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The behavior of high-n Rydberg atoms subject to a periodic sequence of short half-cycle pulses �HCPs� that
alternate in sign is reexamined. Each HCP delivers an impulsive momentum transfer or “kick” to the electron
and the net average field it experiences is zero. The data show that the excited electron energy distribution
initially moves toward the continuum, i.e., toward states of higher n, but then becomes transiently trapped near
the edge of the continuum leading to sizable overall survival probabilities. The physical mechanisms respon-
sible for this are discussed with the aid of classical trajectory Monte Carlo simulations.
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Much interest centers on the control and manipulation of
Rydberg atoms using one �or more� pulsed unidirectional
electric fields, termed half-cycle pulses �HCPs�, of duration
Tp�Tn, where Tn is the classical electron orbital period �1�.
Indeed, it has been suggested recently that trains of periodic
attosecond-duration HCPs can be produced through high har-
monic conversion using a two-color laser field and that such
trains might be used to engineer the wave functions of atoms
in ground or low-lying excited states �2�. For such freely
propagating HCP trains, the net average electric field is zero.
This, therefore, has stimulated interest in how the dynamical
response of an atom to a train of HCPs depends on the av-
erage field it experiences.

The response of atoms to a variety of HCP sequences has
been investigated in this laboratory using high-n Rydberg
atoms and HCPs produced by applying voltage pulses to a
nearby electrode. With this approach, HCP trains with zero
average field can be generated by using a periodic train of
HCPs that alternate in sign �3� or a periodic train of unidi-
rectional HCPs and a superposed offset field �4,5�. The latter
technique has been used recently to examine, in some detail,
the effect of the net field on the atomic dynamics. The data
show that when the net field experienced by the excited elec-
tron is zero, the atom is able to survive a large number of
HCPs. This results because the distribution of electron ener-
gies, E, after initially moving toward higher energies, i.e.,
toward larger values of principal quantum number n, be-
comes transiently localized and trapped near E=0. Those
electrons with E�0 correspond to bound states with very
large values of n, typically �800, and account for the large
overall survival probability. This trapping of the electron
near threshold is the result of transport of the electron into a
region of phase space where its response to the external HCP
train resembles that of a quasifree electron, which suffers no
net transfer of energy or momentum �6�. We have also shown
recently that trapping is not associated with the existence of
stable islands in phase space �5�. Rather, it is due to a slow-
ing of the diffusion process, the very-high-n states ultimately
becoming ionized after a large number of HCPs.

In this Brief Report, we reexamine the problem of atoms
subject to trains of HCPs that alternate in sign within the

context of freely propagating pulses. We provide new data
for both high-n p states and quasi-one-dimensional �quasi-
1D� states which further demonstrate trapping of the electron
near threshold. We examine this behavior using classical tra-
jectory Monte Carlo �CTMC� simulations together with its
sensitivity to aperiodicities in the HCP train. Such aperiod-
icities lead to marked changes in the model predictions and,
when taken into account, yield much improved agreement
with experiment.

The present apparatus is described in detail elsewhere
�1,3,4�. Briefly, potassium atoms contained in a collimated
beam are photoexcited in near-zero ��50 �V cm−1� electric
field to the 351p state using an extra-cavity doubled
CR699-21 Rh6G dye laser. Experiments are conducted in a
pulsed mode. The output of the laser is chopped into a train
of pulses of �1 �s duration using an acousto-optic modula-
tor. Following excitation, the atoms are subject to the train of
N pairs of alternating HCPs diagrammed in the inset in Fig.
1. This pulse sequence was generated by using a combiner to
superpose a train of N positive HCPs with a similar �delayed�
train of N negative HCPs and applying the resultant wave
form to a nearby electrode. The profiles of the applied pulses
were monitored using a fast probe and storage oscilloscope.
Measurements revealed an interesting artifact associated with
each of the superposed HCP trains. Whereas the amplitudes
and profiles of the positive and negative pulses were essen-
tially identical and constant throughout the pulse train, the
separation between the first two positive pulses and the sepa-
ration between the first two negative pulses was systemati-
cally �16% larger than that between succeeding pairs of
positive and of negative pulses. As illustrated in the inset,
this leads to an anomalously large separation between the
first negative and second positive pulses. �The separations
between all other neighboring positive and negative pulses
are equal.� The number of atoms that survive the HCP train,
and their excited state distribution, is determined using se-
lective field ionization �SFI� by applying a slowly varying
ramped electric field. Because atoms in different Rydberg
states ionize at different applied fields, i.e., at different times
during the ramp, observation of the time dependence of the
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ionization signal provides a measure of the initial excited
state distribution. 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. The Rydberg atom survival probability is then
determined by taking the ratio of the SFI signals observed
with and without the HCPs applied.

Figure 1 shows the survival probability for K�351p� at-
oms subject to N=20 pairs of HCPs that deliver scaled im-
pulses or “kicks” of magnitude �p0�n�p=n�0

�FHCP�t�dt
=0.21, where FHCP�t� describes the field produced by each
�600 ps full width at half maximum HCP �atomic units are
used throughout�, as a function of the scaled HCP frequency
�0��T /�n=Tn /TT, where Tn=2	n3 and TT��1/�T� is the
separation between successive pulses in the HCP train. The
general increase in survival probability observed with in-
creasing scaled frequency is not unexpected. As the scaled
frequency increases, the separation between successive kicks
becomes shorter and, in essence, the effect of one kick is
immediately reversed by the next. A local maximum in the
survival probability is observed for scaled frequencies �0

�1. Earlier work shows that this results because the phase
space for an atom driven by a bidirectional sequence of kicks
contains a sizable “leaky” torus or cantorus that is embedded
in an otherwise chaotic sea �3�. For �0�1, a fraction of the
parent atoms have initial phase points that lie within this
cantorus. Such phase points remain trapped therein for an
extended number of kicks before drifting away and into the
continuum, leading to the observed increase in survival prob-
ability.

Figure 1 also includes the results of CTMC simulations,
which assume that product states with n
1200 are ionized
by stray residual fields present in the apparatus. These simu-
lations were fully three-dimensional and were undertaken us-
ing the Hamiltonian

H�t� = Hat + z�
j=1

2N

�− 1� j+1FHCP�t − j�T
−1� , �1�

where Hat is the �hydrogenic� atomic Hamiltonian. The cal-
culations assume an isotropic microcanonical ensemble with
classical angular momenta 1�L�2 corresponding to the
initial laser-excited l=1 state with a statistical population of
m substates. The experimentally measured HCP profile is
used for FHCP.

One simulation in Fig. 1 was undertaken assuming a “per-
fect” strictly periodic HCP train and predicts a pronounced
peak in the survival probability at a scaled frequency �0�1,
which is somewhat larger than that observed. Furthermore, it
exhibits a second local maximum near �0�0.5, which is not
visible in these, or earlier, measurements. The second simu-
lation includes the anomalous time separation between the
first negative and second positive pulses discussed earlier.
Inclusion of this effect leads to pronounced changes in the
model predictions. The size of the feature at �0�1 is dra-
matically reduced and the feature at �0�0.5 essentially dis-
appears. The agreement with experiment, however, is much
improved.

The effects of population trapping near the continuum are
clearly evident when the evolution of the electron energy
distribution is considered as a function of the number, N, of

FIG. 1. Survival probability for K�351p� atoms subject to
N=20 pairs of alternating HCPs delivering scaled impulses
	�p0 	 =0.21 as a function of scaled frequency �0 �see text�. The
results of CTMC simulations are included which assume �– - – - –�
a “perfect” HCP train and �——–� a 16% increase in separation
between the first two positive and first two negative kicks �see text�.
Atoms with n�1200 are presumed to be ionized by stray fields.
The inset illustrates the HCP sequence used in this work.

FIG. 2. Evolution of the electron energy distribution as a func-
tion of the number N of HCP pairs for �a� 351p atoms and a scaled
frequency �0=1, �b� 351p atoms and �0=3, and �c� quasi-1D
n=350, m=0 atoms and �0=1. The energy is expressed in scaled
units and each HCP delivers an impulse 	�p0 	 =0.21. The 16%
larger separation between the first two positive and first two nega-
tive pulses is included �see text�. The upper distribution in �c� is that
expected for a quasi-1D atom when using a “perfect” train of
N=50 HCPs �see text�.
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HCP pairs. This is shown in Fig. 2�a� for a scaled frequency
�0=1 and kick strength 	�p0 	 =0.21. The energy is expressed
in scaled units E0=n2E. As N increases, the distribution first
broadens but then breaks into two relatively narrow features,
one located near the energy of the parent atoms �E0=−0.5�,
the other centered near the edge of the continuum at E=0.
Those electrons in this higher-energy feature having E�0
remain bound in states with values of n typically �800. The
feature near E0=−0.5 is associated with atoms trapped �tem-
porarily� in the cantorus discussed earlier that is associated
with the local maximum in survival probability seen in Fig. 1
at �0�1.

Figure 2�b� shows the time evolution of the electron en-
ergy distribution for K�351p� atoms when the scaled fre-
quency is increased to �0=3. In this case, the distribution
first broadens but then subsequently narrows and moves to-
ward the continuum. The motion toward the continuum with
increasing N, however, is slower than that seen for �0=1.
This results because at high scaled frequencies the effects of
successive HCPs better cancel. The overall survival probabil-
ity following some fixed number of pulses is, therefore, in-
creased, consistent with the behavior seen in Fig. 1. No fea-
ture at energies characteristic of the parent state is evident.
This is not unexpected as the initial state lies entirely within
the chaotic sea.

Studies were also undertaken using quasi-1D atoms cre-
ated by photoexciting, in a weak dc electric field
��250 �V cm−1�, a mix of the lowest-lying red-most states
in the n=350, m=0 Stark manifold �7�. The calculated evo-
lution of the electron energy distribution for such a mix of
states when subject to a train of HCPs with �0=1 is shown in
Fig. 2�c�. In these simulations the initial state is represented
by a statistical mixture of 36 oriented Stark states centered
on the parabolic quantum number n1=320 �see Ref. �7��.
Again, as the number of HCPs is increased, the energy dis-
tribution becomes localized and trapped near E0=0. No fea-
ture is observed at energies in the vicinity of the parent state.
This was unexpected as our earlier phase space studies sug-
gested that �quasi-� 1D atoms whose initial phase points
overlap the observed cantori should be transiently trapped,
resulting in a pronounced feature in the electron energy dis-
tribution at E0�−0.5 �see Ref. �3��. This apparent discrep-
ancy was traced to the anomalous time separation between
the first negative and second positive HCPs in the HCP train.
As illustrated in Fig. 2�c�, simulations using a “perfect” HCP
train show that even after N=50 pulse pairs, a pronounced
feature is present at energies close to the parent state.

The model predictions were confirmed experimentally
through SFI studies, the results of which are shown in Fig. 3.
For reference, Fig. 3�a� shows SFI spectra measured with the
laser tuned to excite a number of selected high-n states. SFI
spectra recorded for the parent 351p state and following ap-
plication of N=20 HCP pairs with �0=1 are presented in Fig.
3�b�. As predicted by the simulations, after application of the
HCP train the SFI spectrum displays two peaks. The small
feature seen at late times results from ionization of atoms
with values of n close to that of the parent atoms. The larger
feature observed at early times corresponds to ionization of
atoms in very-high-n states. For these states, the electron
orbital period is rather long �Tn�150 ns at n�1000� and the

electron is typically located at large distances ��50 �m at
n�1000� from the Rydberg core ion. The electron thus be-
haves much as a free electron, which, because the average
electric field experienced during the HCP train is zero, gains
neither energy nor momentum from the field �6�. It can,
therefore, remain trapped close to the continuum for ex-
tended periods. The overall Rydberg atom survival probabil-
ity, however, decreases as N increases because, as seen in
Fig. 2�a�, the electron energy distribution broadens further
into the continuum and an increasing fraction of the atoms
are no longer bound. As apparent from Fig. 3�c�, no feature
associated with the ionization of atoms having values of n
close to that of the parent states is observed in the SFI spec-
trum for quasi-1D atoms. Rather, this comprises a single fea-
ture that corresponds to ionization of very-high-n states. This
is consistent with the simulations shown in Fig. 2�c�.

The present work provides further evidence that when a
Rydberg atom is subject to a periodic sequence of HCPs
whose net average field is zero the excited electron energy
distribution initially moves toward states of higher n but then
becomes trapped near the edge of the continuum leading to
sizable overall survival probabilities. This stabilization
mechanism should be quite general. Indeed, similar behavior
has been seen in microwave ionization of Rydberg atoms �8�
and in simulations of the behavior of Rydberg states when
perturbed by random kicks during transport through solids
�9�.
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FIG. 3. �a� SFI calibration spectra recorded with no applied dc
field and the laser tuned to excite states with the values of n indi-
cated. �b� SFI spectra for parent 351p atoms and following applica-
tion of N=20 HCP pairs with 	�p0 	 =0.21 and �0=1. �c� Same as in
�b� only using quasi-1D n=350, m=0 atoms. To facilitate compari-
son the various profiles are normalized to the same peak height.
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