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Kicked Rydberg atom: Response to trains of unidirectional and bidirectional impulses
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The behavior of Rb(39f) atoms subject to a train of up to 50 half-cycle pulsd€P9 with durationT,
<T,, whereT, 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 frequgnisy~1.3 times the
classical orbital frequency,,. 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 withy,, although a small local maximum is evident wheg~v,, . 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 numbe(s): 32.80.Rm, 42.50.Hz

[. INTRODUCTION Earlier studies of the kicked atom utilized Kg) atoms
with n~388, for which the classical orbital frequengy is
Studies of the behavior of impulsively driven, or ~110 MHz and the orbital periodi, is ~9 ns. The perfor-
“kicked,” systems in which the duration of each impulse is mance of the pulse generator used to generate the HCPs,
short compared to the period of the unperturbed system camowever, limited measurements to scaled frequencigs
provide valuable insights into nonlinear dynamics in Hamil-=v,/v,<2 and to scaled pulse width§,=T,/T,=0.2,
tonian systems. Impulsively driven systems, which includebarely in the impulsive limit T,/T,<1). Nonetheless, these
the kicked rotor and the kicked hydrogen atom, are straightmeasurements showed that the Rydberg atom survival prob-
forward to model numerically because their time evolutionability following application of a train of HCPs can be sur-
can be reduced to a sequence of discrete maps between gmlsmgly Iarge. Further, the observed survival probabilities
jacent kicks. This allows detailed exploration of the long-[4] depended markedly on the pulse repetition frequency,
term evolution of the system using both classical and quanincreasing with increasing frequency to a maximum at scaled

tum dynamics. Although systems subject to sinusoidafrequencies) of ~1-2. This behavior was well reproduced

perturbations have been widely studied, for example, hydrofY both one-dimensional1D) and three-dimensionaBD)

gen Rydberg atoms in a microwave fidlif], experimental CTMC simulations, which showed that the phase space of

realizations of kicked systems are few. Recently, howeverthe klcked atom contains sizable regular islands that lead to
dynamical stabilization.

atoms cooled in a standing light wave have provided a prac* In the present work, measurements are extended to higher

tical example of the one-dimensional standard map and have . .
demonstrated the existence of Anderson localization in thgcaled frequencies;o~4, and to shorter HCP widths,,

. . . . ~~500 ps full width at half maximunfFWHM). The avail-
translational motion of a single atoff,3]. The kicked atom - . N .
has been realized experimentall4] by exposing very- ability of shorter pulse widthsT(,/T,~0.05) provides better

high-n potassium Rydberg atoms to a sequence of equis<'310cess to thénegb impulsive limit. The dat'a at the h.igher
paced unidirectional electric-field pulses, termed half cycleScaled frequencies show that, after reaching a maximum at

. . ~1.3, the survival probability begins to decrease. This be-
ulses(HCP9, whose durationl, is short compared to the U0 X ) . .
Elassic(al eIeS)ctron orbital perio%fn. In the Iin?it that T, havior was predicted by 3D CTMC simulations and provides

_ o - ) _ a signature of dynamical stabilizati¢a]. These calculations
<Ty, asingle electric-field pulsBycp(t) simply delivers an  ghoyed that, depending on scaled frequency, ionization is
impulsive  momentum  transfer or  "kick” AP gijther chaotic or is characterized by a mixed phase space
=—JoFuce(t)dt to the excited electror{Unless otherwise  with various families of fully stable islands within which the
stated, atomic units are used throughput. atom is stable against ionization. A simplified 1D model was
found whose behavior mirrors the 3D classical system. Sig-
natures of stabilization and of chaotic diffusion were found
*Present address: Institute for Theoretical Physics, Vienna Uniin the calculated dependence of the survival probability on
versity of Technology, A1040 Vienna, Austria. N, the number of applied kickdtHCP9, and in the measured
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T T uniformities in the electrode surfaces. The HCPs are gener-

ated by applying voltage pulses to a circular copper electrode
w 5 cm in diameter that is positioned 2.5 cm below the upper
rectangular electrode. The HCP electrode is mounted on the
end of a section of semirigid coaxial cable that is terminated
by a 504} resistor at the electrode. This arrangement mini-
50§ RESISTOR mizes the stray capacitance of the HCP electrode, allowing
fast pulse rise times to be obtained. Also, the symmetry of
FoAneR the interaction region is reduced, limiting the excitation of
ELECTRODES resonant cavity modes. Even with all electrodes grounded,
however, fields of~2 mV cm ! remained in the experimen-
tal volume. These were locally reduced<&®0 uV cm ™! by
> application of small bias potentials to the electrodes that
were determined using a technique based on the Stark effect.

HALF-CYCLE

FOCUSED

COLLIMATED LASER BEAM To minimize motional electric fields, the magnetic field is
METAL vEsr R ELECTRON reduced to<20 mG by use ofu-metal shields.
seam Y GRID \—7~ MULTIPLIER Measurements are conducted in a pulsed mode. The laser

output is formed into a train of pulses ef4-us duration and
FIG. 1. Schematic diagram of the apparatus. The inset shows 25-kHz repetition frequency using an acousto-optic modu-

typical segments of the HCP trains used in this work. lator. (The probability that a Rydberg atom is formed during
any laser pulse is smalk0.05, and data must be accumu-
n distribution of the surviving bound states. lated following many pulses.Excitation occurs in(neaj

Measurements are also extended to include trains of HCPzero electric field. Approximately 200 ns after each laser
that alternate in sign, i.e., that provide kicks that alternate irpulse, the atoms are subject to a train of HCPs that is pro-
direction. The dependence of the Rydberg atom survivatiuced using a Hewlett-Packard model 8131A pulse genera-
probability on scaled frequency is observed to be very diftor. The output pulses from the generator are ac coupled to
ferent from that for unidirectional kicks. In general, the sur-the HCP electrode to prevent small drifts in the output base-
vival probability simply increases with increasing scaled fre-line from introducing stray fields in the experimental vol-
quency, although a narrow local maximum is evident forume. The pulse shapes and amplitudes are measured directly
scaled frequencies,~ 1. The data, and local maximum, are at the HCP electrode using a fast probe and sampling oscil-
well reproduced by 3D CTMC simulations. However, theseloscope. To maintain a constant pulse shape, the amplitude
simulations show that the phase space for the system do@$the pulses is varied using broadband attenuators connected
not contain any sizable stable islands, indicating that dyin series with the pulse generator. Segments of the pulse
namical stabilization is very unlikely. This is confirmed by trains used in the present work are included in Fig. 1. Each
calculations of theN dependence of the survival probability HCP has a duration 0f-500 ps FWHM with rise and fall
and by measurements of the final bound-state distributiongimes of ~200 ps.
1D simulations show that the phase space of the 1D “atom” One problem when using very short HCPs is that of relat-
contains sizeable stable islands that are associated with dipg the actual time-dependent electric field experienced by
namical stabilization and the periodic “orbit” associated the excited electron, and the impulse it receives, to the volt-
with the largest island is identified. 3D cantori and periodicage pulse applied to the HCP electrode. For sufficiently long
orbits that correspond to the 1D islands are identified bupulses, the electric field can be determined to good accuracy
these are found to be unstable for initial Rydberg states witly solving Laplace’s equation with the appropriate boundary
very small scalez components of orbital angular momen- conditions. In the present case, however, the pulse duration

tum (L,o=L,/n~0). is only twice the transit time of an electromagnetic pulse
across the interaction region. Calculation of the electric field
Il. EXPERIMENTAL METHOD therefore requires solution of the full Maxwell's equations.

Rather than attempt this, an alternate approach was adopted

The present apparat(id] is shown schematically in Fig. in which the probability for ionization of the parent atoms by
1. Rb(39(®) atoms are created by photoexciting ground-statea single HCP was measured as a function of HCP amplitude.
Rubidium atoms contained in a tightly collimated thermal-Previous work using highar- atoms and longer-duration
energy beam using a frequency-stabilized intracavityHCPs (T,=2 ns) has shown that CTMC simulations are able
doubled coherent CR 699-21 Rh6G dye lagBubidium is  to accurately predict absolute ionization and survival prob-
used in the present work because the oscillator strength fabilities[4]. Thus by comparing theory and experiment, it is
excitation to highn levels is significantly larger than that for possible to determine the actual impulse delivered by a given
potassium, resulting in increased signal leyeBExcitation  HCP. If it is then assumed that the time dependence of the
occurs near the center of an interaction region bounded bglectric field mirrors that of the pulse applied to the HCP
three pairs of copper electrodes, eackk1@ cm. The use of electrode, an estimate of the amplitude of the applied field
large electrodes well separated from the experimental volean be obtained.
ume minimizes the effect of patch fields associated with non- The number, and excited-state distribution, of Rydberg
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atoms remaining in the experimental volume following ap- FREQUENCY (MHz)
plication of the HCPs is measured, after a time delay of 40 70 100 400
~6us, using selective field ionizatiofSFI). The time delay

. P . 0.40 T LI L A I | T T T T
discriminates against free low-energy electrons produced by s

HCP-induced ionization which, tests showed, have a resi- - a) .
dence time of<5us in the interaction region. For SFI, a : ]
slowly varying (~0.5-us rise time positive voltage ramp is 030 b . B
applied to the lower interaction-region electrode. Electrons b . _
resulting from field ionization are accelerated to, and de- ' ot :
tected by, a particle multiplier. Because atoms in different 0.20 |
Rydberg states ionize at different applied fields, measure- :
ment of the field ionization signal as a function of time, i.e.,
of applied field, provides information on the excited-state
distribution of those atoms present at the time of application
of the SFI ramp. Measurements in which no HCPs are ap-
plied are interspersed at routine intervals during data acqui-
sition to monitor the number of Rydberg atoms initially cre-
ated by the laser. The Rydberg atom survival probability is
determined by taking the ratio of the Rydberg atom signals
observed with and without HCP application.

0.10 F

Famo O

0'40"11|||| 1

0.30

SURVIVAL PROBABILITY

Ill. RESULTS AND DISCUSSION 0.20

Survival probabilities measured following application of
trains of 20 and 50 equispaced, unidirectional HCPs are pre-
sented in Figs. @ and Zb) respectively, as a function of the 0.10
pulse repetition frequency, (expressed in MHz and in
scaled unitsfor several different HCP amplitudes. As might
be expected, significantly larger HCP amplitudes are re- N . X
quired to obtain a given fractional ionization when using 20 0.4 07 1 4
HCRs than wh.e'n using 50 HCPs. The data show tha't'the SCALED EREQUENCY
survival probability depends markedly on the pulse repetition
frequency and a pronounced maximum is evident at scaled FiG. 2. (a) Rb(39() Rydberg atom survival probability follow-
frequenciesvy~1.3. The survival probability at the maxi- ing application of twenty unidirectional HCPs with peak fields of
mum is surprisingly large. A HCP amplitude of 180 (@), 200;(0), 225;($), 250;(A), 275; and(V), 300 mV cm * as
mV cm™ ! corresponds to a scaled momentum trangfep a function of pulse repetition frequency, expressed in MHz and
=Ap/p,=nAp=0.33, suggesting that 50 HCPs should bescaled unite)o=v,/v,. The figure includes the results of CTMC
more than sufficient to ionize essentially all the atomssimulationsffor Rb(39() atomg that use the measured HCP pro-
present. file and pulse amplitudes ¢f—) 200 and— — —) 275 mV cm 2,

The survival probabilities observed after application of 20respectively.(b) Survival probability following application of 50
and 50 HCPs that alternate in sign are shown in Figa) 3 unidirectional HCPs with peak fields ¢®), 120; (O), 150; and
and 3b) respectively, as a function of pulse repetition fre- (#). 180 mVem™. The results of CTMC simulations for pulse
quency.(The pulse repetition frequenay, is taken to be Iy~ amplitudes of(—) 120 and(~ ——) 180 mVem = are also
where, as shown in Fig. T is the time between adjacent SMOWN-
HCPs) The survival probability again depends strongly on . , . .
vp but, in contrast to the data for unidirectional HCPs, noWhereF_HCP is the field of a smgle pul_s;e a_rl‘cﬂls _the _numper
broad peak in the survival probability is evident. Rather, theOf _app_lled HCP?‘ The atomic Hamiltonia, is given in
survival probabilities generally increase with inc:reasingcylmd”C"’II coordinates,p,0) by

ASARARAN AR (AN LR RS RS RERRE AR

pulse repetition frequency. A small local maximum in sur- p2+p?2 L2
vival probability is observed, however, for scaled frequen- H,= 22 L+ 2_22+Vat(‘/22+l)?)1 2)
ciesvg~1. p

Figures 2 and 3 include the results of 3D CTMC simula-where L, is the z component of the angular momentum,
tions that are described in more detail elsewhdieBriefly,  which is a constant of motion, and, for the present work, has
for unidirectional HCPs, these simulations make use of thenly very small scaled valuds,;<5x10 3. ForV, a one-
Hamiltonian electron pseudopotential is used that yields accurate quantum

defects and that satisfies the correct boundary conditions at
N large and small radii. The profile,cp is assumed to mirror
- - -1 that of the pulse applied to a HCP electrode. For alternatin
HO=Hak 2F(=Hact Z,Zl Fredt=jor®, (D HCPs, the Ip—|amilt0$1Fi)an ’
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: FIG. 4. Calculated Rydberg atom survival probabilities follow-
030k o8 ing application of 50@) unidirectional andb) alternating HCPs of
- 20 : amplitude 120 mV cm' as a function of the scaled pulse repetition
020 o0 e oog A E frequency. The solid lines show the results of CTMC simulations
r ,.d "' ] for Rb(39() atoms that use the measured HCP profile. Results for
010F ool ee ¥ E H(390p) atoms obtained using th&function impulse model are
00 IRSEARITE , ] indicated by the dashed lines.
0.4 07 1 4

ated with the train of pulseB,,=v,Ap is much larger than
SCALED FREQUENCY any residual field. In turn, the time-averaged field for alter-

FIG. 3. (2) Rb(39p) Rydberg atom survival probability follow- Nating pulses is=,,=0 and, therefore, stray fields play a
ing application of 20 alternating HCPs with peak field{®), 200; ~ comparatively larger role. The CTMC results in Fig. 3 as-
(0), 225;(0), 250;(A), 275; and(V), 300 mV cnitas a function ~ sume the presence of a small residual field sufficient to ion-
of pulse repetition frequency. The solid line shows the results ofize atoms withn=1200. The size of the calculated peak
CTMC simulations that use the measured HCP profile and puls@redicted at scaled frequencieg~1 is somewhat larger
amplitudes of—) 200 and(— — —) 275 mVcm L. (b) Survival  than that measured. In addition, the calculations exhibit a
probability following application of 50 alternating HCPs with peak local maximum ab,~0.5 that is not visible in the measure-
fields of (@), 120;(0J), 150; and(4), 180 mV cm *. The results of  ments. Given the sensitivity to stray fields, these differences
CTMC simulations for pulse amplitudes 6f—) 120 and— — —)  could be the result of small field innomogeneities in the ex-
180 mV cmi ! are also shown. The CTMC calculations assume theperimental volume.
presence of a residual stray field sufficient to ionize atoms with The origin of the features present in the data was exam-
=1200. ined by considering the behavior of the system when it is
subject to a large number of HCPs. To investigate this
high-N limit, the simplified model of a hydrogen atonV
=—1//p?+7%) subject to &function impulses was em-
ployed [i.e., replacingFycp(t) by Apd(t) in Egs. (1) and
is used, wheré\ is even. The calculations assume an isotro-(3)]. As illustrated in Fig. 4, survival probabilities calculated
pic phase-space microcanonical ensemble with classical afier H(390p) using this model and for Rb(3®) using finite-
gular momenta £L <2 corresponding to the initial laser- width pulses display the same general structure demonstrat-
excited/'= 1 quantum state with a statistical populatiomof ing that use of the simplified model is reasonable. The pre-
substates. dicted survival probabilities, however, lie a little below those

The CTMC simulations provide good agreement with theobtained for finite-width pulses because the finite-width cuts
data without recourse to any adjustable parameters. In theff the higher frequencies in the perturbation.
case of alternating HCPs, however, the calculated survival The broad maximum in the survival probability for unidi-
probability was found to be quite sensitive to the presence ofectional pulses comprises a series of overlapping peaks
small residual fields. No similar sensitivity exists for unidi- whose origin can be traced by analyzing Poincamdaces of
rectional HCPs since the time-averaged electric field assocsection. We have shown that sizable stable islands enclosed

N
H(t)zHat+zj§1(—1)i+1FHcp<t—jv;1> 3
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FIG. 5. Calculated survival probabilities for a 3D H(3§0atom
subject to a train ofa) unidirectional andb) alternatings-function : A
. . . . . ]..* S,
Iglecrk:l \:)vflttigll?snous scaled frequencieg as a function of the num- o 40 20 120 160
' TIME (ns)
by Kolmogorov-Arnold-MosefKAM) tori exist that are as- FIG. 6. SFI profiles observed for surviving atoms following ap-

sociated with dynamical stabilizatidd]. For certain values plication of 50 unidirectional HCPs with scaled pulse repetition
of frequency, the initial state of the electron overlaps stabldrequencies, of (a) 1.3 and(b) 0.5, respectively; angt) following
islands in phase space and stabilization is obtained by tragpplication of 50 alternating HCPs with,=1. In each case the
ping the phase-space trajectories within these islands. This BCP amplitudes are sufficient to ionize90% of the parent atoms.
illustrated in Fig. %a), which shows the calculated survival The dashed line in each data set corresponds to the SFI profile
probability as a function of the numbBrof kicks for several —observed for the parent Rb(39 atoms. To better compare the
values of scaled frequenay,. When the initial state lies shapes of the various profiles, the SFI spectra are normalized to
within a stable island, the survival probability, after initially €dual areas.
decreasing, becomes steady, evensdi0® kicks, providing
clear evidence of dynamical stabilization. For other values ofze ~90% of the parent atoms is broader than that for the
frequency the initial state lies in the chaotic sea. In this caseparent atoms. This indicates that the HCP application popu-
the survival probability decreases monotonically with in-lates a range of finah states. The majority of the atoms,
creasingN, a characteristic of chaotic ionization. however, ionize at field strengths comparable to those of the
Additional experimental evidence for dynamical stabiliza-parent atoms, demonstrating that thedistribution of the
tion and chaotic ionization is contained in the distribution of surviving atoms is peaked at a value rosimilar to that of
excited states following application of the HCP train. If dy- the parent atoms, as is expected if dynamical stabilization is
namical stabilization occurs, the distribution of excitation en-occurring.(The sharp peak in the SFI profile at early times,
ergies of the surviving bound states should be sharply peakedk., at small values of applied field, is an artifact of the SFI
near the initial energy. This behavior is confirmed by the SFiprocess and results because the threshold field for ionization
spectra shown in Fig. 6. In the absence of HCPs, the SRcales as . The ionization of the highestatoms is there-
spectrum comprises a single relatively narrow peak that corfore compressed into a narrow range of applied fields, i.e., a
responds to ionization of parent 3®@toms. The SFI profile narrow time range.The SFI profile for a scaled repetition
observed following application of 50 HCPs with a scaledfrequencyv,~ 0.5 (where dynamical stabilization is not ex-
repetition frequency o~ 1.3 (for which the survival prob- pected, contains no pronounced feature at field strengths
ability is near maximurmand an amplitude sufficient to ion- near those characteristic of parent-state ionization. Rather,
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the SFI spectrum is dominated by the ionization of very- 0.7 [
high-n atoms, which is consistent with chaotic migration 05F
from the initial state to highly excited levels near the ioniza- 0.3 I
tion threshold. e r-
The use of alternating kicks leads to a marked change in & O-1[
the pulse repetition frequency dependence of the Rydberg 011
atom survival probability, which shows a general increase 03k
with increasing scaled frequency. Such behavior is expected. 05 RPN .
At high scaled frequencies, the time delay between adjacent The BT
kicks becomes very short and the effect of one kick is, in '0-71 0 ” 15 20 o5
essence, immediately reversed by the rexjual but oppo- ' ' Zo '
site) kick. (Indeed, tests in which the atoms were subject to
50 pairs of very closely spaced equal but opposite kicks 0'7__:
showed that the survival probability was large0.8, and 05F
essentially independent of the pulse pair repetition fre- 0.3 |-
quency) The data do, however, provide evidence foralocal g o4&
maximum in survival probability for scaled frequencieg g
~1, and this is well reproduced by the CTMC simulations. 0
This feature is suggestive of dynamical stabilization. To ex- 0.3
plore this possibility further, th& dependence of the sur- 05
vival probability was explored using th&function impulse 0.7 L T L
model. These calculatior$-ig. 5b)] indicate that, in con- 1.0 15 2.0 2.5
trast to the case for unidirectional kicks, the survival prob- Yo

ability simply decreases monotonically with increasidor

all scaled frequencies, even those in the vicinityvgf-1. hydrogen atom subject to a series of alternatihfyinction kicks

(The rate of decrease, however, is significantly lower in thi%/vith Apy=0.3. The 3D slice is taken aty=0.1 andp,,=0. The
0= Y.o. =V. p0~— Y-

regime leading to the local maximum in the observed SUTime cuts are taken immediately before the first, third, fifth... kicks.

vival_ Pro'?abi”ty-) Figure 8b) suggests gither that d.ynamical The dashed line in the figure corresponds to the initial state of the
stabilization does not occur or that it occurs with a verygjectron.

small probability. This result is, at first sight, surprising since

the survival probabilities after 50 unidirectional and alternat- The stroboscopic snapshots taken after each application of

ing pqlszs deﬁicted ig Figs_.bZ agd 3 Ea\;e thi sarr?e (])cfrder M lie on a four-dimensional4D) manifold. Visualization in
magnitude. This can be attributed to the fact that the effect ofy g o poincareurfaces of section requires the reduction

a kick is partially reversed by the next kick for alternating to a two-dimensional manifold by slicing the 4D manifold

pulses and that the chaotic diffusion rate is smaller than th : : ; -
for unidirectional pulses. Only after a very large number o?hto layers defined by fixed coordinates Ap, p, = Ap,).

Fi ispl h slice of the 3D kick f
kicks (much larger than 50 kicksloes the effect of dynami- lgure 7@ displays one such slice of the 3D kicked atom for

R . : ... the scaled valuepy=0.1 andp,,=np,=0.1. Surprisingly,
cal stz_ab_|||zat_|on become evident and the survwal_probabﬂﬂysizable closed loops that resemble cuts of KAM tori are evi-
for unidirectional pulses surpass that for alternating pulses

S ST ) Y ‘dent. However, the analysis of dynamical stabilization in this
In an attempt to gain insight into the physical origin of the high-dimensional system turns out to be complicated.
local maximum ab o~ 1 for alternating pulses, Poincasar-

f f . ined f i ¢ _ For a comparative analysis of the phase-space structure of
aces o s_ectlon were examined for a wide range o CUIS IN the 3D kicked atom, CTMC simulations were undertaken for
andp, . SinceL, is a constant of motion, the 3D kicked atom

end dent d ical ith q a simpler 1D “atom”[5,6] subject to a periodic sequence of
represents a time-dependent dynamical system with tWo degenatings-function kicks whose dynamics is governed by
grees of freedoma four-dimensional phase spac&hich

. . . the Hamiltonian
can be mapped into a time-independent 2 and 1/2 degree o

freedom systenfthe time being the additional “1/2” degree p
of freedom. The single-periodtwo kicks) evolution associ- H(0= %~ q " 27 qujzl
ated with the simplified Hamiltonian is given by a map of
phase-space coordinates where g and p denote the position and momentum of the
_ electron, respectively, andl— 0 is a quasi-angular momen-

M=McouM-+2pMcouM -p. @ tum. Figure Tb) shows that the Poincanmap for the 1D
where Mo, describes the evolution of the Coulomb orbit kicked atom is very similar to that for the 3D atom shown in
between HCPs anll ..  , describes the effect of the impulse. Fig. 7(a). This is, perhaps, not surprising given that the Poin-
M maps the four-dimensional phase spaggz(p, ,p,) onto caresurface of section for the 3D system was obtained by
itself. The evolution of the phase-space coordinates &fter taking a cut at smalpy(~0.1) andp,o(~0) close to the
kicks is simply given byM"N2, allowing the stability of the phase space of the one-dimensional atom. In each case, the
system in the limitN—o (typically N=10°) to be examined center of the main “island” corresponds to a periodic orbit.
in detail. This periodic orbit can be identified with the help of its pro-

FIG. 7. Poincareurface of section fofa) the 3D andb) the 1D

(—1)*s(t—jurh, (B
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FIG. 9. Average binding energy just before tN¢gh kick as a
9 function of the number of kicks for two ensembles of partidlese
o ) e text) in the same initial energy level depicted in Fig. 7. The en-
FIG. 8. Projection of dominant 1D periodic “orbit” onto e gempleg(a) within the chaotic sea antb) near the periodic orbit
g plane for alternating-function kicks withApy=0.3 andvy=1. correspond to initial conditions neam,=2z,=1.85, Po=P,o=

Each successive orbit is shown separately to better visualize thg T+ (2/00). andpa=p..= — =1+ (2/a.). respectivel
behavior. The solid arrows indicate the direction of motion along (2/90). Po=Pz0 (2/00), resp y:

the orbit. - . .
ally become ionized. The slow drift motion of apparent

KAM-like structures for alternating kicks has been observed
jection onto theq,p) planefor (z,p,) pland, which is shown  pefore[8].

in Fig. 8. To better visualize the behavior, different segments [eaky tori will slow down diffusion but cannot com-

of the orbit are shown separately. Obviously, the electronigletely suppress it. Starting on a leaky torus, the energy dif-
motion is confined to a single Coulomb *orbit.” This re- fusion will initially be slow. As the trajectory wanders to-
guires that the energy transferred to the excited electron bward the edge of the torus, it will eventually reach the
each impulseAE=Ap?/2+p(+Ap), be zero, i.e., that the interconnected global chaotic sea. This is accompanied by a
electron momentum prior to the kick Ipe= — (= Ap)/2. The  transition from slow to fast diffusion. The latter is, to some
electron first completes the orbit in one direction, then in thextent, “universal,” i.e., independent of when and where the
other, the reversals being triggered by the alternating applie@haotic sea is being reached. This is illustrated in Fig. 9,

kicks +Ap,—Ap,+Ap... The reversals occur at the same Where the energy diffusion of two large ensembles of initial
coordinateq and simply change the direction of motion of conditions is followed as a function of time. Both ensembles

its momenturrPf initial ponditio_ns lie on_tr_\(_e same initial maljifo_[die., the
dashed line in Fig. )fand, initially, the scaled binding energy
is Eo=—1. If the ensemble of initial conditions lies in the
chaotic sea, a rapid energy diffusion of the system is ob-
o I . served until the continuum is reached. Only after the elec-
scaled initial momentunp, = _0,'15' I'D'er|od|c orb|ts.fov'o trons have reached the continuum and are far from the Cou-
=1 for the 3D system can be identified for any slice in (' |,mp center does energy diffusion cease because alternating
+Ap,p,=Ap,). Other periodic orbits are evident in Fig. pyises cannot change the energy of a free electron. Remark-
7(b) as well. ably, the 1D and 3D simulations are almost indistinguishable
The fundamental difference between the 1D and 3Diom each other, attesting to the “universality” of the fast
phase-space structures is the stability properties of the ighaotic motion. An entirely different picture emerges when
lands. The 1D system features KAM tori, which are structurthe ensemble of initial conditions is placed in the region of
ally stable and are confining. This means that any torus prothe island associated with the leaky torus in the 3D case and
vides a globally impenetrable barrier against diffusion andhe true KAM torus in the 1D case. In one dimension, KAM
that chaotic and regular regions remain well separated. In thri completely suppress diffusion and only fluctuation in
3D case, however, all chaotic regions are interconnected witenergy around the initial value due to the quasiperiodic mo-
each other, one manifestation of which is Arnold diffusiontion is observed. In the 3D case, the ensemble initially un-
[7]. In the present case of alternating pulses, the islands thaergoes quasiperiodic motion before slow diffusion away
resemble tori are, in fact, “leaky” tori or cantof7]. Simu-  from the leaky tori sets in after about 100 kicks.
lations show that, indeed, the trajectories forming the closed The local narrow maximum in the experimental and the-
loops in Fig. Ta) only intersect the slice of the figure for a oretical survival probability evident in Fig. 3 at=1 after
finite period of time after which they drift away and eventu- 50 kicks should therefore be viewed as a signature of the

the electron without changing its energy, i.e.,
changes from- (= Ap)/2 to = Ap/2. As expected, the domi-
nant islands present in Fig(lyj where the cut is immediately
before each positive kickXpy=+0.3), are centered at a
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0.12 — T T associated with the averaged electric field of the train of
0 10-— () pulsesF,,=v,Ap [in first-order perturbation theory; i
‘ =3F_n/(2)]. This additional electric field, which is ab-

\
A

0.08 _ =z '/:.'\\,:5:. - sent for alternating pulses, clearly plays a crucial role in the
i /52/4’/‘7:2%%'\ stabilization of the atom for unidirectional pulses. It provides
0.06 - / 4 //'/"323\ / . for the existence of a set of incommensurate frequencies of
i ///,,g’%:%’// \.:E:./ ] the system, which is essential for the existence of KAM tori.
004 L 7 /"‘% // \ | On the other hand, the absence of an average electric field for
0.02 ’//ﬁ;fao,z./‘/‘é:’\‘/‘ - alternating kicks leads to degeneracy and to leaky remnants
Z'///""\\./\ ) of tori. This observation suggests that the dynamical proper-
— L ‘ 1 !

0.00 ties of the kicked atom for alternating kicks could be
0.12 — T A — changed substantially by adding an additional dc field, which
i 1 could be explored in future studies. Furthermore, experimen-
| tal studies of the kicked atom have so far utilized initial
| states with a nearly zero centrifugal barrier in E2). i.e.,
] the atom is initially on amp state for whichL ,,~0. Theo-
- retical studies of the kicked atom for large valueslgf
1 indicate that the centrifugal barrier can stabilize the atom for
alternating pulsef6].
The present work reaffirms that highRydberg atoms
I subject to a train of HCPs provide an excellent model system
0.00 . . for studying the behavior of periodically driven systems.
0.0 0.5 1.0 15 2.0 25 Measurements with alternating kicks provide an opportunity
to model the behavior of atoms subject to intense electro-
magnetic radiation and promise new insights into intense
FIG. 10. Projection of the dominant periodic orbit on tizgp)  field stabilization[9,10]. CTMC simulations that employ re-
plane for(a) unidirectional andb) alternating pulses with strength alistic potentials and pulse shapes provide results that are in
Apy=0.3 and initial conditions such thab=0.1 andp,,=0. The good agreement with the experimental data indicating that,
periodic orbit is followed for many pulses in the train. for the present range of field strengths, interaction times, and
pulse repetition frequencies, classical-quantum correspon-
delayed onset of chaotic diffusion due to the motion on leakygyence holds and quantum effects are negligible. However,
tori, rather than as a signature of true stabilization. However»ﬁheory predicts that at higher scaled frequenciesz 15,
fOI’ the t|me interval prior to the onset Of ChaOtiC diﬁusion C|assica|-quantum Correspondence m|ght break down as are-
accessible in the current experiment, the survival probabilisyit of quantum localizatiofs] when a large number of uni-
ties for the atom driven by unidirectional and alternatinggirectional kicks is applied. Further insights into dynamical
kicks can be comparable in magnitude. This is preciselstapilization might also be obtained by studies involving
what is observed in F|g 3. The presence of slow d|ffus|0nh|gh_m atomS, which can be created by app”cation of a
and absence of stabilization for alternating pulses is experipu|sed “dc” field [8]. Theoretical studies indicate that the
mentally confirmed by the SFI profiles measured followingsyrvival probabilities for such states are significantly higher
application of 50alternating HCPs(see Fig. 6, which con-  than for lowm states. Because the harmonic content of the
tain no pronounced feature at field strengths near those Chad]riving field can be varied by changing the shape and/or
acteristic of pal’ent-state ionization. InStead, the SFI SpeCtrurWidth of the HCPS, such measurements m|ght also illuminate
is dominated by ionization of very-high-atoms, pointing to  the more general problem of atomic excitation by multifre-
diffusive motion toward highen-levels. quency “colored” fields. It will also be interesting to exam-
The stabilization observed for unidirectional pulses in 3Djne how the system behaves in making the transition between
and the lack thereof for alternating pulses poses a puzzlinghe two HCP trains studied here, i.e., as the amplitude of

question: precisely what mechanism is responsible for thigyery other HCP in the train is first reduced to zero and then
quite different behavior? A partial answer to this question isincreased in the opposite sense.

provided by comparing the excursions along thdirection
(see Fig. 10 of the dominant periodic orbits for these two
cases. For alternating pulses, the periodic orbit is completely
degenerate: it is composed of a single Coulomb orbit that has
the same frequenay=v,=v,, in all degrees of freedom. In The experimental work was supported by the National
contrast, the periodic orbit for unidirectional pulses clearlyScience Foundation and the Robert A. Welch Foundation.
involves two frequencies: the frequency of the pulsgs  The theoretical work was funded by the Division of Chemi-
which is larger than the Coulomb frequeney,, and a cal Sciences, Office of Basic Energy Sciences, USDOE, un-
slower frequency that corresponds to precession of the Couler Contract No. DE-AC05-960R-22464, managed by Lock-
lomb orbit. A frequency analysis of the orbit indicates thatheed Martin Energy Research Corporation, the NSF, and the
the latter is equal to the Stark precession frequengy,,  FWF.
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