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Kicked Rydberg atom: Response to trains of unidirectional and bidirectional impulses
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The behavior of Rb(390p) atoms subject to a train of up to 50 half-cycle pulses~HCPs! with durationTp

!Tn , whereTn is the classical electron orbital period, is investigated. In this limit, each HCP simply delivers
an impulsive momentum transfer or ‘‘kick’’ to the electron. The response of atoms to a series of unidirectional
kicks and to a series of kicks that alternate in direction is compared. For unidirectional kicks, the Rydberg atom
survival probability has a pronounced maximum when the pulse repetition frequencyvp is ;1.3 times the
classical orbital frequencyvn . Classical simulations show this behavior provides a signature of dynamical
stabilization. Evidence of dynamical stabilization and chaotic diffusion is also found in the distribution of final
bound states. Very different behavior is observed for alternating kicks. The survival probability generally
increases withvp , although a small local maximum is evident whenvp;vn . Little evidence of dynamical
stabilization is observed in either the calculated dependence of the survival probability on the number of
applied kicks, in the measured final bound-state distribution, or in the classical phase space of the kicked atom.
Model calculations for a one-dimensional ‘‘atom’’ reveal islands of stability, but their three-dimensional
counterparts are found to be unstable.

PACS number~s!: 32.80.Rm, 42.50.Hz
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I. INTRODUCTION

Studies of the behavior of impulsively driven, o
‘‘kicked,’’ systems in which the duration of each impulse
short compared to the period of the unperturbed system
provide valuable insights into nonlinear dynamics in Ham
tonian systems. Impulsively driven systems, which inclu
the kicked rotor and the kicked hydrogen atom, are straig
forward to model numerically because their time evoluti
can be reduced to a sequence of discrete maps betwee
jacent kicks. This allows detailed exploration of the lon
term evolution of the system using both classical and qu
tum dynamics. Although systems subject to sinusoi
perturbations have been widely studied, for example, hyd
gen Rydberg atoms in a microwave field@1#, experimental
realizations of kicked systems are few. Recently, howev
atoms cooled in a standing light wave have provided a p
tical example of the one-dimensional standard map and h
demonstrated the existence of Anderson localization in
translational motion of a single atom@2,3#. The kicked atom
has been realized experimentally@4# by exposing very-
high-n potassium Rydberg atoms to a sequence of eq
paced unidirectional electric-field pulses, termed half cy
pulses~HCPs!, whose durationTp is short compared to the
classical electron orbital periodTn . In the limit that Tp

!Tn , a single electric-field pulseFW HCP(t) simply delivers an
impulsive momentum transfer or ‘‘kick’’ DpW
52*0

`FW HCP(t)dt to the excited electron.~Unless otherwise
stated, atomic units are used throughout.!

*Present address: Institute for Theoretical Physics, Vienna U
versity of Technology, A1040 Vienna, Austria.
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Earlier studies of the kicked atom utilized K(np) atoms
with n;388, for which the classical orbital frequencyvn is
;110 MHz and the orbital periodTn is ;9 ns. The perfor-
mance of the pulse generator used to generate the H
however, limited measurements to scaled frequenciesv0
[vp /vn&2 and to scaled pulse widthsT0[Tp /Tn*0.2,
barely in the impulsive limit (Tp /Tn!1). Nonetheless, thes
measurements showed that the Rydberg atom survival p
ability following application of a train of HCPs can be su
prisingly large. Further, the observed survival probabilit
@4# depended markedly on the pulse repetition frequen
increasing with increasing frequency to a maximum at sca
frequenciesv0 of ;1–2. This behavior was well reproduce
by both one-dimensional~1D! and three-dimensional~3D!
CTMC simulations, which showed that the phase space
the kicked atom contains sizable regular islands that lea
dynamical stabilization.

In the present work, measurements are extended to hi
scaled frequencies,v0;4, and to shorter HCP widths,Tp
;500 ps full width at half maximum~FWHM!. The avail-
ability of shorter pulse widths (Tp /Tn;0.05) provides better
access to the~near! impulsive limit. The data at the highe
scaled frequencies show that, after reaching a maximum
v0;1.3, the survival probability begins to decrease. This
havior was predicted by 3D CTMC simulations and provid
a signature of dynamical stabilization@4#. These calculations
showed that, depending on scaled frequency, ionizatio
either chaotic or is characterized by a mixed phase sp
with various families of fully stable islands within which th
atom is stable against ionization. A simplified 1D model w
found whose behavior mirrors the 3D classical system. S
natures of stabilization and of chaotic diffusion were fou
in the calculated dependence of the survival probability
N, the number of applied kicks~HCPs!, and in the measured
i-
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n distribution of the surviving bound states.
Measurements are also extended to include trains of H

that alternate in sign, i.e., that provide kicks that alternate
direction. The dependence of the Rydberg atom surv
probability on scaled frequency is observed to be very
ferent from that for unidirectional kicks. In general, the su
vival probability simply increases with increasing scaled f
quency, although a narrow local maximum is evident
scaled frequenciesv0;1. The data, and local maximum, a
well reproduced by 3D CTMC simulations. However, the
simulations show that the phase space for the system
not contain any sizable stable islands, indicating that
namical stabilization is very unlikely. This is confirmed b
calculations of theN dependence of the survival probabili
and by measurements of the final bound-state distributio
1D simulations show that the phase space of the 1D ‘‘ato
contains sizeable stable islands that are associated with
namical stabilization and the periodic ‘‘orbit’’ associate
with the largest island is identified. 3D cantori and period
orbits that correspond to the 1D islands are identified
these are found to be unstable for initial Rydberg states w
very small scaledz components of orbital angular mome
tum (Lz05Lz /n;0).

II. EXPERIMENTAL METHOD

The present apparatus@4# is shown schematically in Fig
1. Rb(390p) atoms are created by photoexciting ground-st
Rubidium atoms contained in a tightly collimated therm
energy beam using a frequency-stabilized intracav
doubled coherent CR 699-21 Rh6G dye laser.~Rubidium is
used in the present work because the oscillator strength
excitation to high-n levels is significantly larger than that fo
potassium, resulting in increased signal levels.! Excitation
occurs near the center of an interaction region bounded
three pairs of copper electrodes, each 10310 cm. The use of
large electrodes well separated from the experimental
ume minimizes the effect of patch fields associated with n

FIG. 1. Schematic diagram of the apparatus. The inset sh
typical segments of the HCP trains used in this work.
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uniformities in the electrode surfaces. The HCPs are ge
ated by applying voltage pulses to a circular copper electr
5 cm in diameter that is positioned 2.5 cm below the up
rectangular electrode. The HCP electrode is mounted on
end of a section of semirigid coaxial cable that is termina
by a 50-V resistor at the electrode. This arrangement mi
mizes the stray capacitance of the HCP electrode, allow
fast pulse rise times to be obtained. Also, the symmetry
the interaction region is reduced, limiting the excitation
resonant cavity modes. Even with all electrodes ground
however, fields of;2 mV cm21 remained in the experimen
tal volume. These were locally reduced to&50 mV cm21 by
application of small bias potentials to the electrodes t
were determined using a technique based on the Stark ef
To minimize motional electric fields, the magnetic field
reduced to&20 mG by use ofm-metal shields.

Measurements are conducted in a pulsed mode. The l
output is formed into a train of pulses of;4-ms duration and
;25-kHz repetition frequency using an acousto-optic mo
lator. ~The probability that a Rydberg atom is formed durin
any laser pulse is small,&0.05, and data must be accum
lated following many pulses.! Excitation occurs in~near!
zero electric field. Approximately 200 ns after each las
pulse, the atoms are subject to a train of HCPs that is p
duced using a Hewlett-Packard model 8131A pulse gen
tor. The output pulses from the generator are ac couple
the HCP electrode to prevent small drifts in the output ba
line from introducing stray fields in the experimental vo
ume. The pulse shapes and amplitudes are measured dir
at the HCP electrode using a fast probe and sampling o
loscope. To maintain a constant pulse shape, the ampli
of the pulses is varied using broadband attenuators conne
in series with the pulse generator. Segments of the p
trains used in the present work are included in Fig. 1. E
HCP has a duration of;500 ps FWHM with rise and fall
times of;200 ps.

One problem when using very short HCPs is that of re
ing the actual time-dependent electric field experienced
the excited electron, and the impulse it receives, to the v
age pulse applied to the HCP electrode. For sufficiently lo
pulses, the electric field can be determined to good accu
by solving Laplace’s equation with the appropriate bound
conditions. In the present case, however, the pulse dura
is only twice the transit time of an electromagnetic pu
across the interaction region. Calculation of the electric fi
therefore requires solution of the full Maxwell’s equation
Rather than attempt this, an alternate approach was ado
in which the probability for ionization of the parent atoms b
a single HCP was measured as a function of HCP amplitu
Previous work using higher-n atoms and longer-duration
HCPs (Tp*2 ns) has shown that CTMC simulations are ab
to accurately predict absolute ionization and survival pro
abilities @4#. Thus by comparing theory and experiment, it
possible to determine the actual impulse delivered by a gi
HCP. If it is then assumed that the time dependence of
electric field mirrors that of the pulse applied to the HC
electrode, an estimate of the amplitude of the applied fi
can be obtained.

The number, and excited-state distribution, of Rydbe

s
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KICKED RYDBERG ATOM: RESPONSE TO TRAINS OF . . . PHYSICAL REVIEW A 62 043402
atoms remaining in the experimental volume following a
plication of the HCPs is measured, after a time delay
;6ms, using selective field ionization~SFI!. The time delay
discriminates against free low-energy electrons produced
HCP-induced ionization which, tests showed, have a r
dence time of&5ms in the interaction region. For SFI,
slowly varying ~;0.5-ms rise time! positive voltage ramp is
applied to the lower interaction-region electrode. Electro
resulting from field ionization are accelerated to, and
tected by, a particle multiplier. Because atoms in differ
Rydberg states ionize at different applied fields, measu
ment of the field ionization signal as a function of time, i.
of applied field, provides information on the excited-sta
distribution of those atoms present at the time of applicat
of the SFI ramp. Measurements in which no HCPs are
plied are interspersed at routine intervals during data ac
sition to monitor the number of Rydberg atoms initially cr
ated by the laser. The Rydberg atom survival probability
determined by taking the ratio of the Rydberg atom sign
observed with and without HCP application.

III. RESULTS AND DISCUSSION

Survival probabilities measured following application
trains of 20 and 50 equispaced, unidirectional HCPs are
sented in Figs. 2~a! and 2~b! respectively, as a function of th
pulse repetition frequencyvp ~expressed in MHz and in
scaled units! for several different HCP amplitudes. As mig
be expected, significantly larger HCP amplitudes are
quired to obtain a given fractional ionization when using
HCPs than when using 50 HCPs. The data show that
survival probability depends markedly on the pulse repetit
frequency and a pronounced maximum is evident at sc
frequenciesv0;1.3. The survival probability at the max
mum is surprisingly large. A HCP amplitude of 18
mV cm21 corresponds to a scaled momentum transferDp0
[Dp/pn5nDp.0.33, suggesting that 50 HCPs should
more than sufficient to ionize essentially all the ato
present.

The survival probabilities observed after application of
and 50 HCPs that alternate in sign are shown in Figs. 3~a!
and 3~b! respectively, as a function of pulse repetition fr
quency.~The pulse repetition frequencyvp is taken to be 1/T
where, as shown in Fig. 1,T is the time between adjacen
HCPs.! The survival probability again depends strongly
vp but, in contrast to the data for unidirectional HCPs,
broad peak in the survival probability is evident. Rather,
survival probabilities generally increase with increasi
pulse repetition frequency. A small local maximum in su
vival probability is observed, however, for scaled freque
ciesv0;1.

Figures 2 and 3 include the results of 3D CTMC simu
tions that are described in more detail elsewhere@4#. Briefly,
for unidirectional HCPs, these simulations make use of
Hamiltonian

H~ t !5Hat1zF~ t !.Hat1z(
j 51

N

FHCP~ t2 j vT
21!, ~1!
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whereFHCP is the field of a single pulse andN is the number
of applied HCPs. The atomic HamiltonianHat is given in
cylindrical coordinates (z,r,o” ) by

Hat5
pz

21pr
2

2
1

Lz
2

2r2 1Vat~Az21r2!, ~2!

where Lz is the z component of the angular momentum
which is a constant of motion, and, for the present work, h
only very small scaled valuesLz0<531023. For Vat a one-
electron pseudopotential is used that yields accurate quan
defects and that satisfies the correct boundary condition
large and small radii. The profileFHCP is assumed to mirror
that of the pulse applied to a HCP electrode. For alterna
HCPs, the Hamiltonian

FIG. 2. ~a! Rb(390p) Rydberg atom survival probability follow-
ing application of twenty unidirectional HCPs with peak fields
~d!, 200; ~h!, 225; ~L!, 250; ~m!, 275; and~,!, 300 mV cm21 as
a function of pulse repetition frequency, expressed in MHz a
scaled unitsv05vp /vn . The figure includes the results of CTMC
simulations@for Rb(390p) atoms# that use the measured HCP pr
file and pulse amplitudes of~ ! 200 and~ ! 275 mV cm21,
respectively.~b! Survival probability following application of 50
unidirectional HCPs with peak fields of~d!, 120; ~h!, 150; and
~l!, 180 mV cm21. The results of CTMC simulations for puls
amplitudes of ~ ! 120 and ~ ! 180 mV cm21 are also
shown.
2-3
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B. E. TANNIAN et al. PHYSICAL REVIEW A 62 043402
H~ t !.Hat1z(
j 51

N

~21! j 11FHCP~ t2 j vT
21! ~3!

is used, whereN is even. The calculations assume an isot
pic phase-space microcanonical ensemble with classica
gular momenta 1<L<2 corresponding to the initial laser
excitedl 51 quantum state with a statistical population ofm
substates.

The CTMC simulations provide good agreement with t
data without recourse to any adjustable parameters. In
case of alternating HCPs, however, the calculated surv
probability was found to be quite sensitive to the presenc
small residual fields. No similar sensitivity exists for unid
rectional HCPs since the time-averaged electric field ass

FIG. 3. ~a! Rb(390p) Rydberg atom survival probability follow-
ing application of 20 alternating HCPs with peak fields of~d!, 200;
~h!, 225;~L!, 250;~m!, 275; and~,!, 300 mV cm21 as a function
of pulse repetition frequency. The solid line shows the results
CTMC simulations that use the measured HCP profile and p
amplitudes of~ ! 200 and~ ! 275 mV cm21. ~b! Survival
probability following application of 50 alternating HCPs with pea
fields of ~d!, 120;~h!, 150; and~l!, 180 mV cm21. The results of
CTMC simulations for pulse amplitudes of~ ! 120 and~ !
180 mV cm21 are also shown. The CTMC calculations assume
presence of a residual stray field sufficient to ionize atoms witn
*1200.
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ated with the train of pulsesFav5vpDp is much larger than
any residual field. In turn, the time-averaged field for alt
nating pulses isFav50 and, therefore, stray fields play
comparatively larger role. The CTMC results in Fig. 3 a
sume the presence of a small residual field sufficient to i
ize atoms withn*1200. The size of the calculated pea
predicted at scaled frequenciesv0;1 is somewhat larger
than that measured. In addition, the calculations exhib
local maximum atv0;0.5 that is not visible in the measure
ments. Given the sensitivity to stray fields, these differen
could be the result of small field inhomogeneities in the e
perimental volume.

The origin of the features present in the data was exa
ined by considering the behavior of the system when it
subject to a large number of HCPs. To investigate t
high-N limit, the simplified model of a hydrogen atom (Vat

521/Ar21z2) subject to d-function impulses was em
ployed @i.e., replacingFHCP(t) by Dpd(t) in Eqs. ~1! and
~3!#. As illustrated in Fig. 4, survival probabilities calculate
for H(390p) using this model and for Rb(390p) using finite-
width pulses display the same general structure demons
ing that use of the simplified model is reasonable. The p
dicted survival probabilities, however, lie a little below tho
obtained for finite-width pulses because the finite-width c
off the higher frequencies in the perturbation.

The broad maximum in the survival probability for unid
rectional pulses comprises a series of overlapping pe
whose origin can be traced by analyzing Poincare´ surfaces of
section. We have shown that sizable stable islands enclo

f
e

e

FIG. 4. Calculated Rydberg atom survival probabilities follow
ing application of 50~a! unidirectional and~b! alternating HCPs of
amplitude 120 mV cm21 as a function of the scaled pulse repetitio
frequency. The solid lines show the results of CTMC simulatio
for Rb(390p) atoms that use the measured HCP profile. Results
H(390p) atoms obtained using thed-function impulse model are
indicated by the dashed lines.
2-4
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KICKED RYDBERG ATOM: RESPONSE TO TRAINS OF . . . PHYSICAL REVIEW A 62 043402
by Kolmogorov-Arnold-Moser~KAM ! tori exist that are as-
sociated with dynamical stabilization@4#. For certain values
of frequency, the initial state of the electron overlaps sta
islands in phase space and stabilization is obtained by t
ping the phase-space trajectories within these islands. Th
illustrated in Fig. 5~a!, which shows the calculated surviva
probability as a function of the numberN of kicks for several
values of scaled frequencyv0 . When the initial state lies
within a stable island, the survival probability, after initial
decreasing, becomes steady, even for*106 kicks, providing
clear evidence of dynamical stabilization. For other values
frequency the initial state lies in the chaotic sea. In this ca
the survival probability decreases monotonically with
creasingN, a characteristic of chaotic ionization.

Additional experimental evidence for dynamical stabiliz
tion and chaotic ionization is contained in the distribution
excited states following application of the HCP train. If d
namical stabilization occurs, the distribution of excitation e
ergies of the surviving bound states should be sharply pea
near the initial energy. This behavior is confirmed by the S
spectra shown in Fig. 6. In the absence of HCPs, the
spectrum comprises a single relatively narrow peak that
responds to ionization of parent 390p atoms. The SFI profile
observed following application of 50 HCPs with a scal
repetition frequencyv0;1.3 ~for which the survival prob-
ability is near maximum! and an amplitude sufficient to ion

FIG. 5. Calculated survival probabilities for a 3D H(390p) atom
subject to a train of~a! unidirectional and~b! alternatingd-function
kicks with various scaled frequenciesv0 as a function of the num-
ber N of kicks.
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ize ;90% of the parent atoms is broader than that for
parent atoms. This indicates that the HCP application po
lates a range of finaln states. The majority of the atoms
however, ionize at field strengths comparable to those of
parent atoms, demonstrating that then distribution of the
surviving atoms is peaked at a value ofn similar to that of
the parent atoms, as is expected if dynamical stabilizatio
occurring.~The sharp peak in the SFI profile at early time
i.e., at small values of applied field, is an artifact of the S
process and results because the threshold field for ioniza
scales asn24. The ionization of the highestn atoms is there-
fore compressed into a narrow range of applied fields, i.e
narrow time range.! The SFI profile for a scaled repetitio
frequencyv0;0.5 ~where dynamical stabilization is not ex
pected!, contains no pronounced feature at field streng
near those characteristic of parent-state ionization. Rat

FIG. 6. SFI profiles observed for surviving atoms following a
plication of 50 unidirectional HCPs with scaled pulse repetiti
frequenciesv0 of ~a! 1.3 and~b! 0.5, respectively; and~c! following
application of 50 alternating HCPs withv051. In each case the
HCP amplitudes are sufficient to ionize;90% of the parent atoms
The dashed line in each data set corresponds to the SFI pr
observed for the parent Rb(390p) atoms. To better compare th
shapes of the various profiles, the SFI spectra are normalize
equal areas.
2-5
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B. E. TANNIAN et al. PHYSICAL REVIEW A 62 043402
the SFI spectrum is dominated by the ionization of ve
high-n atoms, which is consistent with chaotic migratio
from the initial state to highly excited levels near the ioniz
tion threshold.

The use of alternating kicks leads to a marked chang
the pulse repetition frequency dependence of the Rydb
atom survival probability, which shows a general increa
with increasing scaled frequency. Such behavior is expec
At high scaled frequencies, the time delay between adja
kicks becomes very short and the effect of one kick is,
essence, immediately reversed by the next~equal but oppo-
site! kick. ~Indeed, tests in which the atoms were subject
50 pairs of very closely spaced equal but opposite ki
showed that the survival probability was large,*0.8, and
essentially independent of the pulse pair repetition f
quency.! The data do, however, provide evidence for a lo
maximum in survival probability for scaled frequenciesv0
;1, and this is well reproduced by the CTMC simulation
This feature is suggestive of dynamical stabilization. To
plore this possibility further, theN dependence of the sur
vival probability was explored using thed-function impulse
model. These calculations@Fig. 5~b!# indicate that, in con-
trast to the case for unidirectional kicks, the survival pro
ability simply decreases monotonically with increasingN for
all scaled frequencies, even those in the vicinity ofv0;1.
~The rate of decrease, however, is significantly lower in t
regime leading to the local maximum in the observed s
vival probability.! Figure 5~b! suggests either that dynamic
stabilization does not occur or that it occurs with a ve
small probability. This result is, at first sight, surprising sin
the survival probabilities after 50 unidirectional and altern
ing pulses depicted in Figs. 2 and 3 have the same orde
magnitude. This can be attributed to the fact that the effec
a kick is partially reversed by the next kick for alternatin
pulses and that the chaotic diffusion rate is smaller than
for unidirectional pulses. Only after a very large number
kicks ~much larger than 50 kicks! does the effect of dynami
cal stabilization become evident and the survival probabi
for unidirectional pulses surpass that for alternating puls

In an attempt to gain insight into the physical origin of t
local maximum atv0;1 for alternating pulses, Poincare´ sur-
faces of section were examined for a wide range of cutsr
andpr . SinceLz is a constant of motion, the 3D kicked ato
represents a time-dependent dynamical system with two
grees of freedom~a four-dimensional phase space!, which
can be mapped into a time-independent 2 and 1/2 degre
freedom system~the time being the additional ‘‘1/2’’ degre
of freedom!. The single-period~two kicks! evolution associ-
ated with the simplified Hamiltonian is given by a map
phase-space coordinates

M5MCoulM 1DpMCoulM 2Dp , ~4!

where MCoul describes the evolution of the Coulomb orb
between HCPs andM 6Dp describes the effect of the impuls
M maps the four-dimensional phase space (r,z,pr ,pz) onto
itself. The evolution of the phase-space coordinates afteN
kicks is simply given byMN/2, allowing the stability of the
system in the limitN→` ~typically N*106! to be examined
in detail.
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The stroboscopic snapshots taken after each applicatio
M lie on a four-dimensional~4D! manifold. Visualization in
terms of Poincare´ surfaces of section requires the reducti
to a two-dimensional manifold by slicing the 4D manifo
into layers defined by fixed coordinates (r6Dr,pr6Dpr).
Figure 7~a! displays one such slice of the 3D kicked atom f
the scaled valuesr050.1 andpr0[npr50.1. Surprisingly,
sizable closed loops that resemble cuts of KAM tori are e
dent. However, the analysis of dynamical stabilization in t
high-dimensional system turns out to be complicated.

For a comparative analysis of the phase-space structu
the 3D kicked atom, CTMC simulations were undertaken
a simpler 1D ‘‘atom’’ @5,6# subject to a periodic sequence
alternatingd-function kicks whose dynamics is governed b
the Hamiltonian

H~ t !5
p2

2
2

1

q
1

L2

2q22qDp(
j 51

N

~21! j 11d~ t2 j vT
21!, ~5!

where q and p denote the position and momentum of th
electron, respectively, andL→0 is a quasi-angular momen
tum. Figure 7~b! shows that the Poincare´ map for the 1D
kicked atom is very similar to that for the 3D atom shown
Fig. 7~a!. This is, perhaps, not surprising given that the Po
carésurface of section for the 3D system was obtained
taking a cut at smallr0(;0.1) andpr0(;0) close to the
phase space of the one-dimensional atom. In each case
center of the main ‘‘island’’ corresponds to a periodic orb
This periodic orbit can be identified with the help of its pr

FIG. 7. Poincare´ surface of section for~a! the 3D and~b! the 1D
hydrogen atom subject to a series of alternatingd-function kicks
with Dp050.3. The 3D slice is taken atr050.1 andpr050. The
time cuts are taken immediately before the first, third, fifth... kic
The dashed line in the figure corresponds to the initial state of
electron.
2-6
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KICKED RYDBERG ATOM: RESPONSE TO TRAINS OF . . . PHYSICAL REVIEW A 62 043402
jection onto the~q,p! plane@or (z,pz) plane#, which is shown
in Fig. 8. To better visualize the behavior, different segme
of the orbit are shown separately. Obviously, the electro
motion is confined to a single Coulomb ‘‘orbit.’’ This re
quires that the energy transferred to the excited electron
each impulse,DE5Dp2/21p(6Dp), be zero, i.e., that the
electron momentum prior to the kick bep52(6Dp)/2. The
electron first completes the orbit in one direction, then in
other, the reversals being triggered by the alternating app
kicks 1Dp,2Dp,1Dp... The reversals occur at the sam
coordinateq and simply change the direction of motion
the electron without changing its energy, i.e., its moment
changes from2(6Dp)/2 to 6Dp/2. As expected, the domi
nant islands present in Fig. 7~b! where the cut is immediately
before each positive kick (Dp0510.3), are centered at
scaled initial momentump0520.15. Periodic orbits forv0

51 for the 3D system can be identified for any slice inr
6Dr,pr6Dpr). Other periodic orbits are evident in Fig
7~b! as well.

The fundamental difference between the 1D and
phase-space structures is the stability properties of the
lands. The 1D system features KAM tori, which are struct
ally stable and are confining. This means that any torus p
vides a globally impenetrable barrier against diffusion a
that chaotic and regular regions remain well separated. In
3D case, however, all chaotic regions are interconnected
each other, one manifestation of which is Arnold diffusi
@7#. In the present case of alternating pulses, the islands
resemble tori are, in fact, ‘‘leaky’’ tori or cantori@7#. Simu-
lations show that, indeed, the trajectories forming the clo
loops in Fig. 7~a! only intersect the slice of the figure for
finite period of time after which they drift away and event

FIG. 8. Projection of dominant 1D periodic ‘‘orbit’’ onto thep,
q plane for alternatingd-function kicks withDp050.3 andv051.
Each successive orbit is shown separately to better visualize
behavior. The solid arrows indicate the direction of motion alo
the orbit.
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ally become ionized. The slow drift motion of appare
KAM-like structures for alternating kicks has been observ
before@8#.

Leaky tori will slow down diffusion but cannot com
pletely suppress it. Starting on a leaky torus, the energy
fusion will initially be slow. As the trajectory wanders to
ward the edge of the torus, it will eventually reach t
interconnected global chaotic sea. This is accompanied b
transition from slow to fast diffusion. The latter is, to som
extent, ‘‘universal,’’ i.e., independent of when and where t
chaotic sea is being reached. This is illustrated in Fig.
where the energy diffusion of two large ensembles of init
conditions is followed as a function of time. Both ensemb
of initial conditions lie on the same initial manifold~i.e., the
dashed line in Fig. 7! and, initially, the scaled binding energ
is E0521. If the ensemble of initial conditions lies in th
chaotic sea, a rapid energy diffusion of the system is
served until the continuum is reached. Only after the el
trons have reached the continuum and are far from the C
lomb center does energy diffusion cease because altern
pulses cannot change the energy of a free electron. Rem
ably, the 1D and 3D simulations are almost indistinguisha
from each other, attesting to the ‘‘universality’’ of the fa
chaotic motion. An entirely different picture emerges wh
the ensemble of initial conditions is placed in the region
the island associated with the leaky torus in the 3D case
the true KAM torus in the 1D case. In one dimension, KA
tori completely suppress diffusion and only fluctuation
energy around the initial value due to the quasiperiodic m
tion is observed. In the 3D case, the ensemble initially
dergoes quasiperiodic motion before slow diffusion aw
from the leaky tori sets in after about 100 kicks.

The local narrow maximum in the experimental and th
oretical survival probability evident in Fig. 3 atv051 after
50 kicks should therefore be viewed as a signature of

he

FIG. 9. Average binding energy just before theNth kick as a
function of the number of kicks for two ensembles of particles~see
text! in the same initial energy level depicted in Fig. 7. The e
sembles~a! within the chaotic sea and~b! near the periodic orbit
correspond to initial conditions nearq05z051.85, p05pz05

1A211(2/q0), andp05pz052A211(2/q0), respectively.
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delayed onset of chaotic diffusion due to the motion on lea
tori, rather than as a signature of true stabilization. Howev
for the time interval prior to the onset of chaotic diffusio
accessible in the current experiment, the survival probab
ties for the atom driven by unidirectional and alternati
kicks can be comparable in magnitude. This is precis
what is observed in Fig. 3. The presence of slow diffus
and absence of stabilization for alternating pulses is exp
mentally confirmed by the SFI profiles measured followi
application of 50~alternating! HCPs~see Fig. 6!, which con-
tain no pronounced feature at field strengths near those c
acteristic of parent-state ionization. Instead, the SFI spect
is dominated by ionization of very-high-n atoms, pointing to
diffusive motion toward higher-n levels.

The stabilization observed for unidirectional pulses in
and the lack thereof for alternating pulses poses a puzz
question: precisely what mechanism is responsible for
quite different behavior? A partial answer to this question
provided by comparing the excursions along ther direction
~see Fig. 10! of the dominant periodic orbits for these tw
cases. For alternating pulses, the periodic orbit is comple
degenerate: it is composed of a single Coulomb orbit that
the same frequencyv5vp5vn in all degrees of freedom. In
contrast, the periodic orbit for unidirectional pulses clea
involves two frequencies: the frequency of the pulsesvp ,
which is larger than the Coulomb frequencyvn , and a
slower frequency that corresponds to precession of the C
lomb orbit. A frequency analysis of the orbit indicates th
the latter is equal to the Stark precession frequencyvStark

FIG. 10. Projection of the dominant periodic orbit on the (z,r)
plane for~a! unidirectional and~b! alternating pulses with strengt
Dp050.3 and initial conditions such thatr050.1 andpr050. The
periodic orbit is followed for many pulses in the train.
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associated with the averaged electric field of the train
pulsesFav5vpDp @in first-order perturbation theory,vStark

53Favn/(2p)#. This additional electric field, which is ab
sent for alternating pulses, clearly plays a crucial role in
stabilization of the atom for unidirectional pulses. It provid
for the existence of a set of incommensurate frequencie
the system, which is essential for the existence of KAM to
On the other hand, the absence of an average electric fiel
alternating kicks leads to degeneracy and to leaky remn
of tori. This observation suggests that the dynamical prop
ties of the kicked atom for alternating kicks could b
changed substantially by adding an additional dc field, wh
could be explored in future studies. Furthermore, experim
tal studies of the kicked atom have so far utilized init
states with a nearly zero centrifugal barrier in Eq.~2!: i.e.,
the atom is initially on annp state for whichLz0;0. Theo-
retical studies of the kicked atom for large values ofLz0
indicate that the centrifugal barrier can stabilize the atom
alternating pulses@6#.

The present work reaffirms that high-n Rydberg atoms
subject to a train of HCPs provide an excellent model sys
for studying the behavior of periodically driven system
Measurements with alternating kicks provide an opportun
to model the behavior of atoms subject to intense elec
magnetic radiation and promise new insights into inten
field stabilization@9,10#. CTMC simulations that employ re
alistic potentials and pulse shapes provide results that ar
good agreement with the experimental data indicating th
for the present range of field strengths, interaction times,
pulse repetition frequencies, classical-quantum corresp
dence holds and quantum effects are negligible. Howe
theory predicts that at higher scaled frequencies,v0*15,
classical-quantum correspondence might break down as
sult of quantum localization@5# when a large number of uni
directional kicks is applied. Further insights into dynamic
stabilization might also be obtained by studies involvi
high-m atoms, which can be created by application of
pulsed ‘‘dc’’ field @8#. Theoretical studies indicate that th
survival probabilities for such states are significantly high
than for low-m states. Because the harmonic content of
driving field can be varied by changing the shape and
width of the HCPs, such measurements might also illumin
the more general problem of atomic excitation by multifr
quency ‘‘colored’’ fields. It will also be interesting to exam
ine how the system behaves in making the transition betw
the two HCP trains studied here, i.e., as the amplitude
every other HCP in the train is first reduced to zero and th
increased in the opposite sense.
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