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Very-high-n Stark wave packets generated by an electric-field step
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Wave packets comprising a coherent superposition ofn.390 Stark states have been created in potassium by
rapid application of a dc field. Their properties are examined using a half-cycle probe pulse that is applied
following a variable time delay and that ionizes a fraction of the excited atoms. The survival probability
exhibits pronounced oscillations~quantum beats! that are associated with the time evolution of the wave
packet. Interestingly, even in the present regime of complete overlap of different Stark manifolds, a single
dominant beat frequency is observed, and this is explained quantum mechanically in terms of energy-level
statistics. Similar behavior is predicted by classical trajectory Monte Carlo simulations that reproduce well
the experimental observations demonstrating classical-quantum correspondence in high-n systems.
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In recent years there has been increasing interest in
study of wave packets formed from a coherent superposi
of high-lying Rydberg states. Such wave packets freque
display novel dynamical behavior that mimics the classi
motion of the excited electron, thereby providing a brid
between quantum and classical physics. Rydberg wave p
ets were first created by photoexcitation of ground-state
oms using ultrashort laser pulses whose bandwidth exce
the level spacing in the final Rydberg manifold@1–3#. Re-
cent studies, however, have shown that Rydberg wave p
ets can also be formed by excitation from a single init
~stationary! high Rydberg state using a so-called ‘‘half-cyc
pulse’’ ~HCP! @4,5#, a pulsed unidirectional electric fiel
whose duration is much shorter than the classical elec
orbital period of the initial state@6–8#. We demonstrate her
that Rydberg wave packets comprising a coherent supe
sition of Stark states with very large values of princip
quantum numbern (n;390), can be generated by rapid a
plication of a dc field. The time evolution of the resultin
wave packet is examined using a half-cycle probe pulse
is applied following a variable time delay and that ionizes
fraction of the atoms. The survival probability exhibits pr
nounced oscillations~quantum beats! that have a single
dominant frequency.

Quantum beats from a coherent superposition of S
states withn;23 have been observed previously using pic
second laser pulses@9# and withn52 in beam-foil spectros-
copy @10#. The present study using very-high-n atoms is
unique both from an experimental and from a concept
point of view. Classically, a simple quasiperiodic evoluti
of the wave packet is expected corresponding to the pre
sion of the angular momentum and the Runge-Lenz vecto
the electron in the electric field. However, it is not obviousa
priori that quantum mechanics will predict such simple b
havior because the present dc fields are sufficiently str
that manyn manifolds overlap, resulting in a broad range
energy-level separations. Nonetheless, our calculations s
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that in the high-n limit the weighted quantum-statistical dis
tribution of eigenenergies is such that the quantum evolu
closely mirrors the classical limit.

The apparatus used in the present experiments is
scribed in detail elsewhere@5#. Briefly, K(np) Rydberg at-
oms are created by photoexciting ground-state potassium
oms in a thermal-energy beam using a frequency-doub
Coherent CR699-21 dye laser. Excitation occurs near
center of an interaction region~defined by three pairs of pla
nar copper electrodes each 10310 cm2), where the residua
field can be locally reduced to&50 mV cm21 @11#. To
minimize motional electric fields, the magnetic field is r
duced to&20 mG by use ofm-metal shields. Measuremen
are conducted in a pulsed mode. The laser output is form
into a train of pulses of 4-ms duration using an acousto-opt
modulator. Excitation occurs in~near! zero electric field and
the laser is tuned to createnp Rydberg atoms withn'388,
for which the classical orbital periodTn is '9 ns. However,
the probability that a Rydberg atom is formed during a
laser pulse is small,&0.02, and data must be accumulat
over many laser pulses. After each laser pulse, a ‘‘rectan
lar’’ voltage pulse of several microseconds duration with
rise time adjustable down to'10 ns is applied to a circula
electrode 4 cm in diameter that is inset into the upper la
electrode. This pulse establishes a dc field in the experim
tal volume. However, because the pulse must be ac cou
~to remove dc offsets present in the output of the pulse g
erator!, its amplitude~and that of the applied field! decreases
by ;10% over a typical measurement period of 500 ns. T
time development of the Stark wave packet produced by
plication of the ‘‘dc’’ field is examined using a half-cycl
probe pulse of durationTp'2.4 ns full width at half maxi-
mum ~FWHM! that is applied following a variable time de
lay. The probe HCP is superposed on the ‘‘dc’’ pulse usin
power combiner. The pulse shapes and amplitudes at
circular electrode are directly measured using a fast pr
and sampling oscilloscope. The number of Rydberg ato
R865 © 1997 The American Physical Society
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remaining in the experimental volume after application
the HCP is determined by field ionization@5#. Measurements
with no HCP’s applied are interspersed at routing interv
during data acquisition to monitor the number of Rydbe
atoms initially created by the laser. The Rydberg atom s
vival probability is determined by taking the ratio of th
Rydberg atom signals observed with and without HCP ap
cation.

Data obtained with a ‘‘dc’’ field of;5 mV cm21 and
10-ns risetime are presented in Fig. 1, which shows the
vival probability as a function of the time delay betwe
application of the ‘‘dc’’ and the HCP pulses for differen
HCP amplitudes and polarities.~Classically, the dc field re-
quired to ionize Rydberg atoms withn;388 is ;14 mV
cm21.! The error bars indicate the statistical uncertaint
and do not include possible systematic errors associated
uncertainties in the applied field amplitudes, estimated to
&610%. Sizable periodic oscillations~quantum beats! in the
survival probability are evident, which, measurements sh
continue for at least 1.5ms. The positions of the maxima an
minima depend on the size of the HCP as does the ove
survival probability. Figure 1 includes results obtained with
‘‘dc’’ field of ;10 mV cm21 ~and 10-ns rise time!, which
demonstrate that the quantum beat frequency is proporti
to the magnitude of the ‘‘dc’’ field.

FIG. 1. Rydberg-atom survival probability as a function of tim
delay between application of the ‘‘dc’’ and half-cycle pulses f
‘‘dc’’ fields with a 10-ns rise time and amplitudes of~a!, ~b! 5 mV
cm21 and ~c! 10 mV cm21. In ~a! the ‘‘dc’’ and HCP fields are in
the same direction; in~b! and~c! they are in opposite directions.�,
�, and�, experimental data obtained with HCP amplitudes of;80,
;170, and;290 mV cm21, respectively; —, results of the CTMC
calculations.
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Figure 1 also shows the results of classical traject
Monte Carlo~CTMC’s! calculations@12# that use the actua
measured ‘‘dc’’ and half-cycle pulse profiles and that inco
porate the estimated initial excited-state distribution pres
immediately after laser excitation (p states with a statistica
distribution ofm) @5,8#. The interaction between the electro
and K1 core ion is represented by a model potential th
yields accurate quantum defects and satisfies the co
boundary conditions at small and large distances. Even w
out recourse to any adjustable parameters, the general a
ment between theory and experiment is good. The calc
tions reproduce well the observed beats and the sm
differences in magnitude and period can be attributed to
uncertainty inherent in determining the value of the ‘‘dc
and HCP fields. Classically, the time development of
survival probability is governed by two quite dissimilar fre
quencies: one corresponding to the classical electron or
period in the atom (worb.ni

23), the other the classical pre
cession of the electron orbit in the applied electric fieldF,
whose frequency is given in first-order hydrogenic Sta
theory byws53nF. For n;388 andF55(10) mV cm21,
this corresponds to quantum beat periodsTs;134(67) ns,
which are close to the values measured experimenta
Theory also predicts high-frequency oscillations, with peri
2pni

3;9 ns, due to electron orbital motion. The experime
tal data, however, contain only a hint of these oscillatio
possibly because of small field inhomogeneities in the
perimental region.

The periodic oscillations in the survival probability can b
explained classically in terms of the time evolution of thez
component,pz , of the momentum of the excited electro
~the z axis is taken to be parallel to the dc field!. Figure 2
shows the calculated distribution of the scaled electron m
mentum,npz , as a function of time following the applicatio
of the ‘‘dc’’ pulse. At early times, the distribution is sharpl
peaked at small negative values ofpz . As time advances, the
distribution broadens. The peak moves toward more nega
values and decreases in size before finally disappearing
small peak then appears in the distribution at positive val
of pz that grows and moves towardpz50 as the distribution

FIG. 2. Time evolution of the distribution of thez component,
pz , of electron momentum, plotted asnpz , following application of
the ‘‘dc’’ pulse. The contours denote 0.04, 0.08, 0.16, and 0.32
the peak value. Regions above 0.64 of the peak value are show
black. The vertical bars are discussed in the text.
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narrows. Ultimately the peak crosses to negative value
pz , and the whole cycle repeats.

Consider now the effect of applying the half-cycle pro
pulse to the evolving system. Since the HCP is short
delivers an impulsive momentum transferDpz
52*2`

` Fz(t)dt to the excited electron whereFz(t) is the
electric field generated by the HCP. The resulting ene
transfer is given byDE5(Dpz)

2/21pzDpz. If pzDpz.0,
i.e., if the impulse delivered by the HCP is in the same
rection as the initialz component of electron momentum
DE.0 and this increase in electron energy can lead to i
ization. The situation is more complex whenpzDpz,0. If
uDpzu is small, the final energy of the electron will typicall
be lower. However, for sufficiently largeuDpzu, DE becomes
positive, i.e., the (Dpz)

2/2 term is dominant; thus large HCP
can induce ionization even ifpzDpz,0. Consider now ap-
plication of HCPs for which, as for the data in Fig. 1~a!,
Dpz,0. If the impulse is small, only atoms initially havin
large negativepz can be ionized. The overall survival prob
ability should therefore be large, and should be maximum
those times indicated by the unshaded bars in Fig. 2 wh
the pz distribution has its smallest negative excursio
These times correspond well with the maxima in the up
data set in Fig. 1~a!. In contrast, for large HCPs all but atom
with large initial positivepz will be ionized. The overall
survival probability is therefore low, but should be great
at those times indicated by the solid bars in Fig. 2 where
pz distribution has its largest positive values. These tim
match well the maxima in the lower data set in Fig. 1~a!. For
intermediate HCP amplitudes, the cutoff for ionization w
be nearpz;0. Atoms with pz&0 will be ionized and the
survival probability should be greatest at those times in
cated by the shaded bars in Fig. 2 where thepz distribution
peaks at positivepz ; these times correspond well with th
maxima in the middle data set in Fig. 1~a!. Similar argu-
ments can be used to explain the data in Fig. 1~b!, for which
Dpz.0. For example, if a HCP of intermediate amplitude
employed, the survival probability should besmallest at
times near those shown by the shaded bars in Fig. 2, a
observed.

The effect of varying the rise time of the ‘‘dc’’ pulse i
illustrated in Fig. 3. Quantum beats are observed even w
the rise time becomes greater than the final quantum
period, i.e., when the bandwidth associated with the turn
of the ‘‘dc’’ pulse becomes less than the final spacing
tween adjacent Stark levels~of the samen!. This is not un-
expected, however, because the level separation depen
applied field and is much smaller at early times during
turn on of the ‘‘dc’’ field.

Quantum mechanically, if the rise time of the ‘‘dc’’ puls
is very short, the coherent superposition of Stark states
be written in the sudden approximation as

uF~ t !&.(
a

e2 i eat^au i &ua& ~1!

whereea and ua& are the eigenenergies and eigenvectors
the dc field andu i &5uni l im& is the initial Rydberg state
However, only states with a narrow distribution ofn values
(Dn&4) centered at;ni5388 contribute significantly to
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the summation in Eq.~1!. Expressed in parabolic quantum
numbers, the eigenenergies for hydrogen are given to
order by

ea52
1

2n2
1
3

2
Fn~n1-n2!. ~2!

The relevant energy differences governing the time deve
ment of the wave packet are given therefore in terms of
classical frequenciesworb andws approximately by

De'worbdn1wsk, k51,2, . . . ,~ni2umu21!. ~3!

FIG. 3. Rydberg-atom survival probability as a function of tim
delay between the onset of the ‘‘dc’’ pulse and application of
HCP for a ‘‘dc’’ pulse amplitude of 10 mV cm21 and rise times of
~a! 10 ns and~b! 200 ns.

FIG. 4. Weighted statistical spectrum of frequencies nean
;100 for ~a! hydrogen and~b! potassium in an applied dc field o
2 V cm21.
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The constant energy differences are reminiscent of a
monic oscillator for which quantum and classical expectat
values agree.

For potassium and the present dc field strengths Eq.~3!
breaks down because many Stark manifolds overlap
mixing occurs. To determine the quantum-mechanical ori
of a single dominant Stark frequency in the fully mixe
regime, we analyzed the weighted statistical spectrum
frequencies (ea2eb) near n.100 for a few thousand
Stark levels and an applied field of 2 V cm21, sufficient
to cause overlap of several adjacentn manifolds. Motivated
by Eq. ~1! we used as weight the overlap factor wi
the initial state z^au i &^ i ub& z ~only those Stark states tha
have a significant overlap with the initial state should ca
a sizable occupation amplitude!. The resulting frequency
spectrum for potassium is strongly peaked and, as sh
in Fig. 4, closely resembles that of hydrogen, i.e.,
peaks are as given by Eq.~3!. ~These peaks would not b
present had an unbiased distribution of nearest spac
been used.!

The dephasing of the Stark wave packet is directly rela
to the width of the peak atDe5ws53nF in the frequency
de
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spectrum, which is somewhat larger for potassium than
hydrogen. Thus, quantum mechanics predicts that depha
i.e., damping, of the quantum beats will be more rapid
potassium. Classically, core effects are to be expected
cause, during each Stark periodTs , the electron angular mo
mentum changes froml51 to l5n21 and back. The elec
tron penetrates the core during every Stark period ther
introducing small deviations from hydrogenic behavio
However, even for potassium, the time scale for damping
long, extending over many Stark periods. This suggests
it might be possible to observe external damping induced
dephasing in collisions with a target gas. If so, such stud
would provide a new tool for investigating elastic electro
molecule scattering at electron energies down to a
micro-electron-volts.
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