zero angular momentum [4].

The quadratic Stark shift bu and the ionization rate
p (both evaluated at maximum field strength) charac-
terize the atom-laser interaction. In particular, the ion-
ization rate p determines the excited energy range. The
quadratic Stark shift includes the ponderomotive energy

shift of the excited Rydberg states. The scattering ma-
trix element

y = y —e ' ipsin (kx)[e —7 —(6a —ip/2)sin (kx)]

describes laser-assisted electron-ion scattering of the ex-
cited Rydberg electron from the core region [4]. The
electron-ion scattering matrix element y describes the
scattering of the excited Rydberg electron by the residual
atomic electrons inside the ionic core [5]. In the simple
case of an alkali atom with one valence electron, which
we consider here, it is given by y = ez'" with the quan-
tum defect n. All these quantities are slowly varying
functions of energy across the photoionization threshold.
This refiects the fact that the atom-laser interaction and
electron-correlation effects are localized in a reaction zone
which typically extends only a few Bohr radii around the
atomic nucleus [4].

Equation (1) can be simplified further if the laser field
excites Rydberg states sufficiently far below threshold in
the sense that

]
Z ~)) p,

~

6a
]

and if the excited energy
range is suEciently small so that dispersion is negligible,
i.e. , M/2(dzv/diaz) ((p z,

~

6a
~

z. In this case Eq. (1)
reduces to

a~')(i-) = Ii(i.) + ) O(~ —MT)[e" +
]

M=&

with

I (t) = e ' ' I' e' J ([b~ —ip/2]t/2) (4)

and the Bessel function Ji(x) of integer order. The mean
classical orbit tiine of the excited Rydberg electron is

denoted T = 2vrv and v is its mean principal quan-
tum number. The semiclassical path representation of
Eq. (3) is the central result of this Letter and gives a
uniform description of the state-selective atomic scatter-
ing amplitude. It is valid in the two-level limit where only
one Rydberg state is excited significantly, i.e. , pT (( 1,
as well as in cases where many Rydberg states are ex-
cited coherently, i.e. , pT )) 1. Purthermore, it allows
for a straightforward interpretation of the atomic scat-
tering process in terms of probability amplitudes associ-
ated with repeated laser-assisted collisions between the
excited Rydberg electron and the ionic core during the
flight of the atom through the standing-wave laser field.

The first term in Eq. (3), i.e. , Ii(i), describes the mo-
mentum exchange between atom and laser field during

the depletion of the initial atomic state
] g). For inter-

action times i (T it is the only contribution to a~ (7.).
In the special case of a negligible quadratic Stark shift
the quantity Ii (7.) reduces to the probability distribution
of a classical unbounded symmetrical random walk with
the transition rate (p/8) [6].

If ~ & T the excited Rydberg electron can return to the
reaction zone during the motion of the atom through the
laser field. With each crossing of the reaction zone the
laser-induced coupling between initial and excited states
is turned on and off again. Thus by stimulated emis-
sion from the excited Rydberg states and subsequent ab-
sorption two laser photons are exchanged during each of
these laser-assisted electron-ion collisions inside the reac-
tion zone. Consequently, the momentum of the center-
of-mass motion of the atom is changed by an amount
AP = 0 or AP = +2k because these photons can have
the same or opposite momenta. The (M, r)th term in the
sum of Eq. (3) is the probability amplitude of the Mth
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return of the electron to the reaction zone with r inter-
rnediate laser-assisted electron-ion scatterings. Because
of the O(x) this term only contributes for interaction
times r ) MT. The binomial coefficient (, ) is equal
to the number of ways in which r such scattering events
can be chosen out of a total number of M —1 interme-
diate returns of the electron to the reaction zone. The
factor [p(r —MT)]"+ implies that with each of these
scatterings the excited Rydberg electron experiences a
time delay. Similarly, (

("+ l) is the number of ways in

which p photons with momentum +k (or —k) can be
selected out from the total number of 2(r + 1) photons
which can be exchanged during r + 1 crossings of the
reaction zone.

Equation (3) clearly exhibits the main difference be-
tween coherent laser-induced excitation of many Ryd-
berg states, i.e. , pT )) 1, and the two-level limit, i.e. ,

pT (( 1. In the first case the probability amplitudes
associated with different returns of the electron to the
reaction zone are well separated in time and for a given
interaction time typically only a few terms with low val-

ues of M and r contribute. In the two-level limit contri-
butions associated with difFerent electron-core collisions
overlap in time so that they interfere quantum mechan-
ically. In this case Eq. (3) reduces to the well-known

results for a two-level system [1].
In Fig. 2 the probability

~
as (r) ~2 is shown for a case

where the initial state is depleted on a time scale short
in comparison with the mean classical orbit time. Thus
a radial electronic Rydberg wave packet is generated by
the laser-induced excitation process [4]. This implies that
for times r = I/v;„( T the initial state probability
decays exponentially. At multiples of the mean classical
orbit time T this wave packet returns to the reaction
zone. Therefore for interaction times r MT the initial
state probability is increased by stimulated transitions to
the initial state. These recombination processes lead to
narrow peaks of

] ag (r) ]2 whose widths are of the order
of I/p. As is also apparent from Fig. 2 for the detection
of atoms in state

] g) with momenta P~ = 2tk (t ) 2)
the interaction time has to be sufficiently long so that
at least I —2 laser-assisted collisions between the excited
Rydberg wave packet and the ionic core are possible.

Compared with conventional approaches which are
based on dressed-state analysis [3] the semiclassical path
representation discussed here offers the conceptual ad-
vantage of relating relevant quantum mechanical tran-
sition amplitudes directly to elementary laser-assisted
electron-ion collision processes which lead to the ex-
change of momentum between the laser field and the
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FIG. 2. W(l) =~ asIi(t)

] as a function of the interaction
time t = I/v;„ in units of T for b'u = 0, pT = 10.0, and
e2' "+ = 1.0. The total initial state probability (total) is

also shown.

atoms. Thus atomic diffraction by laser light can be
used for studying the dynamics of atomic Rydberg wave

packets. In addition, the sensitivity of state-selective
transition probabilities with respect to the interaction
time might be of practical relevance for velocity and
state-selective preparation of atoms. This approach of-

fers the possibility to include electron-correlation effects
(coupling between Rydberg series and autoionization) [4],
effects of weak external static fields [7] as well as effects of
atomic motion along the standing wave [8], in a natural
way. Therefore in the future it might become a valuable
tool for the theoretical description of atomic diffraction
by laser light.
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