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Dynamics of Rydberg wave packets generated by half-cycle pulses
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Wave packets comprising a superposition of very-high-lying Rydberg states have been created using a
half-cycle pulse(HCP). The properties of the wave packet are probed using a second HCP that is applied
following a variable time delay. The second pulse ionizes a fraction of the atoms and the survival probability
exhibits pronounced oscillations that are associated with the quasiperiodic evolution of the wave packet. Good
agreement is found between the experimental data and the results of a classical trajectory Monte Carlo
simulation demonstrating that, for the times investigated, classical-quantum correspondence holds and quan-
tum corrections are negligiblS1050-294®6)51007-3

PACS numbegs): 32.80.Rm, 03.65.Bz

In recent years there has been increasing effort devoted tny adjustable parameters. The data demonstrate that the
the study of nonstationary states formed from a coherent swstudy of wave-packet dynamics provides an excellent tool to
perposition of nearby high-Rydberg states. Such Rydberg probe the transition between quantum and classical behavior
wave packets have been created by photoexcitation aff atomic systems. On general grourid4], one expects the
ground-state atoms using ultrashort laser pulses whose banguantum and the classical evolution to depart from each
width exceeds the level Spacing in the final Rydberg maniother at a characteristic “break” t|meC227T/AE, where
fold [1-3] and are of interest because they frequently displayAE is the smallest level spacing. For Rydberg states, the
novel dynamical behavior. Since photon absorption occurgeyeg| spacingE, . ,—E,=n"2 and t, corresponds to the
when the electron is close to the core ion, the wave packet ig|assical Kepler orbital periodl,,=2mn3. As will be shown
|n|t|a”y Strongly localized in the V|C|n|ty of the core. As time belOW, for a wave packet in the Cou|omb_Kep|er problem
advances, the wave packet expands and contracts radiaije preak time exceedg,; i.e., the classical evolution can
very much like a classical particle in a Kepler orbit. This mimic the guantum evolution beyori, .
behavior is then monitored using a second ultrafast probe Tpe apparatus used in the present experiment is described
pulse. _ _in detail elsewherg5,12). Briefly, K(np) Rydberg atoms are

Here we discuss an alternate approach to the generation gfeated by photoexciting ground-state potassium atoms in a
Rydberg wave packets: excitation from a singgeationary  thermal-energy beam using a frequency-doubled Coherent
initial Rydberg state, with principal quantum numlier us-  cR 699-21 dye laser. Excitation occurs near the center of an
ing a so-called “half-cycle pulse’{HCP). A HCP [4-101  interaction region defined by three pairs of planar electrodes
comprises a strong unidirectional electric fighdt) whose that are biased to locally reduce stray electric fieldss&0
duration, T, can be much shorter than the classical electror,v cm~!. The HCPs are created by applying voltage pulses
orbital period,Tni , associated with the initial state. The wave to a circular copper disk that is inset in the upper electrode.
packet produced by such a HCP differs significantly fromThe pulses used in the present work were~@& ns duration
that generated by an ultrashort laser pulse because the int@Aad were produced using an Avtech model AVI-V pulse gen-
gral of the applied electric field is finite. In the limit of very erator. The output of the generator is split into two pulses of
short HCPs(To=T,/T, <1), the HCP simply delivers an approximately equal amplitude by a matched resistive power
impulsive momentum transfer, divider. One of the resulting pulses is delayed using a Ier_lgth

of RG402 cable and the two pulses are then recombined

- © o using a matched power combiner and transported to the HCP
Ap=- f F(Odt, (1) electrode by rigid coaxial cable. The individual pulses can be

attenuated and/or inverted by connecting fixed broadband at-
to the excited electroatomic units are used through@ut tenuators and/or an inverting pulse transformer in series. The
Such momentum transfer leads directly to excitation topulse shapes and amplitudes at the HCP electrode are di-
higher-lying states and can, for sufficiently strong pulsesrectly measured using a fast probe and sampling oscillo-
even induce ionization. The evolution of the wave packetscope. Spatial variations in the field produced by the HCP
formed by the HCP is analyzed using a second HCP that islectrode, and uncertainties inherent in the measurement of
applied after a variable delay. Experimental studies usinghe HCP amplitude, introduce a small uncertaingyt10%,
potassium Rydberg atoms reveal quasiperiodic behavior dh the applied fields.
the wave packet that can be reproduced using classical tra- Measurements are conducted in a pulsed mode. The laser
jectory Monte Carlo(CTMC) calculations without need of output is formed into a train of pulses ef4 us duration

— o
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0.3 . . 10 s, FIG. 2. Final-state energy distribution following application of a
0 10 20 30 40 50 HCP to hydrogen atoms in the 4d%tate: ---, ultrashort HCP
DELAY (ns) (Tp/Tn,=0); —, a pulse of 2 ns duratioT,/T,=0.18. The

scaled momentum transférp,=Ap/p, =0.53. The energy axis is

FIG. 1. Rydberg atom survival probabilifieft scalg following scaled to the energy of the initial state, iEy=E/|E,|.

application of two HCPs irfa) the same andb) opposite senses to
K(n;p) atoms withn;~417 as a function of time delag, experi-

mental data, —, results of CTMC calculations. - MultiplesTof If the atom is initially in some stationary Rydberg state

are marked by arrows. The insets show the pulse profilegtight | 4.}, the electronic wave function immediately after applica-

scalg, time development of the scaled expectation valpg/p,, tion of the HCP may be Written|\lf(t=O)>=|¢-B>

. . ) . i Y I

=ni(p,) following application of the first HCP. =¢e'*P|¢;) and corresponds to the initial state shifted in
momentum space byp. The corresponding expectation
values of the energy and momentum are

with a pulse repetition frequency ef10 kHz.(The probabil-

ity that a Rydberg atom is formed during any pulse is small,

=0.01, and data are accumulated following many laser

pulses). Excitation occurs in(neay zero electric field. Ap- I

proximately 200 ns after the end of the laser pulse the HCPs +(¢ilp-Apl i), 2

are applied. The surviving Rydberg atoms are then detected ~ — (BBl 6B = AB+ (b |5l b 3

by field ionization. Measurements in which no HCPs are (P)e=o=(47IPl#7) = AP+ (ilPl i), @

applied are interspersed at routine intervals during data agyhere H,, is the atomic Hamiltonian and and p are the

quisition to monitor the number of Rydberg atoms initially electron position and momentum operators, respectively.

prqduced .by the laser. Th'e Rydberg atom survwa'l probabilNote that (nIm|p|nim)y=0 and, therefore (E)i—o=E,,

ity is obtained by comparing the Rydberg atom signals ob-, (A p)2/2, whereE,, is the energy of the initial Rydberg

ser_;_/ed_ W|Ithdand Wt;th(.)UthCPS present. ith state. Classically, the application of a HCP to an electron
ypical data obtained using parent(ri{p) atoms wit ith momentump and energyE, changes its energy to

n;~417 are presented in Fig. 1, which shows the measure L .

survival probF;biIity as a fungtion of time delay between the- ('~ 9)= En +[(Ap)?/2]+p-Ap. The classical average of
two HCPs.(The error bars indicate only the statistical uncer-E Over an ensemble of phase-space points representing the
tainties and do not include possible systematic errors assoditial quantum state|#;) agrees with the quantum-
ated with uncertainties in the applied field amplitydghe ~ Mechanical result. ,

pulse sequences used are shown in the insets and results are! N€ final electronic wave function can be expanded as
included for the cases where the two pulses are in both the

same and opposite senses. The pulse amplitudes were se- I\If(t)>:z e Ent > (nIm|¥(0))|nIm) (4)
lected to achieve survival probabilities 6f0.6 and corre- " !

spond to a scaled momentum transfepo=Ap/p, =0.53.  and encompasses a broad distribution of angular momentum
A pronounced quasiperiodic dependence of the survivastates, including high-states. We choose a quantizatinn
probability on delay time is observed that can be explainedxis in the direction of the HCP and, therefonejs a con-

by considering the time evolution of the wave packet creategtant of the motion. The HCP leads to population of a range
by the first HCP. of highern states centered aroung= / — 2(E)_. Figure 2

A 2
(E)eco=(#EIHl B = (o Hd )+
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shows the excitation functiofor energy distributiop calcu-
lated using CTMC techniques, associated with application of
a HCP to hydrogen atoms in thg=417,1;=1 state. The
scaled momentum transfer is equal to that for the data in Fig.
1, i.e.,ApO/pni=0.53, and calculations are included for both
an ultrashort puls(eTp/Tni =0) and a pulse of-2 ns duration
(Tp/Tni=0.18) as used in the experiments. The final-state
distribution is peaked about the expectation value given by
Eq. (2), which corresponds ta;~493, and has a “width”
that encompasses a rangerofvaluesAn of An~20. For

100 mV cm'*

0.8f

SURVIVAL PROBABILITY

HCPs of finite duration, a small secondary peak is also evi- +
dent in the final-state distribution at energies corresponding 0.7t

to n;<n;, and the likelihood of direct ionization is some-

what decreased. 061 .

The time evolution of the wave packet can be understood 0.5t 3
classically by considering the time development of the ex- s
pectation value of the componentp,, of momentum of the 04r "
exited electron following HCP application. Initially the HCP 03k 1o
imparts net momentum to the electron in the direction, s s s . .
i.e., (p,)<0. CTMC calculations show that after approxi- 0 10 20 80 40
mately one-half of the mean orbital peridd, associated DELAY (ns)
with the final-state distribution, quasiclassical “orbital” mo-
tion of the electron leads to a peak in thg distribution at FIG. 3. Rydberg atom survival probability following application

positive p,, i.e., (p,)>0. As orbital motion continues, the of two HCPs of different amplitudes to (Kip) atoms with
distribution once more becomes strongly peaked at negativ ~417. @, experimental data; —, results of CTMC calculations.
p,. This cycle then repeats and, as illustrated in Fig. 1, conJhe pulse profiles are shown in the insets and the arrows mark
tinued orbital motion caus€$p,) to oscillate between nega- Ty

tive and positive values with period Tnf. The amplitude of

the oscillation decreases steadily with time, however, be-
cause a distribution of final states is excited that evolve difHCPs of different amplitudes. The pulse amplitudes, indi-
ferently in time leading to dephasing. cated in the insets, were again selected to obtain survival
Consider now the effect of applying a second half-cycleprobabilities of~0.6. The results of CTMC calculations are
probe pulsdagain along the axis) to the wave packet. If the also included and are in very good agreement with the ex-
impulse delivered by the probe pulse is in the same directioperimental data. As the amplitude of the first HCP increases
as the initial electron momentum, i.¢p,), the electron mo- the time period of the oscillation in the survival probability
mentum (and energy will be increased. This can lead to also increases. This results because larger initial HCP ampli-
ionization and a low survival probability. If, however, the tudes populate higher-lying states whose time evolution is
impulse and initial electron momentum are in opposite direcslower.
tions, the final momentuntand energy of the electron will The very good agreement between theory and experiment
be lower and the likelihood of survival higher. Thus, if the demonstrates that classical dynamics can reproduce the
two pulses are both in the same se(eed impart a negative “quantum beats” observed in the data and moreover that the
impulse, the survival probability will be smalleglargesj at  classical evolution mimics the quantum evolution for times
delay times such thgp,)<0 (>0). The reverse is true if the well beyondt,. This remarkable extended classical-quantum
probe pulse is in the opposite sense to the initial HE&  correspondence can be traced to the particular properties of
Fig. 1(b)]. The structure evident in Fig. 1 therefore reflectsthe Coulomb-Kepler problem and of the HCP-generated
directly the time development of the wave packet, i.e..wave packets. The energy differences in the Rydberg series
(py). determining quantum beats are given to second order in
Survival probabilities determined using the CTMC sn/n; by
method are included in Fig. 1. These calculations employ the
experimentally measured pulse profiles and take into account
the presence of small residual fields in the interaction region En +on— En,=0nwn,
that ionize states witlhh=1200. Interestingly, survival prob-
ability calculations for hydrogen and potassium were found :
to be indistinguishable. This results because the electron i here| ;| <An/2. To Ieadmg order, the spectrum compares
its initial state spends the bulk of its time well removed from ©°c@lly t0 that of a harmonic quantum oscillator, wii,
the core ion and because the first HCP populates predomi= 27/ Ty, being theclassical orbital frequency. For a har-
nantly hight states. The CTMC calculations are in very good monic oscillator, quantum and classical expectation values
agreement with the experimental data without use of anygred13], which explains the presence in the classical simu-
adjustable parameters. Figure 3 illustrates, for parenfation of beats with the mean orbital period. The damping of
K(n;p) atoms withn;~417, the effect of applying sequential the beats is caused by the “anharmonic” correction. Dephas-
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ing (by @) or damping occurs over a timetp
:4nf/3(An)2Tnf:2Tnf, in agreement with the observa-

0.4f

tions. The fact that classical dynamics can accurately repro- a
duce even the dephasing results because, vilreis large, 0.2}

the approximation of a large but discrete set by a continuous = o N P
distribution is valid. Classical dynamics will fail, however, at = AV VA

times approaching the revival timg of the wave packet. 02
Complete revival requiretg=(n/3)T, [1] which, for the
values ofn; of interest here, is quite long and out of reach of
the experiment.

Figure 4 shows expectation valués,) calculated using
both classical and quantum methods following application of
an ultrashort pulse providing momentum transfer
Ap/pni=0.53 to hydrogen atoms initially in the;=100,
[,=0 staten;~100(n;=118) is currently our upper limit for
which the necessary matrix elemefEy. (4)] can be com-
puted with sufficient accuracy. The width of the band used
for the figure isAn=16. The classical and quantum results
agree up t026Tnf, i.e., six times the quantum break time

t.. Classical-quantum correspondence breaks down com- 0 10 20 80 40 50 60
pletely for longer times where revivals occur which are ab- VT

sent in classical dynamics. Such revivals have been observed
in HCP studies at~25[14]. Revival of the wave packet can

be treated semiclassically. units of T, ) of the scaled expectation valde,)/p, =n;(p,) fol-

) In summary, the present work demonstrates that VeryFowing application of a HCP to hydrogen atoms in the 46¢ate.
high-n Rydberg wave packets can be created and probed Uy scaled momentum transfap/p, =0.53.
ing HCPs. The motion of the wave packet is quasiperiodic '
with a period that can be directly measured. The very good The experimental work was supported by the NSF and the
agreement between theory and experiment demonstrates thRpbert A. Welch Foundation. The theoretical work was
for the range of times studied experimentally, classicalfunded by the US DOE, OBES, Div. of Chem. Sciences,
guantum correspondence holds and quantum corrections anader Contract No. DE-AC05-960R22464 with LMERC

-0.4

n(p,)

FIG. 4. Short(a) and long(b) time developmentexpressed in

negligible. and by the NSF.
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