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Abstract — The problem of deflection of Rydberg atoms by intense laser light is approached with the help of a
semiclassical path representation, with respect to classical periodic paths of an excited Rydberg electron aronnd
the positively charged ionic core. This approach allows the momentum exchange between atom and laser field
to be related to elementary laser-assisted collisions between an excited Rydberg electron and the ionic core, and
clearly exhibits the “particle” and “wave” aspects of this momentum exchange.

1. INTRODUCTION

The recent development of short and intense laser
pulses has aroused much interest in the behavior of
atoms and molecules under the influence of intense
laser radiation. Depending on the laser intensity, two
main dynamical regimes may be distinguished:

(1) For laser intensities that are larger than the

atomic unit of intensity I, = 1.4 X 10" W/cm?, the
dynamics of atomic or molecular electrons are altered
significantly by the laser field, even as far as energeti-
cally low-lying bound states are concerned, and the
concept of a weakly perturbed “bare atom or molecule”
loses its physical significance.

(2) For laser intensities I with I < I, the dynamics
of atomic or molecular electrons are only slightly mod-
ified by the presence of a laser field. However, a variety
of interesting physical phenomena occur in this inten-
sity regime, which cannot be described with the help of
perturbative methods. An example of a laser-induced
process that takes place in this intensity regime (which
will be further discussed) is the excitation of atomic
Rydberg states close to a photoionization threshold
with laser photons in the optical frequency range [1, 2].
In this type of excitation process, because of the small
level spacings of highly excited Rydberg states, even a
relatively weak laser field may cause coherent excita-
tion of a large number of Rydberg and continuum
states. In such a coherent excitation process, a radial
electronic Rydberg wavepacket is prepared, which is
well localized in comparison with typical extensions of
highly excited Rydberg states. The time evolution of
such an electronic wavepacket, under the influence of
the Coulomb potential of the positively charged ionic
core and the laser field, manifests itself in the time
dependence of various atomic transition probabilities.

Recently, theoretical methods for the description of
laser-induced excitation processes that involve atomic
Rydberg (and possibly continuum) states close to a
photoionization threshold have been developed [1 - 3].

They are based on the observation that in the optical
frequency regime, and for laser intensities / < I, the
atom-laser interaction takes place in a finite reaction
zone around the atomic nucleus [3]. Typically, this
region has an extension of a few Bohr radii, and is
therefore small in comparison with the extensions of
highly excited Rydberg states. Furthermore, relevant
atomic transition amplitudes are expressed in this the-
ory as a sum of probability amplitudes, which are asso-
ciated with the motion of an excited Rydberg electron
along a periodic classical Coulomb orbit with near-zero
angular momentum. These semiclassical path repre-
sentations are particularly useful for the description of
coherent laser-induced excitation processes where an
electronic Rydberg wavepacket is generated. So far,
applications of this approach have neglected the effects
of the exciting laser field on the atomic center-of-mass
motion.

The deflection of atomic beams by laser light has
been a problem of atomic physics that has aroused con-
siderable interest (experimentally and theoretically)
during the last few years [4, 5]. However, up until now,
investigations on this problem have concentrated
mainly on two- or few-level systems, or on harmonic-
oscillator-like ladder systems [6] concerning the inter-
nal dynamics of the atoms. The discussions in this paper
concerning the deflection of atoms by intense laser
fields is based on recent work on the coherent laser-
induced excitation of atomic Rydberg states [1, 2]. It is
shown that, with the help of a semiclassical pati. repre-
sentation of the relevant state-selective probability
amplitudes, the deflection of atoms by laser light can be
described in a simple and unified way, that covers cases
where many Rydberg states are excited coherently, as
well as two-level limit cases where only one Rydberg
state is excited significantly during the motion of an
atom through a laser beam [7]. In this approach, the rel-
evant transition probability amplitudes are represented
as a sum of probability amplitudes that are associated
with repeated collisions between the excited Rydberg
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For centrosymmetric molecules, calculation of the
spectrum is performed in the same way. Figure 7 com-
pares the calculated spectrum (curve 2) of instanta-
neous luminescence to the experimental data (curve 1)
on the spectrum of instantaneous luminescence of the
SiF, molecules (maximum luminescence is 2.78 eV,
half-width is about 1 eV [24]).

Especially interesting is the investigation of optical
characteristics of a molecule depending on duration 7,
of the pulse of IR radiation. In this case (according to
(27) and (28)), at a given pulse shape, the mean occu-
pation numbers nx(f) depend on ¢. In their turn, optical
characteristics of a molecule begin to be dependent on
time. Moreover, the time of spectrum recording AT
must be shorter than the characteristic time of spectrum
change. Figure 8 shows the dependence of the probabil-
ity of the multiquantum transition between electronic
levels of different multiplicity on time at different mag-
nitudes of yt, (1 - 0.15, 2 - 2, 3 - 20), and at the energy
density 0.6 J/cm?. As follows from Fig. 8, there should
be a certain delay in time of the luminescence peak rel-
ative to the peak of radiation of the CO, laser [25].

Molecular systems are convenient objects for dem-
onstrating interference effects appearing under bichan-
nel molecular excitation from the ground state (1) into
the excited one (2). The first channel is the direct elec-
tron transition (e), the second one is the excitation of
nuclear subsystem (g) (the excitation of the vibration
oscillator with the following nonadiabatic transition to
the excited state of a molecule). If the position of the
molecule is fixed, for example, on the surface of a solid
body, then at a certain incidence angle 6 of the linearly
polarized radiation of CO,, laser interference of both
channels of excitation is possible. The total amplitude
of transition 1 — 2 is

Ap(8) = A1y(8) +Ay(6).
The amplitude Aj, determines the probability (1), the
amplitude A{, determines the probability of multiquan-
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tum transition. In particular, in the model of shifted
parabolas, the expression was obtained for the critical
angle 6, at which the total amplitude (81) is equal
to zero.
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ELECTRONIC WAVEPACKETS AND DEFLECTION OF ATOMS

electron and the ionic core. These collisions take place
inside the reaction zone. Outside the reaction zone, an
excited Rydberg electron moves on a classical periodic
Coulomb orbit with near-zero angular momentum.
Each collision leads to a momentum exchange between
the laser field and the center-of-mass of an excited
atom. In cases where many Rydberg states are excited
coherently, these collision events are sufficiently sepa-
rated in time so that the “particle” aspects of the elec-
tronic dynamics under the combined influence of the
positively charged ionic core and the laser field prevail.
In the other limiting case where only one Rydberg state
is excited significantly by the laser field, the probability
amplitudes of almost all possible laser-assisted elec-
tron-ion collisions overlap in time so that the “wave”
aspects of the electronic dynamics dominate.

This paper is organized as follows:

In Section 2, a general theoretical framework for the
description of laser-induced excitation processes of
atomic Rydberg states and for the description of their
effect on the atomic center-of-mass motion is devel-
oped. A semiclassical path representation is derived for
the state-selective probability amplitude of observing
an atom after the interaction with the laser field in the
initially prepared energetically low lying bound state.
In Section 3, this result is specialized to the description
of the deflection of fast atoms by a standing-wave laser
field. A simple analytical expression is obtained for this
state-selective probability amplitude, which is valid in
cases where dispersion effects of an excited electronic
Rydberg wavepacket may be neglected.

2. PROBLEM AND THEORETICAL FRAMEWORK

The typical layout of an atomic diffraction experi-
ment is shown in Fig. 1. A beam of atoms with well-
defined initial momenta P,,, which are prepared ini-
tially in an energetically low lying bound state |g),
crosses a laser beam with electric field strength
E(x, 1) = ee(x)e™®™ + c.c. (e is the polarization and ® is
the frequency of the laser field). During its flight
through the laser field the atom becomes excited. By
this excitation process, momentum is transferred from
the laser field to the atomic center of mass, and the
atom may leave the interaction region in different
directions. In the following, I am interested in cases
where a large number of Rydberg states |n) might be
excited resonantly from the initial state |g) during the
motion of the atom through the laser field. For simplic-
ity this paper considers only alkali atoms with one
valence electron and a (rigid) spherically symmetric
core. I assume that their energies are determined by an
energy-independent quantum defect o. Furthermore, in
the following I ignore ionization from the excited Ryd-
berg states to continuum states well above threshold.
This is valid for sufficiently small interaction times (see
also the remark at the end of Section 3). These effects
may be taken into account with the help of additional
continuum channels [1].
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Fig. 1. Schematic representation of the atomic diffraction
experiment and the corresponding laser-induced excitation
process (Y= I'lgf).

Disregarding the direct influence of the laser field on
the atomic center-of-mass motion, the Hamiltonian,
which describes the dynamics of an atom as it moves
through the laser field, is given by

PZ

St -REXx D, )

H =

(3%

with the atomic Hamiltonian A, the atomic mass M,

the atomic dipole operator i, and the momentum oper-

ator PP, which is associated with the atomic center-of-
mass coordinates x. In the following, I use Hartree
atomic units. The state of the atom at time ¢ is closely
approximated as

(), = a0 oY+ Y a," () bn), @

with the sum over n indicating summation and integra-
tion over all bound and continuum states. In the dipole
and rotating-wave approximation, we obtain from the
time-dependent Schrodinger equation the equations

"2
( B fl% "ex)a;o(x) % z(g| i e*e* ®)In) x a® (x)
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for the Laplace transforms aj(Z)(x) (j = g, n) of the
atomic probability amplitudes. They are defined by

a®(x) = j dre“ ™ a (x) 5)
0
and the inverse relation
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with j = g, n. The amplitudes a;'=°)(x) i a:t=0)(x)

describe the initial condition of the atom as it enters the
laser field at time ¢ = 0. Inserting (4) into (3), and
assuming that the atom is initially prepared in state |g),
we obtain the equation

. (t=0)

i\)z
[z ~ 5576~ fl(z)J a’®) =ial @ @

for the Laplace transform of the initial state probability
amplitude. The quantity

A

2 -1
2(0) = (lii e"e"(x) [z ro- - I?AJ ®)

x flee” (x) lg)
is the self-energy operator of the initial state |g). In gen-

eral, £(z) is a complicated nonlocal operator. More par-
ticularly, in cases where many Rydberg states are
excited coherently by the laser field, a direct physical
interpretation of (7) and its inverse Laplace transform
is difficult. A great deal of physical insight into the ele-
mentary processes that lead to the deflection of atoms
may be obtained by deriving a semiclassical path rep-
resentation for (7). Thereby, the transition probability
amplitude is expressed as a sum of probability ampli-
tudes associated with repeated returns of an excited
Rydberg electron to the reaction zone where the atom-
laser interaction is localized. For the problem consid-
ered here, such a semiclassical path representation may
be derived with the help of the Poisson sum formula
and the results of the Quantum Defect Theory [8].

As outlined in the Appendix, from (7) we obtain the
semiclassical path representation

a;a(x) — [UO(Z) — irf/o(l) 8>l‘(x)82i1t(\‘/+ct)
. N-1 &)
x 3, (x@ ™) E(X)f/o(z)}ia;':o)(x),

N=1
with
-1

A2
Uyz) = [z—%—eg— (8m—iF/2)|£(x)]2} .(10)

The quantum defect of the Rydberg states is denoted by

4
o and 9 = (&P PYP [-2(c+0-P/21)]
The physical interpretation of the terms on the right-
hand side of (9) is straightforward.

Apart from the initial condition, the first term on
the right-hand side of (9) is determined only by the

ALBER ~

resolvent operator Uy(z). It describes the dynamics of
the atomic center of mass in the optical potential
(8w — iT/2)|e(x)[?, which originates from the depletion
of the initially prepared atomic state |g) by the laser
field. The quantities dw|e(x)|* and I'|e(x)|? are the qua-
dratic Stark shift (due to virtual transitions between |g)
and all other nonresonant excited states) and the ioniza-
tion rate, respectively. According to Fermi’ golden rule,
the term T'|e(x)|* describes ionization from the initial
state |g) to continuum states close to the threshold. The
quantities 8w and I are defined in Eq. (A.4) of the
Appendix. Both quantities characterize the atom-laser
interaction, which is localized in a finite reaction zone
around the atomic nucleus. As this reaction zone is
small in comparison with the extension of highly
excited Rydberg states, they are approximately inde-
pendent of z and P?/2M.

The remaining terms on the right-hand side of (9)
are probability amplitudes, which are associated with
repeated returns of the excited Rydberg electron to the
reaction zone. The N-th term describes the contribution
of the N-th return. The quantity 2n({P|V|P) is the clas-
sical action of a periodic Coulomb orbit with near-zero
angular momentum and energy e=z + ® — P?/2M.
With each return to the reaction zone, an excited Ryd-
berg electron may either be deexcited to the initial state
|g) by stimulated emission of a laser photon, or may be
scattered by the ionic core in the presence of the laser
field. This laser-assisted electron-ion scattering process
is described by the scattering operator

;'c(z) = %, [1—iTe(x)Ugz) € (x)]. (11)

The scattering matrix element , = 2™ describes scat-
tering of the Rydberg electron by the spherically sym-
metric ionic core [8].

Inserting the semiclassical path representation of (9)
into (6), we obtain the probability amplitudes a ;')(x) and

a,f')(x), and, thus, a complete description of the laser-
induced excitation process. Although the semiclassical
path representation allows one to split the state vector
of the atom (x| ), into contributions that originate from
repeated returns of the excited Rydberg electron to the
reaction zone, it is still difficult to come up with an
explicit evaluation under general conditions. In the next
section, we will study a model problem where (9) can
be simplified considerably and a simple analytical
expression may be obtained for the state-selective

probability amplitude a ;') (x).

3. DEFLECTION OF ATOMS
BY A STANDING-WAVE LASER FIELD

For the special case of fast atoms, a simple agalytica]
expression is cbtained for the state-selective transition

probability amplitude a ;')(x) ,» which cleai1y exhibits
the particle (wavepacket) and wave (two-level) aspects
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of the momentum exchange between the laser field and
the center of mass of an exci‘ed atom.

For this purpose, assume that the laser field is
approximated as

&(x) = O()O(L - y)e(x), (12)

with €(x) = gsinkx and the wavenumber k = ®/c
(compare with Fig. 1). Furthermore, assume that the
atoms enter the laser field with well-defined momenta
P, = P;, and P, = P, = 0. The initial momentum Py, is
assumed to be so large that the atomic motion along the
y direction is not influenced significantly by the optical

potential (8o —iT'/2) e(x)’, ie.,

P 8w —il/2) g, 13
53y | (B0=iT/2)e (13)
and that during the flight of an atom through the laser
field the atomic motion in the x-direction can also be
neglected, i.e.,

P, 2n
TrL<e )\ = __
P. ~L< k-

Under present conditions in (9), the operator of kinetic

energy f’z/ 2M may be replaced by Pizn/ 2M. These

assumptions are equivalent to the eikonal approxima-
tion.

(14)

in

The inversion of the Laplace transform of (6) is
facilitated if the energy range (e, + ® — Tgg|?/2,
e, +0+T] 80|2/ 2), which is excited 51gmﬁcantly by the
laser field, is located well below the phot01omzat10n
threshold and if the ionization rate I'|€g|? is not too
large, i.e.,

<1
2
2= e, +PL/2M

-ir/2)%e,* (15)

This implies that the dispersion of an electronic Ryd-
berg wavepacket generated during the laser-induced
excitation process is neglected. Thus, the classical
action of a periodic Coulomb orbit may be linearized
with respect to energy,

2

thg

21t0=21t\7+T(2—eg—2M

(16)

with V = [-2(e, + ®)]" and the mean classical orbit

time of the excited Rydberg states T = 2nV°. Using the
expansion

N
x@" = x'Y, (ﬁ’) [-iTe@) Uo() €017, (17)
r=0

we thus find from (9) and (6), within the approxima-
tions of (13) - (15) and the residue theorem, the semi-
classical path representation
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N—1|[-Te@w’@-ND) 1™
XZ( ) r+ D1 P =

This is the main result of this section. An equivalent,
more explicit form is given in (20). It expresses the

state-selective probability amplitude a:') (P) of finding

an atom at time ¢t = LM/ P, after the interaction with the
laser field in the initial state |g), with momentum P
along the x-direction, as a sum of probability ampli-
tudes associated with repeated collisions between an
excited Rydberg electron and the laser field. These col-
lisions take place inside the finite reaction zone around
the atomic nucleus.

The first term on the right-hand side of (18)
describes the momentum transfer between the center of
mass of an excited atom and the laser field, which is due
to depletion of the initially prepared state |g). For inter-

action times ¢ < T it is the only contribution to a ;') ).

The standing wave of (12) implies that, in momentum
space, the matrix representation of the optical potential
is proportional to the transfer matrix of an unbounded
symmetrical random walk [9]. Therefore, this first term
describes a random walk in momentum space with the
complex-valued transition rate (I'/2 + idw)|gy[*/4.
Consequently, the state-selective probability amplitude
of (18) can only have nonzero amplitudes with
momenta P =x2kl (1=0, 1, 2, ...). This reflects the fact
that for the observation of an atom in the initial state | g)
after the interaction with the laser field, an equal num-
ber of photon absorptions and stimulated emissions is
required, each of which may transfer a momentum of
magnitude tk along the x-direction to the center of
mass of an excited atom.

The remaining terms on the right-hand side of (18)
are associated with repeated returns of the excited Ryd-
berg electron to the finite reaction zone around the
atomic nucleus. According to (18), outside the reaction
zone the excited Rydberg electron moves along one of
the classical periodic Coulomb orbits of near-zero
angular momentum, whose classical action is given by
S = 2nv. The additional phase contribution of magni-
tude 2mo originates from elastic scattering of the
excited Rydberg electron by the spherically symmetric
ionic core [8]. The integer N counts the number of
returns of the excited Rydberg electron to the reaction
zone. The unit step function O(¢ — NT) ensures that the
N-th term only contributes for interaction times ¢ > NT.
With each crossing of the reaction zone, the laser-
induced coupling between initial state |g) and excited
states |n) is turned on and off again. Thus, by stimu-
lated emission from the excited Rydberg states and sub-




686

sequent photon absorption, two laser photons are
exchanged during each of these laser-assisted electron-
ion collisions. Consequently, the momentum of the
center of mass of an excited atom is changed by an
amount AP = 0 or AP = 12k along the x-direction
because these photons can have the same or opposite
momenta k. The (N, r)-th term in (18) is the probability
amplitude of the N-th return of the excited Rydberg
electron to the reaction zone, with a total number of r
laser-assisted electron-ion scatterings during interme-
diate returns to the reaction zone. With each of these
scatterings, the excited Rydberg electron experiences a
time delay that is described by the factor

[-Tle() (¢t = NDY G0 =iT/)]ew) 2 =NT) . (19)

The binomial coefficient (N : 1) is equal to the num-

ber of ways that r scattering events of this type can be
selected from a total number of (N — 1) intermediate
returns of an excited Rydberg electron to the reaction
zone.

Within the limits of the approximations of (13) - (15),
equation (18) gives a unified description of the momen-
tum exchange between the atomic center of mass and
the laser ficld, which is valid in the two-level limit
where only one Rydberg state is excited significantly,
i.e., where [['|gy|*]™! > T, as well as in the opposite limit
where many Rydberg states are excited coherently, i.e.,
where [Tgy|?]™! < 7, and an electronic wavepacket is
generated [1, 2]. The two-level limit describes the wave
aspects of the problem because, in this case, state-selec-
tive probability amplitudes associated with almost all
returns of an excited Rydberg electron to the reaction
zone overlap in time and also interfere. In the opposite
limit where an electronic Rydberg wavepacket is gen-
erated, the particle aspect of the momentum transfer
between atomic center-of-mass motion and laser field
prevails because, at least for sufficiently small interac-
tion times, probability amplitudes associated with
repeated returns of the excited electron to the reaction
zone are sufficiently separated in time.

Finally, from (18) a more explicit expression may be
derived for the state-selective probability amplitude

a;') ()) of observing the atom after the interaction with

the laser field in the initial state |g) with momentum
P = 2lk along the x-direction, namely,

P -
a’B=e e zi) {10+ Y 0@ - NDe ™"
N=1
L r+1
«3 I(N—lj[_r'e"‘z(twm 0)
b I (r+1)147*0
2Ar+1) o
x ¥ (0 ))(—1)“1,”“-“(:—1\/7)},
u=0
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Fig. 2. Dependence of la:)(l)’ and E,__mla:;)(l)|
(total) as evaluated from (20) on the interaction time
t = LM/P,, (in units of the mean classical orbit time T) for

2 o 5 in(v
N¢,|'T = 0.1 and resonant excitation, i.e., £V

where
r t ml
—idw—-i=)|g | i— T
I = e Ak Ze 2J,[(8m—i§)[eo\zﬂ,

and J,[x] [10] is the Bessel function of integer order.

Figure 2 shows the probability of detecting an atom
after the interaction with the laser field in its initially
prepared state with momentum P, = 2/k as a function of
the interaction time ¢ = LM/ P,,. In this case, during the
flight of an atom through the laser field, essentially only
one Rydberg state is resonantly excited, because
T'|€y|*T < 1. Therefore, Eq. (20) is expected to reduce to
the corresponding result of a resonantly excited two-
level system [4], i.e.,

al’ () = 1,(Q), 1)

with the Rabi frequency Q = ,/I’\so\z/ T . In the inset

of Fig. 2, the initial state probability for / =0 as evaluated
from (20) (full line) is compared with the corresponding
result of the two-level limit of (21) (dashed line).
Because in this case the initial-state probability ampli-
tudes of many laser-assisted collisions between the elec-
tron and the ionic core overlap in time, the wave aspects
of the resulting momentum transfer between laser field
and the center of mass of the excited atom prevail. In
particular, as is apparent in Fig. 2, this implies that

2
|a;') (l)’ changes slowly on the time scale determined
by the time interval T between two such collisions.

Figure 3 shows a case where the initial atomic state
|g) is depleted on a time scale brief in comparison with
the mean classical orbit time of the excited Rydberg
states, i.e., [['|€o|*]™! < T. Thus, a radial electronic Ryd-
berg wavepacket is generated by the laser-induced
excitation process, and the particle aspect of the
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Fig. 3. The same quantities as in Fig. 2 but with parameter
Glg)l’T = 10.0.

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 only at interaction times where the
excited Rydberg electron is inside the reaction zone
close to the atomic nucleus.

Finally, I want to point out once more that in the
model considered here, ionization from the excited
Rydberg states to continuum states well above thresh-
old has been neglected. This is valid as long as relevant
interaction times ¢ are sufficiently small in the sense
that T'|eo |/ T < 1.

CONCLUSION

Compared with conventional approaches, which are
based on dressed-state analysis [6], the semiclassical
path representation discussed in this paper offers the
conceptual advantage of relating relevant quantum
mechanical transition probability amplitudes directly to
elementary laser-assisted electron-ion collisions. Each
of these collisions leads to an exchange of momentum
between the laser field and the center of mass of an
excited atom. This allows us to describe the particle
(wavepacket) aspects and the wave (two- or few-level)
aspects of this momentum exchange in a unified way.
Furthermore, this approach offers the additional advan-
tage that electron-correlation effects (couplings
between Rydberg series and continua) [8] and effects of
additional static external fields can be taken into
account in a natural way [11].

This work was supported by a grant from the Uni-
versity of Freiburg.

APPENDIX
In this appendix I outline the derivation of (9).

The main problem is the derivation of a semiclassi-
cal path representation for the self-energy operator of

8),1.e.,
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N 2
$2) = [LPPe* |<"| je L?>| (PI £(x) (A1
@ = [¢Pe'w h))z,_"um-P’/zM—e,, .l

with the sum over states |n) indicating a sum over all
bound and continuum states. According to standard
results of the Quantum Defect Theory [8] close to the
threshold, the energy dependence of the dipole matrix
elements in (A.1) is given by

2 R de,
(el = |elie )" (50,

with e, = —1/[2(n — )]? and the energy-normalized

dipole matrix element (| fle Ig), which is independent
of energy, approximately. Using this approximation
and the Poisson sum formula for performing the sum-
mation over all Rydberg states, we obtain

$(2) = jd’P £ x) [P)

(A2)

S Bl (A3)
X [Sm —il/2-il 2 e } Pl e(x),
N=1
p?
with -1/2v?=z+ ® — M
classical path representation for the self-energy opera-
tor. The N-th term in the sum of (A.3) may be
interpreted as the contribution of the N-th return of a

Rydberg electron of energy e = —1/2v? to the core

region. The quadratic Stark shift dw| €(x) |2, which is
due to virtual transitions between the initial state |g),
and all other nonresonant atomic states and the ioniza-

This is the required semi-

tion rate I"| €(x) ]2 are determined by the relation
w " 2
d
so-iar - | deeliel)
~|z+i0+w- W»—eJ
Substituting (A.3) into (7) we obtain (9).

(A4)
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