INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 36 (2003) L409-L415 PII: S0305-4470(03)63087-8

LETTER TO THE EDITOR

Trapping of particles by lasers: the quantum
Kapitza pendulum

Ido Gilary', Nimrod Moiseyev', Saar Rahav” and Shmuel Fishman’

! Department of Chemistry and Minerva Center of Nonlinear Physics in Complex Systems,
Technion—Israel Institute of Technology, Haifa 32000, Israel

2 Department of Physics and Minerva Center of Nonlinear Physics in Complex Systems,
Technion—Israel Institute of Technology, Haifa 32000, Israel

Received 6 May 2003
Published 12 June 2003
Online at stacks.iop.org/JPhysA/36/L.409

Abstract

It is demonstrated that a bound rapidly oscillating potential typically traps
particles even if its time average vanishes. In particular, it is shown that in
one dimension there is always a resonance state and its energy and lifetime are
calculated from an effective time-independent potential. This is the quantum
analogue of the classical Kapitza pendulum. This work may be relevant for
the manipulation of cold atoms and for the suppression of photo-ionization by
electromagnetic fields.

PACS numbers: 32.80.Pj, 03.65.Xp, 03.65.Nk, 42.50.Hz

The effect of trapping and cooling of particles, specifically atoms, is of great interest due to
the applicability in fields such as atom optics, precision spectroscopy, optical communication,
and in the developing field of quantum computing [1].

In this letter we will demonstrate that typically a rapidly oscillating, smooth, bounded
one-dimensional potential with vanishing average leads to trapping of particles. This sounds
counter intuitive since one may expect that because of the high energy of the photons the
particles will rapidly obtain energy that will be sufficient to overcome any potential barrier.
It will be demonstrated that this is not the case and the situation is similar to that found in
classical mechanics, where stabilization by a rapidly oscillating potential with vanishing mean
is possible.

Trapping of a classical particle can be achieved by introducing an external rapid time
periodic potential V (g, 1) = Vo(q) + Vi(q, t) [2, 3]. The classical particle is trapped by an
effective time-independent potential which is approximately given by

Verr(q) = Vo(q) + F2(q)/2ma?) (1)

where ﬁ(q) is the time average of the square of the force F = —dVi(q,)/dq, which
is exerted by the oscillating field Vi(q,t) = Vi(q,t + T), where T = 2m/w and its time
average V| vanishes. In this case the trapping is obtained when the frequency of the external
oscillatory field, w, is much larger than the frequency €2 of the bound motion or the inverse
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of the shortest characteristic time scale of the motion, which for this comparison plays the
role of 2. Note that the motion can be bounded even in the absence of Vj, namely when
the time average of the potential vanishes. Such a stabilization was proposed by Kapitza
for a pendulum with a vibrating point of suspension [3]. In such a situation the pendulum
can perform stable vibrations around the point where it points upwards, which is unstable
in the absence of the vibrations of the point of suspension. It was generalized to arbitrary
oscillating potentials in [2]. This is also the principle of operation of the Paul trap [4] where
Vi(g, t) and the resulting V.s(g) are harmonic. In this letter it will be argued that for high
frequency the action of the potential V| on quantum particles can be approximated by the
action of the time-independent potential Ve(q) also beyond the validity of the semiclassical
approximation. In particular, if Veg(g) has a minimum at ¢ = 0, and maxima at £, and
it vanishes in the limit |g| — oo, the classical particle will be bounded in a region around
q = 0if its energy is lower than Vg (gmax), While under these conditions the quantum particle
will exhibit some long lived resonances. The potential V. (g) that describes the classical
dynamics for the rapidly oscillating potential V;(q, t) will be demonstrated to also describe
the quantum dynamics. For simplicity a one-dimensional notation is used in most of the letter,
but generalization to higher dimensions is straightforward.

This problem is relevant for the modelling of manipulation of cold atoms by
electromagnetic fields. Resonant coupling between a field and an atom results in a potential,
proportional to the intensity, on the centre of mass of the atom [5]. This potential may oscillate
with a frequency that is much larger than the frequencies related to the dynamics of the centre
of mass (but much lower than the frequency of the light of the laser). This is the way the atoms
are trapped in an effective light billiard [6, 7].

The model studied here may also be relevant for the analysis of the electronic motion of
atoms and molecules in the presence of strong laser fields. In this case the potential experienced
by the electrons is a result of the combined effect of the internal interactions in the atom and
of the external field. For example, the Kramers—Henneberger (KH) transformation [8] results
in a potential of the form V(q, t) = Viom(q — Zag cos wt), where Vo, is the potential in the
absence of an external field, and « is a constant.

For the sake of clarity we briefly sketch below the quantum derivation that will lead
to an effective time-independent potential. It employs a unitary transformation of the time-
dependent Schrodinger equation which provides an alternative transformed time periodic
potential, V¥(g, ¢) [9]. For a Hamiltonian of the form

H(g,1) = Ho+ Vi(g. 1) (2)
with
P2
Ho = ﬁ + Vo(q) (3)
where the average over a period of V| vanishes, the unitary transformation
O=e i [ Vi@ )

will result in a Schrodinger equation with a Hamiltonian where the potential is given by
Vo + Val with

(by — Alg,0)* Py

Valt ,t — 5
(g, m m (5)
where
"9Vi(g,t
A(q,t):/ W@ ©)
dg
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Averaging over a period results in an effective potential

1T 1 (@) f-n(q)
Vetr(q) = Vo(q) + —/ Vg, 1) dt = Vo(q) + 2 Z /utg J; i )
T Jo 2mw s n
where f,(g) is the nth Fourier component of the force:
1 T inwt a‘/1 (CIa t)
) = — el .~ dr. 8
@) =7 /0 o LS ®)
In our calculations we use
]32
Hefr = ﬁ + Verr(q) )

rather than H as the unperturbed Hamiltonian where the perturbation is V¥'(q, 1) — Vegr(q).
This perturbation will be ignored in the calculations presented here. In the studies of the photo-
induced dynamics of atoms in strong laser fields the time average over the time-dependent
Hamiltonian in the KH representation [8], Hy, has been used as the unperturbed Hamiltonian
(see, for example, [10] and references therein). Our modified time-independent zero-order
Hamiltonian depends explicitly on the maximum field amplitude and the frequency. The
Hamiltonian Heg turns out to be the leading part in a systematic expansion of the Floquet
operator in powers of w~!. The corrections are of order ™. This expansion is rather involved
and will be given elsewhere [11]. Usually when the interaction of the system with the laser
field is described within the framework of the acceleration representation (known as the KH
representation), Vj(q) is taken as the unperturbed part. The additional term included here
compared to previous work is Ve(q) — Vo(q). This correction potential term describes the
average kinetic energy of the rapid oscillations of the particle in the oscillatory field. It acts
as an effective potential energy when the motion of the ‘slow’ coordinate of the particle is
studied. This term is just the second term of (1) which is presented in the framework of
classical mechanics in [2]. The effective potential (7) was obtained in the quantum framework
and its classical limit is (1).

The nature of quantum dynamics depends on the shape of the effective potential (7).
If its general form is similar to that of figure 2, a classical particle will be trapped, if its
energy is smaller than the maxima, while the quantum particle is expected to tunnel out. Its
temporary trapping is associated with a metastable solution of the time-dependent Schrodinger
equation with the Hamiltonian (2). For time-independent Hamiltonians (such as Hef(gq))
these metastable states are the complex poles of the scattering matrix or of (E — Heg) "
and are known as resonance states [12]. For periodically time-dependent Hamiltonians
the resonances are associated with the complex poles of (E — Hy)~', where the Floquet
operator is Hr(q,t) = —ih% + H(g,t) [13, 14]. For time periodic potentials, as in our
case, the resonances are the quasi-energy (QE) solutions of the Floquet eigenvalue problem,
which are obtained when outgoing boundary conditions are imposed. These resonance
solutions are not in the Hilbert space. By carrying out a similarity transformation which
is known as the complex scaling transformation the resonance solutions become part of the
generalized Hilbert space and become square integrable (see, for example, [15]). We can
summarize this discussion by stating that the driven quantum particle is temporarily trapped
ina Ww(ge ™, 1) = exp(—iE¥1/h) DI (g, 1) state, where EF = E — IT and I is the rate
of decay of the quantum particle, while e’ parametrizes the complex rotation. The lifetime
of the trapped quantum particle is defined as usual as t; = 71/ I". The complex eigenfunction

1

and eigenvalue of the complex scaled Floquet operator H  are <I>SE (g, t)and E® = E — 5T,

respectively. We expect that for high frequency these will be approximated by Ugg and &,
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Figure 1. An illustration of a particle scattered by an oscillating Gaussian of (10) with Vo = 9 and
B =0.02 (in ‘atomic units’ i =m = e = 1).

where £ and ¢¢ are the resonance state and the corresponding complex scaled energy state of
Hegr (9), and U is given by (4).

The model Hamiltonian we have chosen for the demonstration of the application of the
theory developed here to the quantum trapping phenomenon is

n* 92 g
H(g,t) = —— — + Vpe P9 cos(wt). (10)
2m dg*>
Here the free particle interacts with an external time-dependent field which is a Gaussian
oscillating up and down periodically as shown in figure 1. The effective time-independent
potential (7)

V2 2
Oﬂz qu—Zﬂqz (11)

Verr(q) = ——
me

is plotted in figure 2. For this specific model Hamiltonian the periodic time-dependent
potential V (g, t) is described as a simple product of two functions where one is a coordinate-
dependent function whereas the second is time dependent. However, this form is not essential
for the conclusions of the paper. As one can see from figure 2 the time-averaged effective
potential supports two potential barriers separated by a potential well. The quantum particle
is temporarily trapped inside this potential well in definite resonance states. The resonance
energy, E, and width, I" (i.e. inverse lifetime), of the ground state were calculated by solving
the eigenvalue problem H s (¢, HdLE (g, 1) = (E — % )Cb(qc, t) where g, = q exp(if), by
combining the (¢, t') and the complex scaling methods [13, 15, 16].

For a potential of the form (11), namely a one-dimensional potential that is positive and
vanishes in the limit |g| — oo, there is always at least one resonance below the maximum
of the potential. The reason is that in one dimension for a negative potential that vanishes at
infinity there is always a bound state [17-19]. With the help of analytic continuation one can
show that the existence of a bound state for a static potential V implies existence of a low
energy resonance for —V. The sufficient condition for such a continuation is that V (g) falls
off exponentially (or faster) with g (for the precise statement see [18]). A general argument
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Figure 2. Effective time-independent potential of equation (11) for the parameters of figure 1 and
with w = 1.5.
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Figure 3. The energy position of the lowest resonance for the potentials of figures 1 and 2 versus
the driving frequency w. The solid line is a result of the exact calculation for (10) and the dashed
line for the effective potential of equation (11).

and specific examples are presented in section 2.2.2 of [15]. Note that this phenomenon
might be affected by the presence of an additional time-independent potential. According
to the transformations performed in this letter, (2)—(9), which were performed under quite
general conditions, it implies existence of a resonance for the time-dependent Hamiltonian
(10). Such a resonance was calculated directly for the time-dependent Hamiltonian (10)
and for the corresponding time-independent Hamiltonian with the effective potential (11).
The comparison is presented in figures 3 and 4. In our calculations we used ‘atomic units’,
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Figure 4. Same as figure 3 for the resonance width.

ie. m = h = e = 1, where m is the mass of the particle considered rather than the mass
of the electron. In these units the potential parameters are 8 = 0.02 and Vy = 9. The
lowest resonance (smallest real part) SSE = Ey —i["p/2 is presented in these figures. Good
agreement between the predictions of (10) and (11) is found for | < w. This frequency
range should be compared to €2, the characteristic frequency of the bound motion that satisfies
n/Q=¢ ﬁ, where the integral is over the closed cycle of the classical motion.
The resonance position Ey and V¢ depend on w. For v = 2 and w = 1 one finds 2 = 0.10
and = 0.23, respectively. Note that even for large w the resonance does not become very
wide and the growth of 'y with w is slower than linear. There is a minimum in the width I'y
and the approximation is quite reasonable for frequencies larger than the frequency where the
minimum is found.

It is instructive to notice that the agreement between the predictions of (10) and (11) was
found here in a regime that is not semiclassical. For this purpose we calculated R = L /A,
where L, is the distance between the classical turning points for a trajectory trapped in the
well and & = //2mE is the de-Broglie wavelength. Applicability of the semiclassical
approximation requires R > 1 while for the results presented here we find R < 0.32.
Therefore the behaviour in the regime studied here is not semiclassical.

In this work we demonstrated that trapping by a rapidly oscillating potential with a bound
amplitude can be approximated by trapping in a static potential that is calculated by averaging
the transformed potential V'(g, ) over time. It is superior to the averaging of V (g, 1)
over time, which is traditionally performed in the exploration of the dynamics of atoms in
strong laser fields in the context of the KH transformation. The theory presented here is an
extension to quantum mechanics of classical stabilization, but its validity is not confined to
the semiclassical regime. In particular, the lowest resonance was calculated with the help of
an effective static potential. It is argued that a rapidly oscillating smooth potential that decays
exponentially or faster at infinity typically exhibits a low energy resonance in one dimension.
We emphasize that the effective potential resulting from the rapidly oscillating field is small
for high frequencies, resulting in lifetimes that may be short. Nevertheless, as was argued
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here, even for arbitrarily high frequency, the particle is temporarily trapped in a resonance
state.

Acknowledgments

This work was supported in part by the US-Israel Binational Science Foundation, by the Basic
Research Foundation administered by the Israeli Academy of Sciences and Humanities and
by the Fund for the Promotion of Research at the Technion. We thank Y Avron and B Eckhard
for informative discussions.

References

[1] Balykin V I, Minogin V G and Letkhov V S 2000 Rep. Prog. Phys. 63 1429
Chu S 1999 Rev. Mod. Phys. 70 685
Chu S 2002 Nature 416 206
Phillips W D 1999 Rev. Mod. Phys. 70 721
Helmerson K and Phillips W D 1999 Proc. Int. School of Physics ‘Enrico Fermi’ 140 391
Cohen Tannoudji C N 1999 Rev. Mod. Phys. 70 707
Cohen Tannoudji C N 2001 Atomic and Molecular Beams (Berlin: Springer) pp 43-62
Weitz M 2000 IEEE J. Quantum Electron. 36 1346
Tannor D J, Kosloff R and Bartana A 1999 Faraday Discuss. 113 365
Weiman C E, Pritchard D E and Wineland D J 1999 Rev. Mod. Phys. 71 S253
Waulther H 2002 Adv. Chem. Phys. 122 167
[2] Landau L D and Lifshitz EM 1989 Mechanics (Oxford: Pergamon)
[3] ter Haar D (ed) 1965 Collected Papers of P L Kapitza (Oxford: Pergamon) p 94
Kapitza P L 1951 Zh. Eksp. Teor. Fiz. 21 588
[4] Paul W 1990 Rev. Mov. Phys. 62 531
[5] Cohen-Tannoudji C, Dupont-Roc J and Grynberg G 1992 Atom-Photon Interactions (New York: Wiely)
[6] Milner V, Hanssen J L, Campbell W C and Raizen M G 2001 Phys. Rev. Lett. 86 1514
[7] Friedman N, Kaplan A , Carasso D and Davidson N 2001 Phys. Rev. Lett. 86 1518
[8] Kramers H A 1956 Collected Scientific Papers (Amsterdam: North-Holland)
Henneberger W C 1968 Phys. Rev. Lett. 21 838
[9] Gilary I and Moiseyev N 2002 Phys. Rev. A 66 063415
[10] Perez del valle C, Lefebvre R and Atabek O 1997 J. Phys. B: At. Mol. Opt. Phys. 30 5157
[11] Rahav S, Gilary I and Fishman S Preprint nlin.CD/0301033
[12] Taylor J R 1972 Scattering Theory (New York: Wiley)
[13] Peskin U and Moiseyev N 1993 J. Chem. Phys. 99 4590
[14] Peskin U and Moiseyev N 1994 Phys. Rev. A 49 3712
[15] Moiseyev N 1998 Phys. Rep. 302 211
[16] Reinhardt W P 1982 Annu. Rev. Phys. Chem. 33 223
[17] Landau L D and Lifshitz E M 1989 Quantum Mechanics (Non-Relativistic Theory) (Oxford: Pergamon) p 162
[18] Simon B 1976 Ann. Phys., NY 97 279
[19] Simon B 1979 Trace Ideals and Their Applications (London Math. Soc. Lecture Notes 35) (Cambridge:
Cambridge University Press) ch 7



