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The momentum exchange between a standing wave laser field and an atomic center-of-
mass is dominated by the internal dynamics of an atomic electron in the exciting laser
field. Rydberg atoms are one of the simplest physical systems where the dependence of
this radiative force on the electronic dynamics can be investigated in detail. The char-
acteristics of the momentum transfer between an atomic center-of-mass and a standing
wave laser field strongly depend on whether the “particle” or the “wave” aspect of the
electronic dynamics prevail. In this review recent theoretical advances in the description
of the mechanical action of laser light on Rydberg atoms are discussed. These advances
have become possible by the application of semiclassical path integral techniques with re-
spect to the electronic dynamics which clearly exhibit the “particle” and “wave” aspects
of this momentum transfer.

1. Introduction

The pioneering experiments of Lebedev! and Nichols and Hull?> have demonstrated
clearly that light exerts pressure on material particles. The physical origin of this
radiation-induced force is the exchange of energy and momentum between the elec-
tromagnetic field and matter. A well-known example is the scattering of electrons
caused by a standing wave electromagnetic field which acts as a diffraction grating.?
In this case the nonresonant nature of the interaction between electrons and the
electromagnetic field implies that this effect is observable only at very high radi-
ation power. In the optical frequency regime, however, the interaction between
radiation and matter, i.e. atoms and molecules, is almost resonant. Thus, effects
of the radiation-induced force are observable also in the case of low intensity ra-
diation fields. This resonant character of the interaction in the optical frequency
regime manifests itself, for example, in the large value of the scattering cross sec-
tion of light by atoms or molecules which is of the order of an optical wavelength
squared. Compared to this, the Thomson scattering cross section, which character-
izes the (nonresonant) interaction between radiation and electrons, is of the order
of the electron radius squared and is therefore vanishingly small. Early experiments
measuring the influence of photon scattering on the atomic center-of-mass motion
were performed by Frisch.* The development of coherent laser light sources has led
to a rapid development in this field of research. Since then mechanical effects of
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optical radiation on atoms have been studied systematically®~" and have been used,
for example, for cooling atoms down to temperatures below 1 mK?8-10 or, in atom
optical applications, for deflecting atomic beams in a controlled way.!!~18

The mechanical action of laser light on atoms is characterized by the large differ-
ence in mass between a typical atomic nucleus and its electrons. This implies that to
a good degree of approximation momentum can be transferred from a radiation field
to the atomic center-of-mass only by excitation of the internal electronic degrees of
freedom. The resulting correlation between the atomic center-of-mass motion and
the dynamics of the electrons of the atom offers interesting perspectives for appli-
cations. On the one hand this correlation allows the atomic center-of-mass degrees
of freedom to be manipulated in a controlled way and on the other hand it can be
used to investigate the internal dynamics of atomic electrons via observation of the
atomic center-of-mass motion. As far as laser-induced atomic excitation processes
are concerned, up to now both experimental and theoretical work has concentrated
mainly on cases in which only one or a few atomic energy eigenstates are excited
near resonance. Under these circumstances a theoretical description of the mechan-
ical action of laser light on atoms in terms of dressed states of the strongly coupled
atom—field system and the corresponding effective potentials is convenient.®:2

The advent of short and powerful laser pulses within the last decade has stimu-
lated numerous investigations on a different kind of atomic and molecular excitation
processes, namely, processes in which a large number of atomic or molecular energy
eigenstates are excited coherently.?! Typically, nonstationary atomic or molecular
quantum states are prepared which are well localized spatially in comparison with
the extension of the relevant classically allowed region. Due to the large level den-
sity, in the case of Rydberg atoms, such coherent laser-induced excitation processes
appear quite naturally, if Rydberg states are excited sufficiently close to a photoion-
ization threshold from an initially prepared, energetically low lying bound state. In
this case due to angular momentum selection rules the resulting electronic Rydberg
wave packets are localized only with respect to the radial electronic coordinate. The
angular coordinates of such an excited Rydberg electron are still delocalized. Two
major mechanisms for preparing such a wave packet have been discussed so far:

(1) The energy eigenstates are excited coherently with the help of a short laser
pulse whose (Fourier-limited) bandwidth exceeds the mean level spacing of the
excited energy eigenstates.22-24

(2) In the case of a long laser pulse energy eigenstates are excited coherently by the
mechanism of power broadening. This happens if the Rabi frequency, which
characterizes the strength of the laser-induced transitions between the initial
and final states, exceeds the mean level spacing of the excited states.?® So far,
in these investigations, effects on the atomic center-of-mass motion have been
neglected.
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In this review recent first theoretical investigations on the mechanical action
of laser light on the center-of-mass motion of Rydberg atoms are discussed.?6-28
The motivation for considering Rydberg atoms in this context is threefold. First
of all, Rydberg atoms are one of the simplest physical systems with a sufficiently
high level density of the electronic degrees of freedom so that coherent laser-induced
excitation processes occur naturally and are almost unavoidable in many practical
situations. Secondly, Rydberg states exhibit many universal features so that the
results obtained apply to a large class of systems including atoms and molecules.
This is because effects originating from the positively charged ionic core which is
formed by the nucleus and the residual electrons can be described by a few quantum
defect parameters?®2° only. Thirdly, due to the long lifetimes of Rydberg states,
effects arising from the spontaneous emission of photons which destroy quantum
coherence are negligible. This implies that the momentum exchange between an
atom and a laser field is completely coherent.

This summary of recent theoretical work concentrates on the following main
questions: How do the dynamics of an excited electronic Rydberg wave packet
in the presence of a standing wave laser field influence the atomic center-of-mass
motion? How can the mechanical action of laser light on atoms be described in
this case theoretically in a convenient way? How is this theoretical description
related to the traditional approach which is based on dressed states of the strongly
coupled atom-field system and their corresponding effective potentials? In Sec. 2
the general theoretical framework is discussed. It is based on a semiclassical path
representation®!:3! of relevant atomic transition probability amplitudes. Hence, in
the spirit of a path integral approach, these amplitudes are represented as a sum
of contributions associated with paths describing the classical motion of a bound
excited Rydberg electron in the Coulomb potential of the positively charged ionic
core. Within this general framework recent theoretical results?6:?® on the deflection
of fast atoms by standing wave laser fields are discussed in more detail in Sec. 3.

2. Problem and Theoretical Framework

In this section a general theoretical framework for the description of the mechanical
action of laser light on Rydberg atoms is developed. It is valid for arbitrary atomic
center-of-mass velocities. In particular, it is shown that a semiclassical path integral
approach in terms of probability amplitudes associated with the classical motion of
a bound, laser-excited Rydberg electron on classical Kepler ellipses gives a practical
theoretical description.2!:3! Furthermore, this approach gives direct physical insight
into the elementary processes which lead to the transfer of momentum between a
standing wave laser field and the atomic center-of-mass.

The mechanical action of laser light on atoms may be studied in atomic diffrac-
tion experiments of the type shown in Fig. 1. A beam of atoms with well-defined
initial total momenta P;, crosses a standing wave laser beam which is described
classically by the electric field strength E(x,t) = e£(x)e™** + c.c. (€ is the polari-



Brief Reviews

1464 G. Alber, W. T. Strunz & O. Zobay

Fig. 1. Diffraction of an atomic beam by a standing wave laser field. The wavy lines indicate the
standing wave laser field.

zation and w is the frequency of the laser field). Initially all atoms of the beam
are prepared in an energetically low lying bound electronic state. During the flight
through the laser field an atom is excited to electronic Rydberg states close to
the photoionization threshold. By this internal excitation process momentum is
transferred from the laser field to the atomic center-of-mass and the atoms leave
the interaction region in different directions P,y;.

Due to the large difference in mass between an atomic nucleus and its electrons,
to a good degree of approximation, the direct influence of the laser field on the
atomic center-of-mass motion can be neglected. Therefore, in the dipole approx-
imation, the Hamiltonian, which describes the dynamics of an atom as it moves
through the laser field, is given by

A~

. P2 i
H=—+Hjs—- 4 E(x,1t). 1
sap T HAa— A EX) (1)
The atomic mass is denoted M, f is the atomic dipole operator, and P is the
momentum operator associated with the atomic center-of-mass coordinate x. The
Hamiltonian H, describes the internal dynamics of the atomic electrons in the
Coulomb field of the atomic nucleus. In the following Hartree atomic units are used
(“e=h=m,=1").
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Fig. 2. Laser-induced electronic excitation process taking place during the flight of an atom
through the standing wave laser field.

In view of the applications discussed in Sec. 3 let us consider the particular type
of laser-excitation processes shown in Fig. 2 in more detail. Rydberg and continu-
um states close to a photoionization threshold are excited by the laser field E(x,t)
from the energetically low lying bound state |g) or |e). These two bound states are
assumed to be coupled almost resonantly by the laser field. Therefore, if the atoms
are prepared in state |g) initially, the Rydberg states are excited by a two-photon
process involving the intermediate resonant state |e). Alternatively, if the atoms
are prepared in state |e), initially, and the laser-induced coupling to state |g) is
negligible, this model describes the case of one-photon excitation of the Rydberg
and continuum states. In the following effects of spontaneous emission of photons
are neglected. This is valid as long as the interaction time between the atom and
laser field is smaller than the lifetime of the bound state |e). Furthermore, we ne-
glect ionization from the excited Rydberg states to continuum states well above
threshold. For moderate laser intensities this is not a severe restriction (compare
with condition (22)). In the optical frequency regime the small effects arising from
Rydberg-continuum transitions may be taken into account by the inclusion of ad-
ditional continuum channels which may be reached by radiative transitions.?5*2
Thus, the time evolution of the atomic state is approximately given by

(x|} = al (x)|g) + al (x)e™**|e) + D all) (x)e™ " |n). (2)
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Here, the sum over n indicates summation and integration over all bound Rydberg
and continuum states close to threshold. The probability amplitudes agt)(x),agt) (x),
and af )(x) of finding an atom at time ¢ at position x in the state |g), |e), or |n) are
determined by inserting Eq. (2) into the time-dependent Schrédinger equation with
the Hamiltonian of Eq. (1). Assuming the laser field is turned on instantaneously
at time ¢t = 0 the resulting time-dependent Schrodinger equation can be solved with
the help of the Laplace transform technique. Thus, for the Laplace-transformed
amplitudes

oo
agz)(x) :/0 dtei(z+i°)ta§~t)(x), (3)

the time-independent set of equations (I = g, e€)

52
E [(z - 2P—M> o1 — Hl‘j] ag.z)(x) + 61 Z(lhu - €*E*(x)|n)al?) (x) = ia}tzo)(x) ,
Jj=g,e n
(4)

52
(z + 2w — EPM - cn> al?(x) + (n|p - €£(x)|e)al? (x) = 1al=9)(x) (5)

is obtained in the rotating wave approximation. Here operators are indicated
by a hat. The amplitudes o= (x), a{=(x), and a{{="(x) represent the initial
condition of an atom at time ¢ = 0 when the laser field is turned on and the atom
has not yet entered the interaction region. The Hamiltonian matrix

- € » —(glpe €7 (x)le)
5= _ehuctooter . e ©)
describes the dynamics of the bound states |g and |e), which are coupled resonantly

by the laser field.

If the Rydberg and continuum states close to the photoionization threshold are
excited during the flight of an atom through the laser field, it is difficult to solve
Eqs. (4) and (5) directly and to interpret the corresponding numerical solution in a
simple, physically transparent way. In this case physical insight into the elementary
processes which lead to momentum transfer from the laser field to the atoms is
obtained by deriving semiclassical path representations for the state selective prob-
ability amplitudes agz)(x) and agz)(x). These amplitudes are expressed as a sum of
probability amplitudes associated with possible classical paths of the excited Ryd-
berg electron in the Coulomb field of the positively charged ionic core.?!*3 For
this purpose Eq. (5) is inserted into Eq. (4). If the initial condition is such that
a!f=%(x) = 0, for example, we find

> {[(z -~ %)5,,j - My - z‘:,,,-(i,z)] ag."}(x) = ia{"""(x). (7)

Jj=g,e
The self-energy matrix of the bound states |g) and |e) is given by
52

=
51 (%, 2) = 61,605 Z(nm -€€(x)le)* (z + 2w — %/I- - en) (n|p - €€(X)|e). (8)
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In general, $(X, z) is a complicated nonlocal operator-valued function of X. With
the help of quantum defect theory simple expressions may be derived in closed form
which are the starting point for deriving a semiclassical path representation for the
atomic amplitudes a_f,")(x) and aff)(x). Thus, as summarized in the Appendix, for
an alkali atom with a (rigid) spherically symmetric core, for example, it is found
that for Im (2) > 0

o (x) =i Z ([Oo(2) — iTUp(2)E* (%)X +e) 9)
3 %, TR
N=1
with
- o P2 (a3 0 -1
Uo(2),; = [z ~ o3 ~ " EV®) "

£ (%) = 81,085,¢ (6w — T/IEF)?,
X(2)1,; = 61.66j,eXc[1 = STEX)Up(2)e,eE*(X)],

and 7 = [d3P|P)(P|[-2(z + 2w — P?/2M)]~'/2. The approximately energy-
independent quantum defect of the Rydberg series is denoted by a and the scatter-
ing matrix element y. = e%"* describes elastic scattering of the excited Rydberg
electron off the spherically symmetric ionic core.

The physical significance of the terms on the right-hand side of Eq. (9) is
straightforward?5:33:

(1) The first term on the right-hand side of Eq. (9) is determined by the resolvent
UO(Z)[,]‘. It describes the influence of the effective two-level system consisting
of the resonantly coupled atomic states |g) and |e) on the atomic center-of-
mass motion. The “smooth” part of the self-energy matrix 222-)(:”() describes
effects arising from the depletion of state |e) due to ionization. The quantities
6w|E(x)|? and y(z) = T|E(x)|?> = 27|(e = O|p - €£(z)|e)|? are, respectively, the
quadratic Stark shift (due to virtual transitions between |e) and all other non-
resonantly coupled atomic states) and the ionization rate from state |e) to the
continuum states close to threshold (compare with the Appendix). Both quanti-
ties characterize the atom-laser interaction which is localized in a finite reaction
zone extending typically only a few Bohr radii around the atomic nucleus.3? As
this reaction zone is small in comparison with the extension of highly excited
Rydberg states these quantities are approximately independent of 225*? and
the kinetic energy of the atomic center-of-mass P?/2M.

(2) The remaining terms on the right-hand side of Eq. (9) are probability ampli-
tudes which are associated with repeated returns of an excited, bound Rydberg
electron to the reaction zone. The Nth term describes the contribution of the
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Nth return. The quantity 27 (P|?|P) is the classical action of a degenerate
Kepler ellipse with zero angular momentum and energy € = z + 2w — P?/2M.
With each return to the reaction zone an excited Rydberg electron is either
de-excited to one of the bound states |g) or |e) by stimulated emission of a
laser photon or it is scattered by the ionic core in the presence of the laser
field. This latter laser-assisted electron—ion scattering process is described by
the scattering operator x(z).25

Inverting the Laplace transform of Eq. (3) by

®) 1 oco+10 e
a;’(x) = - . dze™""a;" (x) (10)
— oo+l

from Eq. (9) the semiclassical path representation of the time-dependent probability
amplitudes agt)(x), agt)(x), and a'f )(x) is obtained. Although the semiclassical path
representation allows one to split the state vector of the atom (x|); into contribu-
tions which originate from repeated returns of the excited Rydberg electron to the
reaction zone, under general conditions, an explicit evaluation is still complicated.
In the next section we study a special case of practical interest in which Eq. (9) can
be simplified considerably and analytical expressions may be obtained for the state

selective probability amplitudes agt)(x) and agt)(x).

3. Diffraction of Fast Atoms by a Standing Wave Laser Field

For the special case of fast atoms simple semiclassical path representations are
available for state selective atomic transition probability amplitudes. They exhibit
clearly the “particle” (wave packet) and “wave” (two-level) aspects of the momen-
tum exchange between a standing wave laser field and the center-of-mass of an
excited Rydberg atom. In particular, in resonant two-photon excitation processes
“particle” and “wave” aspects of the electronic dynamics can influence the momen-
tum exchange between a standing wave laser field and an atomic center-of-mass
simultaneously.

If atoms which transverse a spatially modulated laser field at right angle as shown
in Fig. 1 are fast enough, the eikonal approximation can be employed to describe
the dynamics of the atomic center-of-mass motion.??° In this approximation it is
assumed that

2

22> el - €(0)lo), (6w — iT/2)lE (0P (1)

Py

pL<n (12)
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Conditions (11) and (12) imply that the operator of the kinetic energy P2/2M
in Eq. (9) may be replaced by P2 /2M. Furthermore, the Raman-Nath approxi-
mation'®2° of Eq. (12) states that the total deflection of an atom during its way
through the laser field is small in comparison with the wavelength of the laser field
A. Thus, to a good degree of approximation, the atomic center-of-mass moves with
constant velocity on a straight line trajectory perpendicular to the momentum of
the laser field.

In order to exhibit the basic physical aspects of the mechanical action of laser
light on Rydberg atoms in more detail, in the following, an idealized, effectively two-
dimensional scattering geometry is considered with the laser field approximated by

£(x) = O(y)O(L — y)&(x). (13)

Thus an atom experiences a constant electric field which is turned on and off instan-
taneously during its flight along the y direction and which depends on the position
z along the standing wave where the atom crosses the laser field. The time of flight
is given by 7 = LM/ P,,.

3.1. One-photon excitation of Rydberg states

One-photon excitation of Rydberg states close to a photoionization threshold from
an energetically low lying bound state can be described within the theoretical frame-
work of Sec. 2 by considering the formal limit (e|u - €|g) — 0 and assuming that
initially the atom is prepared in state |e). As shown schematically in Fig. 2 the
Rydberg and continuum states which are excited significantly by the laser field are
located in the energy interval (e, +w —TI'|&|?, €. +w +T|&|?) with & indicating the
maximum value of the electric field strength of the standing wave £(z). Therefore,
depending on the maximum intensity of the standing wave laser field, either one
isolated or a large number of Rydberg states may be excited during the flight of an
atom through the laser field.

3.1.1. Ezxcitation of an isolated Rydberg state

If the laser intensity is sufficiently weak, only one isolated Rydberg state |a) is
excited almost resonantly by the laser field. This happens if the maximum field-
induced excitation rate I'|€o|?, which characterizes the depletion of the initial state
le), is much smaller than the level spacing between adjacent Rydberg states, i.e.

T&|12 < (7 —a)73.

The quantum defect of the Rydberg states is denoted by a. Taking into account
Egs. (11) and (12) in this case the self-energy matrix of Eq. (8) may be approxi-
mated by

2

. P: =1
X1,5(X,2) = 61,e6j,e <Z + 2w — 21{;‘[ - eﬁ) [(Alp - €€(%)|e)|?. (14)
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Inserting Eq. (14) into Eq. (7) and inverting the Laplace transform the state selective
transition amplitudes agr)(a:) and as-:)(:v) of finding an atom immediately after its
flight through the laser field at position z in one of the internal states |e) or |a) are
evaluated easily. In the case of resonant excitation, i.e. €. +w = €5, the well-known

result19:20

e~ a(")(z) = e—i(e,+Pi2"/2M)r_;_ (e-—i|ﬂ(a:)/2|‘r + eilﬂ(z)/2|‘r) (15)
is obtained with the time of flight 7 and the Rabi frequency Q(z) = 2(7i|u-€€(z)le).
The two probability amplitudes on the right-hand side of Eq. (15) are associated
with the two possible internal dressed states |+) of the strongly coupled two-level
system {|e),|n)}. In the case of resonant excitation, as considered here, these
dressed states are related to the “bare” atomic states {|e),|R)} by

|2} = %(Ie) + |7)).

In the eikonal approximation (Eqs. (11) and (12)) the optical potentials
Vg = £210(2)],

which may be associated with these dressed states, lead to a spatial phase modula-
tion of the state selective probability amplitude aff)(x). The probability amplitude
of observing a diffracted atom after its passage through the laser field with a mo-
mentum component P, is obtained from Eq. (15) by Fourier transform, i.e.

A
a(P,) = ;/ dze~=F=/"a(T) (). (16)
0

Due to the periodicity of the standing wave laser field with wavelength A only mo-
mentum components with P, = 2mhk and k = 27/X appear. Here, m denotes a
positive or negative integer. Furthermore, the corresponding momentum distribu-
tion of the diffracted atoms is symmetric around P, = 0. Thus, in the special case
of a standing wave of the form £(z) = &g sin (kz), the well-known result!®-20

al™ (P, = 2mhbk)e™ " = Jom(|Qo|r/2)e~ (e P/2M)T (17)

is obtained with Qo = 2(7i|p - €&le). Here, Jo,, denotes the Bessel function of
order 2m. In Eq. (17) the appearance of even multiples of hk reflects the fact
that for the observation of an atom in the initial state |e) an equal number of
photon absorptions and stimulated emissions is required each of which transfers
a momentum of magnitude +Ak along the z-direction to the atomic center-of-
mass. According to Eq. (17) the maximum momentum component which is trans-
fered from the laser field to the atomic center-of-mass is approximately given by
Pmax = +1k|Qg|7/2.
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This traditional theoretical description of the mechanical action of laser light on
atoms with the help of dressed states and their associated optical potentials'®2? is
convenient and physically appealing as long as only a few dressed internal atomic
states are involved in the description of the laser excitation process. If a large num-
ber of Rydberg states are excited coherently during the flight of an atom through
the laser field this approach becomes impractical. As discussed in the next sec-
tion, in this case, a semiclassical path approach in terms of the classical paths of
an excited Rydberg electron moving in the Coulomb field of the positively charged
atomic core and their associated probability amplitudes is more convenient.

3.1.2. Ezxcitation of an electronic Rydberg wave packet

A large number of Rydberg states are excited coherently during the flight of an
atom through a laser field, if the maximum value of the field-induced excitation rate
T'|&|? exeeds the level spacing between adjacent Rydberg states. This implies that
a radial electronic Rydberg wave packet is excited. Such an electronic wave packet
is a nonstationary quantum state of the excited Rydberg electron, which is well
localized spatially in comparison with the large extension of highly excited Rydberg
states. In the type of excitation process considered here this spatial localization
takes place only with respect to the radial electronic coordinate. Due to angular
momentum selection rules, which restrict the angular momentum of the excited
Rydberg electron to low values, the angular coordinates of the laser-excited Rydberg
electron are still delocalized.

The simplest case arises if the coherently excited Rydberg states are located
energetically sufficiently well below the photoionization threshold and if the laser
intensity is so small that a linear relation between the effective quantum number v
and the energy of the excited Rydberg electron may be assumed, i.e.

o1 = 270 + Tz — €c +w — PL/(2M)). (18)

Here, T = 27® with & = [-2(e. + w)]~!/? is the classical orbit time of a bound
Coulomb orbit with energy €. +w < 0 and zero angular momentum. This lineariza-
tion is valid as long as effects of dispersion of the generated electronic Rydberg wave
packet are negligible, i.e.

d*v

Sl @ePrr<. (19)

€etw

Furthermore, using the expansion

BN, = 8ueb5e] 2( )[—zrs(x Oo(2)e.cE* "+

r=0

we thus find from Eqs. (9) and (10) with the help of the residue theorem?” the
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semiclassical path representation

2
ag‘r)(Pz)e—iu-r — e—i(ee+;-}¢,l)'r (le [e—i(éw—ir/2)|5(z)|2‘r

+ Z (_)(7_ _ NT)e2i1r(l7+a)Ne—i(&w—i[‘/2)|E(z)|2(T—NT)
N=
N=

-

X (N; 1> [e”rlg(x)P(T _ NT)]H'l/(T +1)! lPx _ 0>. (20)

r=0

Now the state selective probability amplitude aﬁr)(Pz) of finding an atom at time
7 after the interaction with the laser field in the initial state |e) with momentum
P, along the direction of the standing wave is expressed as a sum of probability
amplitudes associated with repeated collisions between an excited Rydberg electron
and the atomic core in the presence of the laser field. These collisions take place
during the flight of an atom through the laser field whenever the excited Rydberg
electron approaches the atomic nucleus. They lead to a momentum transfer from
the laser field to the atomic nucleus. The reaction zone around the atomic nucleus,
within which these collisions take place, has a typical extension of a few Bohr
radii. Therefore its diameter is small in comparison with the large extension of
highly excited Rydberg states so that the atom-laser interaction may be viewed as
spatially localized around the atomic nucleus.

The first term on the right-hand side of Eq. (20) describes the momentum trans-
fer originating from the depletion of the initially prepared state |e). For interaction
times 7 < T it is the only contribution to agT)(Pz). The special case of a stand-
ing wave laser field of the form £(z) = &ysin(kz), for example, implies that in
momentum space the matrix representation of the optical potential

Vopt (z) = (éw — iT'/2)|€ ()|

is proportional to the transfer matrix of an unbounded symmetrical random walk.
Therefore this first term describes a random walk in momentum space with the
complex-valued transition rate (I'/2 + i6w)|E|?/4.34

The remaining terms on the right-hand side of Eq. (20) are associated with
repeated returns of the excited Rydberg electron to the finite reaction zone around
the atomic nucleus. According to Eq. (20) outside the reaction zone the excited
Rydberg electron moves along one of the degenerate classical Kepler ellipses of
zero angular momentum whose classical action is given by § = 2wp. The additional
phase contribution of magnitude 2w« originates from elastic scattering of the excited
Rydberg electron by the spherically symmetric ionic core.?® The integer N counts
the number of returns of the excited Rydberg electron to the reaction zone. The
Heaviside function ©(r — NT) ensures that the Nth term only contributes for
interaction times 7 > NT. With each crossing of the reaction zone the laser-
induced coupling between initial state |e) and excited states |n) is turned on and
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off again. Thus, for a standing wave laser field of the form £(z) = & sin(kz),
two laser photons are exchanged during each of these laser-assisted electron—ion
collisions by stimulated emission from the excited Rydberg states and subsequent
photon absorption. Consequently the momentum of the center-of-mass of an excited
atom is changed by an amount AP, = 0 or AP, = *2hk along the z direction
because these photons can have the same or opposite momenta of magnitude hk.
The (N, r)th term in Eq. (20) is the probability amplitude of the Nth return of the
excited Rydberg electron to the reaction zone with a total number of r laser-assisted
electron—ion scatterings during intermediate returns to the reaction zone. With each
of these resonant scattering events the excited Rydberg electron experiences a time
delay and a phase change of magnitude 7. These effects are described by the factor

[eiwrlg($)|2(,r _ NT)]re—i(éw—iI‘/2)|£(z)|2(-r—NT) (21)

in Eq. (20). The binomial coefficient (V') is equal to the number of ways that r
such scattering events can be selected from a total number of (N — 1) intermediate
returns of an excited Rydberg electron to the reaction zone.

‘\.IR
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/ /. i o’. /...00'...\ .\o i .\/. s
S SN
—30' —éO -IO (l) lYO 2I0 316

Fig. 3. Resonant one-photon excitation of an isolated Rydberg state: momentum distribution of
|ae(7)]? with T'|&|?T = 0.1, 7 = 60T. In the inset the time dependence of |ae(7)|? is shown for
P, = 0,2hk, and 4hk.

Equation (20) gives a unified description of the momentum exchange between
the atomic center-of-mass and the laser field. It is valid both in the two-level limit,
if only one Rydberg state is excited significantly, i.e. [[|&|?]™ > T, and in the
opposite limit, if many Rydberg states are excited coherently, i.e. [[[&[*]™! <« T,
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and an electronic wave packet is generated.?®?! The two-level limit describes the
“wave” aspect of the problem because in this case state selective probability am-
plitudes associated with almost all returns of an excited Rydberg electron to the
reaction zone overlap in time and interfere. In Fig. 3 the probability of detecting
an atom at time 7 after the interaction with the laser field in its initially prepared
state is shown as a function of momentum P, = 2m/hk. In this case essentially only
one Rydberg state is excited resonantly because I'|€y|*T < 1. Therefore Eq. (20)
reduces to the well-known result of a resonantly excited two-level system as given
in Eq. (17) with the Rabi frequency Q0 = 1/T'|€o|?/T.'° In the inset of Fig. 3 the
time dependence of the initial state probability is shown for P, = 0,2hk and 4hk as
evaluated from Eq. (20). The corresponding results of the two-level limit of Eq. (17)
are not shown as they are indistinguishable numerically. In particular, in this limit,
|aff)(Pz = 2mhk)|? changes slowly on the time scale T'.

If an electronic Rydberg wave packet is generated, the “particle” aspect of the
momentum transfer between atomic center-of-mass motion and laser field prevails
because, at least for sufficiently small interaction times, probability amplitudes
associated with repeated returns of the excited electron to the reaction zone are well
separated in time. In Fig. 4 the initial atomic state |e) is depleted on a time scale

0.50

P,=0
-------- P, = 2hk
— —— P, =4hk
Q
o, ............... pr

|a ()

0.00

P

) 7/T ®e) @

Fig. 4. Coherent one-photon excitation of Rydberg states: time dependence of |ae(T)|? for
I'|£|2T = 50 and P, = 0 (full curve), 2fik (dashed curve), and 4hk (dashed dotted curve). The
dotted curve shows the total initial state probability (summed over all momentum components).
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Fig. 5. Momentum distributions of |ae(7)|2 for the interaction times indicated by arrows in Fig. 4:
(a) T=08xT, (b)) 7=2.025%XT, (c) 7=2.068 xT, (d) 7 = 2.155 X T, and other parameters as

in Fig. 4.

short in comparison with the mean classical orbit time of the excited Rydberg states,
i.e. [[|&]%~! < T. Thus, a radial electronic Rydberg wave packet is generated by
the laser-induced excitation process and the “particle” aspect of the momentum
exchange between the center-of-mass motion of an excited atom and the laser field
becomes apparent. This implies that a significant momentum transfer takes place
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only at interaction times when the excited Rydberg electron is inside the reaction
zone close to the atomic nucleus. The time evolution of the first few momentum
amplitudes is shown in Fig. 4. In Figs. 5(a)—(d) momentum distributions for four
different interaction times 7 are shown, which are indicated by arrows in Fig. 4.
These momentum distributions exhibit the diffusive character of the momentum
transfer for 7 < T (Fig. 5(a)) and the “particle” aspect of the momentum transfer
for 7 =~ 2T (Figs. 5(b)—(d)).

Finally we want to point out that in the model considered here ionization from
the excited Rydberg states to the continuum states well above threshold has been
neglected. This is valid as long as relevant interaction times 7 are sufficiently small
in the sense that25:32

D& 1> /T < 1. (22)

3.2. Two-photon excitation of Rydberg states

“Particle” (wave packet) and “wave” (two-level) aspects of the dynamics of an
excited Rydberg electron can influence the momentum transfer between a standing
wave laser field and the atomic center-of-mass motion simultaneously. This happens,
for example, if Rydberg states close to a photoionization threshold are excited from
an energetically low lying bound state via an intermediate resonant, bound state.33
In this section basic physical aspects of the resulting mechanical action of laser light
on the atomic center-of-mass motion are discussed within a simple model.

Let us consider again the idealized, effectively two-dimensional atomic beam
deflection setup of Fig. 1. We assume that during the flight through the standing
wave laser field an atom is excited from the initially prepared, energetically low
lying bound state |g) to Rydberg states close to the photoionization threshold via
an almost resonant, intermediate bound state |e) as shown in Fig. 2. The simul-
taneous presence of “particle” and “wave” aspects of the dynamics of an excited
Rydberg electron is exhibited clearly, if the intermediate bound state |e) is excited
resonantly, i.e. if ¢, + w = €.. Furthermore, let us assume that the Rabi frequency,
which characterizes the laser-induced transition |g) — |e), is much larger than the
excitation rate y(z) = T'|€(z)|?, which characterizes the depletion of the excited
state |e). Under these conditions Rydberg states in energy intervals of width v(z)
around the mean excited energies e (z) = €+ |Q(z)|/2 with € = ¢, + 2w are excited
significantly. These mean excited energies correspond to one-photon transitions
from the dressed states |+) of the resonantly coupled bound states |g) and |e). In
cases in which the excited Rydberg states are located sufficiently well below thresh-
old so that effects of dispersion of a possibly excited electronic Rydberg wave packet
are negligible (see Eqgs. (18) and (19)), simple semiclassical path representations are
obtained from Egs. (9) and (10), namely,
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; 1 4 . :
agf)(x) — e—t(€g+Pii/2M)T§ Ze:l:z|ﬂ(z)|r/2 [e-@[aw(x)—w(z)/z]f/z
+

ioteye v {2l = NTs ()2}
¢ (r+ 1)

Xe—i[éw(z)—mz)/zuf—wn(m)]/z] (23)

x(x

and a similar expression for agT)(x). Here, the effective quantum numbers of the
mean excited Rydberg states are denoted by (z)+ = [~2e4(z)]~'/2 and Ty (z) are
the classical orbit times of Kepler ellipses of zero angular momentum and energies
e+(z). Due to the spatial variation of the laser field all these quantities depend on
the position z at which an atom crosses the laser field. Equation (23) exhibits clearly
the phase and amplitude modulations of the state selective transition amplitude
a_S,T) () which are produced by repeated returns of an excited Rydberg valence
electron to the reaction zone centered around the atomic nucleus.

The physical interpretation of the terms appearing in Eq. (23) is straightfor-
ward: Due to the ac Stark splitting between the resonantly coupled states |g) and
le), during the flight of an atom through the laser field, a Rydberg electron is ex-
cited either with mean energy €, (z) or e_(z). The probability amplitudes of these
two pathways of excitation are denoted by the signs “+” in Eq. (23). The first
term in square brackets on the right-hand side of Eq. (23) describes depletion of
the initially prepared state |g) via these two pathways. The Nth term of the sum
describes the contribution from the Nth return of an excited Rydberg electron to
the reaction zone, which is localized spatially around the atomic nucleus. Inside
this reaction zone the atom-laser interaction leads to the momentum transfer from
the laser field to the atomic center-of-mass. With each return of the excited Ryd-
berg electron to this reaction zone a stimulated transition to the strongly coupled
bound states |e) and |g) may take place. This leads to an increase of the state se-
lective probability amplitudes a(gT)(:c) and a” (z) at multiples of the mean classical
orbit times T4 () of the excited Rydberg states. As apparent from the Heaviside
functions in Eq. (23) a contribution from the Nth return of an excited Rydberg
electron with mean energy e4(z) can occur only if the time of flight of the atom
through the laser field 7 exceeds the N-fold of the corresponding mean classical
orbit time. Furthermore, with each return to the reaction zone, a Rydberg elec-
tron may be scattered by the core in the presence of the laser field. The integer
r enumerates these possible scattering events which may take place in the time
interval 7 between the initial excitation and final stimulated transition to one of
the bound states |e) or |g). The binomial coefficient in Eq. (23) equals the number
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Fig. 6. Coherent one-photon resonant two-photon excitation of Rydberg states: time depen-
dence of the total probability (summed over all momentum components) |ag(7)|? + |ae(7)|? for
£=€g+2w=—10"5(a.u.), T = 0.7 x 108(a.u.), o = 10-5(a.u.), y0 = 4 X 1077 (a.u.), bw(z) =0,
and a = 0.

of r-fold laser-assisted scattering events which are possible during N returns of the
excited Rydberg electron to the reaction zone.

In Fig. 6 the time evolution of the probability of observing an atom after its
flight through the laser field either in state |g) or |e) is shown (full curve). The
laser field is assumed to be of the form £(z) = & sin (kz) with Q4 and 7, indicating
the maximum values of Rabi frequency and ionization rate, respectively. If an
atom crosses the standing wave laser field at a position z at which the initial state
|g) is depleted on a time scale small in comparison with the mean classical orbit
times of the excited Rydberg states, i.e. 1/y(z) < Tx(z), two radially localized
electronic Rydberg wave packets with mean energies e+(x) are generated. The
maxima appearing after the initial depletion of the bound states |g) and |e) in Fig. 6
are due to stimulated transitions of these electronic Rydberg wave packets to one
of these bound states. These transitions take place during one of the subsequent
returns of these wave packets to the reaction zone centered around the atomic
nucleus. The remaining curves in Fig. 6 show the separate contributions of the
initial depletion of states |g) and |e) (dotted curve), the first and second returns of
the faster (dashed curves) and the first return of the slower (chain dashed curve)
electronic Rydberg wave packet.

In Fig. 7 momentum distributions of atoms diffracted by the standing wave laser
field are shown for three values of the time of flight 7 which are indicated by arrows
in Fig. 6. In Fig. 7(a) the interaction time 7 between an atom and the laser field
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Fig. 7. Momentum distributions of |ag(7)|? 4 |ae(7)|? for the interaction times which are indicated
in Fig. 5 by arrows. The other parameters are as in Fig. 6.

is so small that the electronic Rydberg wave packets have not yet returned to the
atomic nucleus. Thus, the momentum distribution shows characteristic features of
one-photon resonant two-photon ionization in a standing wave laser field. According
to Eq. (23) the maxima of the momentum distribution appear approximately at the
classical values P, = +(hk)(|Q%]|7/2). It is the Rabi oscillations between the bound
states |g) and |e) which lead to the large momentum transfer in this case. The
widths of these maxima and the suppression of the oscillatory dependence on the
transferred momentum, which is characteristic for two resonantly coupled states,
originate from the depletion of the bound states |g) and |e).
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In Fig. 7(b) the time of flight 7 is sufficiently large so that the faster Rydberg
wave packet with mean energy e_(z) and mean orbit time T_(x) has just returned
to the atomic nucleus. Thus, the time (7 — 7T_) available for stimulated transitions
of this wave packet to one of the bound states |g) or |e) is not yet long enough to
lead to a significant momentum transfer from the laser field to the atomic center-
of-mass. Here, the quantity 7_ is the smallest mean return time of all atoms which
cross the laser field, i.e. 7 = min,{7_(z)}. This implies that in the momentum
distribution in addition to the maxima originating from the initial depletion process,
a maximum centered around P, = 0 also appears. A further increase of the time of
flight leads to a splitting of this central maximum as shown in Fig. 7(c). Now four
well-pronounced maxima appear in the momentum distribution of the diffracted
atoms. The two outermost peaks are due to the initial depletion of the bound
states. The central maxima now originate from the first return of the faster wave
packet to the atomic nucleus. According to Eq. (23) these maxima appear at the
classical values P, = %(hk)[|Q]|(T — T-)/2], approximately.

The momentum distributions of Fig. 7 suggest the use of this excitation scheme,
with the simultaneous presence of “particle” and “wave aspects” of the electronic
dynamics, for a coherent atomic beam splitter which leads to a large momentum
transfer.?® According to Fig. 6 the efficiency of such a beam splitter is expected to
be of the order of 30%. The practical feasibility of the model discussed here relies
mainly on the validity of the Raman-Nath approximation (see Eq. (12)). However,
in many practical cases, this condition is not a severe restriction and can be fulfilled
by using sufficiently fast atoms and a sufficiently long wavelength of the standing
wave laser field.35-37

4. Conclusion

The high level density of Rydberg states offers interesting perspectives for investi-
gating effects of the electronic dynamics on the momentum transfer between stand-
ing wave laser fields and the atomic center-of-mass motion. Depending on whether
contributions which correspond to repeated returns of an excited, bound Rydberg
electron to the atomic nucleus (reaction zone) overlap in time or not, either the
“wave” or the “particle” aspect of this momentum transfer prevails. Recently per-
formed first theoretical studies, which have been reviewed here, show that semi-
classical path representations are a convenient theoretical tool for describing the
action of the resulting radiation-induced force on atoms. With the help of resonant
multiphoton excitation of Rydberg states both the “wave” and “particle” aspects
may determine the momentum transfer between a standing wave laser field and
an atom simultaneously. This simultaneous presence of both complementary quan-
tum aspects might have interesting applications, for example, for the realization of
coherent atomic beam splitters.
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Appendix

In this appendix the derivation of the general semiclassical path representation of
Eq. (9) is outlined.

The main problem is the derivation of a semiclassical path representation for the
self-energy matrix of Eq. (8). According to results of quantum defect theory,2%:3°
close to threshold, the energy dependence of the dipole matrix elements in Eq. (8)
is approximately given by

[l ele)? = [{e = Ol - ele)? ( 2 (A1)
dn

with €, = —1/[2(n—a)?]. Here, a denotes the quantum defect of the Rydberg series
and (e = O|p - €|e) is an energy-normalized dipole matrix element to the continuum
states close to threshold. To a good degree of approximation it is independent
of energy. Using relation (A1) and the Poisson sum formula for performing the
summation over all Rydberg and continuum states in Eq. (8), we obtain2%:27

$15(x,2) = 6,665 / d®PE*(X)|P) (w —il/2—il ) e%"("“"w) (P|E(%) (A2)
N=1

with —1/(2v2) = z + w — P2/2M. This is the required semiclassical path repre-
sentation for the self-energy matrix. The Nth term in the sum of Eq. (A2) may
be interpreted as the contribution of the Nth return of a Rydberg electron of en-
ergy € = —1/(2v?) to the reaction zone centered around the atomic nucleus. The
quadratic Stark shift dw|€(%X)|?, which is due to virtual transitions between state
le) and all other nonresonant atomic states, and the ionization rate I'|E(%)|* are
determined by the relation

oo f)2 -1
6w—i1"/2=/ de|(e = 0| - €|e)|? <z+i0+2w—m—e) ‘ (A3)

Equation (9) is obtained upon substituting Eq. (A2) into Eq. (7).2
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