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Ionization suppression of Rydberg atoms by short laser pulses
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One-photon ionization from the 6s27d 3D, state in barium is measured with short (0.25-2.7
ps), high-intensity laser pulses. Fermi’s golden rule predicts that only the fluence (time-integrated
intensity) determines the yield. We observed a decrease in the yield for fixed-fluence pulses shorter
than the Kepler orbit time of the Rydberg electron (2.2 ps). This is explained semiclassically: The
wave function of a Rydberg electron performs a Kepler-like orbit. Only the wave function near the
core can be ionized. Not all of the wave function nears the core during a short pulse, and therefore the
wave function far away from the core is stable against ionization. A quantum-mechanical calculation
based on Raman transitions over the continuum agrees well with experimental observations and the

semiclassical explanation.

PACS number(s): 32.80.Rm, 42.50.Hz

I. INTRODUCTION

One-photon ionization of atoms is a process for which
low-intensity results are well known as Fermi’s golden
rule: The ionization rate is proportional to both inten-
sity of the laser light and the initial-state population.
The number of ionized atoms (the yield) is proportional
to the fluence (time-integrated intensity) of the applied
light. Even if the initial state becomes depleted during
the pulse, the fluence of the (pulsed) light field determines
the yield, regardless of the temporal pulse shape. We
demonstrate here experimentally and theoretically that
this dependence on fluence breaks down for very short
laser pulses. We will show that for pulses shorter than
the Kepler orbit time of the electron, complete photoion-
ization is prohibited irrespective of the fluence. Calcula-
tions on this phenomenon (known as ionization suppres-
sion or transient stabilization) have been reported previ-
ously [1-4].

The electron wave function of a Rydberg state is spa-
tially extended (for an n = 24 state, 600 A). Radial con-
finement of the Rydberg wave function can be achieved
by exciting a superposition of Rydberg states (a wave
packet) with a short laser pulse. After the pulse, the
wave packet oscillates between the core and the outer
turning point. Ionization of the Rydberg wave function
occurs only close to the core [5], because the combination
of momentum and energy conservation requires that the
core absorb recoil momentum of the electron. Therefore
ionization by a probe pulse is only observed whenever the
wave packet passes the core [6]. The oscillation period
of a Rydberg electron is the Kepler orbit time (27n3,
2.1 ps for n = 24) of the coherently excited states, equal
to the inverse of the level spacing between the states
(AE = 1/n3).

Let us now consider a single, stationary, Rydberg state
irradiated by a pulse that is very short compared to
its Kepler orbit time. In the initial stationary Rydberg
state, the wave function has appreciable amplitude both
near the core and far away. Ionization will take out wave
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function near the core. During the short pulse, no wave
function from the outer region can be supplied and there-
fore ionization is limited by depletion of the wave function
near the core. The created hole in the wave function is
called an antiwave packet [3]. In quantum mechanics, this
antiwave packet has to be described as a coherent super-
position of states: The ionizing pulse not only releases
wave function into the continuum, but also populates
some adjacent Rydberg states [3,7] by Raman transitions
via this continuum [1,2]. The two photons required for
this stimulated Raman transition are available within the
bandwidth of a short laser pulse. For this process, the
bandwidth must be larger than the spacing between the
states. This statement is equivalent to requiring the pulse
to be shorter than the Kepler orbit time.

In this article we present an experimental study of
ionization of a stationary Rydberg state and a fully
quantum-mechanical description of the observations.

II. EXPERIMENT

For our experiment, we prepared barium atoms in the
6s27d D, Rydberg state. This state has a Kepler or-
bit time of 2.2 ps. Subsequently, the atoms were pho-
toionized with pulses with a duration ranging from much
shorter (0.25 ps) to somewhat longer (2.7 ps) than the
Kepler orbit time. The number of emitted electrons per
laser shot was measured as a function of the pulse dura-
tion and energy of the ionizing pulses.

The barium Rydberg state was excited from the
65215, ground state in two steps. We used a pulsed
dye laser with a wavelength of 553.7 nm to populate the
intermediate 6s6p!P;° state, followed by a second dye
laser at 420.39 nm to populate the 6s27d* D, state. The
pulses overlapped in time, as was verified using the Sr 9s
two-photon resonance at 410 nm. The dye lasers were
pumped by one 5-ns, Q-switched 10-Hz Nd-doped yt-
trium aluminum garnet (Nd:YAQG) laser.

Pulses of 0.1 ps duration at a central wavelength of
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620 nm were generated by a colliding-pulse mode-locked
(CPM) dye laser system [8]. The pulses can be length-
ened up to 3 ps with a pulse shaper [8] either by reducing
the bandwidth or by applying a chirp (separating the fre-
quency components in time). We chose the latter method
since it does not change the fluence of the pulses. Also,
artifacts from changing the wavelength of the light, pos-
sibly changing the cross sections, are avoided. Changing
the chirp to stretch the pulse can only be used with one-
photon processes where the phase within the laser pulse
is not relevant [9]. This requirement was proven to be
valid for the system under study [10]. Note that the re-
distribution of population to neighboring Rydberg states
is due to a Raman transition over the continuum, where
states within the (large) bandwidth of a short pulse are
populated. For a pulse stretched by chirp, the band-
width in any time interval is decreased, even though the
total bandwidth is constant. The repopulation is a fast
process, and therefore only perceives the small “instan-
taneous bandwidth,” corresponding to a long pulse.

The pulses were attenuated to the desired energy by
an aperture. A spatial filter with an overfilled pinhole
followed to ensure that none of the spatial beam param-
eters was affected upon changing the pulse duration or
energy. The (sub)picosecond pulses were amplified in
dye cells pumped by the same Nd:YAG laser as the ex-
citation dye lasers. The pulse durations of the amplified
pulses were measured with a resolution of 0.1 ps using
a scanning autocorrelator. After excitation of the Ryd-
berg state, some population remains in the intermediate
6s6p 1 P,° state. The (sub)picosecond light was delayed
approximately 100 ns with respect to the excitation lasers
to let the population in this short-lived state decay to
the ground state. The lifetime of the prepared Rydberg
states is much longer than this delay.

The laser light crossed an effusive beam of barium from
an oven, resistively heated to 600 K. The (sub)picosecond
pulses were focused to a spot of 10 um diameter. The ex-
cited Rydberg-state population was approximately con-
stant in volume around the focus of the (sub)picosecond
light as the foci of the preparation lasers were five times
as wide. A disadvantage of focusing is that all intensities
up to the peak intensity are present near the focus. The
volume in which a certain minimal fluence is reached in-
creases rapidly with increasing peak fluence, resulting in
more ionization. We present the data as measured (aver-
aged over all fluences present) and include the focal effect
in the calculations.

We detected the electrons emitted by ionization with a
multichannel plate detector at 5 cm distance (50-ns elec-
tron flight time) from the interaction center. Its signal
was fed directly into a digitizing oscilloscope with a sam-
pling time of 5 ns. Using the time of flight (TOF) of the
electrons, the system had a limited energy resolution of
about 1 eV.

Two processes allow unwanted ionization of barium,
and can contribute to a background in the measurements:
ionization with the excitation laser and, when the inten-
sity of the (sub)picosecond light is high, three-photon
ionization of barium ground-state atoms. Electrons emit-
ted during the excitation could be distinguished because
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of the 100-ns delay of the (sub)picosecond pulses. We
exploited the energy resolution to reduce signal from di-
rect ionization from the barium ground state, and above-
threshold ionization (ATI) from the ground state. Due
to this procedure, the small signal from ATI from the
Rydberg state was excluded from our measurement.

A calibrated photodiode was used to register the en-
ergy (proportional to the fluence) of each excitation and
(sub)picosecond pulse separately. Time of flight traces
were recorded for each laser shot and were summed by a
computer for laser shots with an energy within one of the
contiguously set energy intervals. The intensity distribu-
tion of the laser shots was much wider than the width of
one interval, filling each interval evenly.

III. RESULTS

We have performed the measurements of the photoion-
ization of the 6s27d 1D, state as a function of both the
fluence and the pulse duration of the ionizing pulse. In
Fig. 1 the total electron yield for pulses with a fixed flu-
ence of 7.8 J/cm? in the center of the focus is plotted as
a function of the pulse duration. According to Fermi’s
golden rule, the ionization yield should not be dependent
on the pulse duration. We observe indeed that for long
pulses, the pulse duration does not matter. For pulses
shorter than the Kepler orbit time (2.2 ps), the ionization
yield starts to decrease (not all the wave function nears
the core). For the shortest pulses, the yield becomes al-
most proportional to the pulse duration (this agrees with
only ionizing the fraction of the wave function that ac-
tually nears the core during the ionizing pulse). In other
words, the photoionization is observed to be strongly re-
duced for short pulses: Ionization suppression.

In Fig. 2 the yield is plotted as a function of the fluence
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FIG. 1. The measured photoionization yield of the
6s27d ! D, state in barium as a function of laser pulse duration
for a constant fluence of 7.8 J/cm®. The curve is calculated
with the model presented in the text.
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FIG. 2. The measured photoionization yield of the

6s27d' D, state in barium as a function of laser pulse flu-
ence for pulses with a duration of 0.6 ps and 2.7 ps (“short”
and “long” in Fig. 1). The curves are calculated with the
model presented in the text. The asterisk at the bottom of
the figure indicates the fluence at which Fig. 1 was measured.

in the focus for the long (2.7 ps) and short (0.6 ps) pulse
durations denoted in Fig. 1. For low fluences, both curves
start linearly with the same slope, as Fermi’s golden rule
is still a good approximation. Any deviation from a lin-
ear curve shows a form of depletion. The local depletion
of the wave function is determined by the laser intensity
rather than the fluence. Hence depletion starts at lower
fluences for the short pulse measurements (the lower se-
ries) than for long pulses (the upper series). Moreover,
the maximum ionization signal is reduced for the short
pulses. Apparently, less wave function can be ionized by
the short pulses. Note that even though the ionization
from a single atom is limited to the fraction of the wave
function that nears the core during the pulse, the mea-
sured line still creeps up, due to the increasing intensity
in the outer regions of the focus. At the bottom of Fig.
2 the fluence at which Fig. 1 was obtained is marked.

Although we could use the time of flight of the electrons
to gate background signals, we chopped both the 553.7-
nm laser beam and the (sub)picosecond laser to record
this small background. The fainter 420.39-nm laser was
not chopped since it did not yield photoionization signal
on its own.

The background signals were subtracted after the mea-
surements were completed. Of the atoms in the focus of
the (sub)picosecond light (70+5 )% remain in the ground
state (or decay to it from the intermediate state) after
the excitation pulses. The three-photon ionization sig-
nal from the ground state, recorded without excitation
pulses, is multiplied by this fraction before subtraction
as the excited or ionized atoms cannot contribute to this
background when the excitation lasers are present.

The errors in the yield in Figs. 1 and 2 include five con-
tributions. The importance of the contributions varies
depending on the pulse duration. The first is the sta-
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tistical error due to the electron counting. Second, fluc-
tuations in the density of barium Rydberg atoms were
estimated for each measurement by looking at ionization
due to the excitation pulses only. The two uncertainties
in the background signal add proportionally to the total
error bars. The background signal was less than 20% for
all measurements with a pulse duration longer than 1 ps,
and at maximum 70% for the measurements at 0.25 ps
in Fig. 1 and at fluences of more than 10 J/cm? for the
short pulses in Fig. 2. Its uncertainties are the variance in
the ground-state depletion by the excitation pulses and
the energy differences between the shots used for signal
accumulation and background subtraction.

The horizontal error bars in Fig. 2 show the width of
the distribution of shots in the energy interval. They
are also included in the vertical error bars in Fig. 1 as
the fifth contribution. The calibration of the fluence to
an absolute scale has an additional error of 30%, as the
fluence is calculated from the measured energy of the
pulses and the focal spot size, estimated on the focusing
parameters.

IV. TWO-ELECTRON EFFECTS

The experiment was performed in the alkaline-earth-
metal atom barium. The interaction of the Rydberg elec-
tron with an inner electron enhances the coupling from
the barium 6s27d'D, state to the continuum due to
the mixed-in character of the 5d7d 1D, state. The large
coupling reduced the required intensities for the experi-
ment, enhancing one-photon Rydberg ionization relative
to three-photon ionization of residual ground-state pop-
ulation. The details of the interaction of the Rydberg
series with this 5d7d 1D, state are not included in the
theory presented in the next section. We are, however,
currently examining this further refinement of the theory.

A potential problem with barium is that an inner elec-
tron can be ionized instead of the Rydberg electron,
yielding additional ionization signal [11,12]. In the ex-
periment, the wavelength of the (sub)picosecond laser
was detuned from resonances with low-lying excited ionic
state, disabling this process.

Note that in other circumstances a two-electron effect
related to ionization suppression is predicted [13,14]: By
ionizing the inner electron, an autoionizing Rydberg state
can be created. This state will decay with a stepwise
decreasing rate, stepping down with every round trip-
time of the Rydberg electron. This effect suppresses au-
toionization during the first round-trip time. The time-
dependent autoionization rates show a stepwise decay
with each Kepler round trip. In our quantum-mechanical
model for ionization suppression we calculated the time-
dependent Rydberg wave function. The time-dependent
electron yield during a pulse shows a similar stepwise de-
cay [4].

V. CALCULATIONS

To confirm the interpretation of the data using the con-
cept of an antiwave packet, we have performed quantum-
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mechanical calculations. The method has been described
previously [4], so we will only give a summary here. We
solved the Schrodinger equation for the dipole coupling
of the Rydberg series with one infinitely wide, flat con-
tinuum. The continuum can be eliminated adiabatically
[1]. The coupled Rydberg states can then be described
with the following complex differential equation:

de, (t) V..

- L YR
5 twntn = Lnlf(2)] ; v, Cn (t) - (1)

In this equation ¢, (t), wn, V, and I, are the probability
amplitudes, energies, coupling matrix elements with the
continuum, and Fermi’s golden rule rates of ionization of
the bound states |n), and f(t) the envelope of the electric
field of the laser pulse. If f(t) is independent of time, Eq.
(1) is an ordinary matrix-type differential equation. We
solve it by diagonalizing this matrix. Time-dependent
intensities can be described with discrete steps in the in-
tensity envelope f(t). During the time any intensity is
present, we let the system evolve as for the square pulse.
Between the steps, the remaining populations are pro-
jected onto the eigensystem for the next instantaneous
intensity. This procedure converges with increasing num-
ber of intensity steps used [4].

The calculations were performed for hydrogen. The
difference with barium was modeled by using lower hy-
drogenic states to accommodate the quantum defect of
the d series of 2.8 and a prefactor for the higher pho-
toionization cross sections. We simulated ionization out
of the 24d state and included Raman coupling to the 15d
to 33d states, summing the contributions to the matrix
elements of the p and f continua. We neglected coupling
to the s- and g-Rydberg series through these continua
as the matrix elements for these Raman transitions are
much smaller. Above-threshold ionization to higher-lying
continuum states was also neglected. A Gaussian pulse
built from 16 discrete intensity levels was used for the
temporal pulse shape. The ionization yield was averaged
over a three dimensional Gaussian focus for the spatial
intensity distribution.

We fitted this model to the experimental observations
of Fig. 1 and Fig. 2. The only two parameters to one
least-squares fit were the initial Rydberg population and
the multiplication factor for the cross sections. The
curves in both figures are calculated with the same two
parameters. The fitted barium cross sections were 13+6
times those of the hydrogenic 6s(n—3)d states. From the
calculations we found that the Rydberg atom became de-
pleted with long pulses of 2 J/cm?. The measured yield
in Fig. 2 continues to increase with fluence due to a grow-
ing contribution from regions near the focus.

Not only are the data well described by the quantum-
mechanical model, the wave functions during and af-
ter the pulse also exhibit the described wave-packet-like
structure. Figure 3 shows the radial distribution of the
Rydberg wave function [r2[¢(r)|*] while ionizing with ei-
ther a short (lower half of the figure) or a long pulse
(the upper half), both with the same fluence of 2 J/cm?.
Along the horizontal axis, the distance to the core is plot-
ted, and in the vertical direction, the calculated wave
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FIG. 3. The wave function [r?|¢(r)|?] plotted each 0.25 ps
during and after photoionization of the 24d state of hydrogen.
To the left the instantaneous intensity of the used long (2.7 ps,
upper box) and short (0.6 ps, lower box) pulse is shown. Both
pulses have an equal fluence of 2 J/cm?.

functions [r2|¢(r)|?] are stacked at 0.25-ps intervals. To
the left of each half, the intensity of the light field dur-
ing the pulse is shown. Let us first discuss the behavior
due to a short pulse. Before the pulse a stationary Ry-
dberg state exists (lowest trace in both figures). During
the pulse, the population near the core is removed and
after the pulse an antiwave packet oscillates with the Ke-
pler orbit time between the core and the outer turning
point of the Coulomb potential. The top half of the fig-
ure shows that during a long pulse with the same fluence
the wave function is removed more gradually. After the
pulse most of the population is ionized, with the remain-
der in a stationary state. Apparently, the slow supply
of wave function from the outer region to the core sets a
maximum to ionization with short pulses.

VI. RELATED RESULTS

Finally we would like to discuss several types of stabi-
lization discussed in literature, and compare them with
ionization suppression.

In adiabatic stabilization, the ionization rate can be re-
duced in strong electromagnetic fields because of the high
intensity. In these fields, the electron wave function can
become dominated by the light field. The core interac-
tion needed for ionization will become inhibited due to
the large quiver motion of the electron and the ioniza-
tion rate can even decrease with intensity. The first the-
oretical predictions on adiabatic stabilization were based
on calculations on the ground state of hydrogen [15-18].
After the calculations have been extended to low-lying



50 IONIZATION SUPPRESSION OF RYDBERG ATOMS BY SHORT ...

excited states [19-21], the first experimental results have
been recently obtained [22].

Stabilization for high-lying Rydberg states with long
pulses has been predicted as well [23]. The Raman cou-
pling of the states to the continuum describes destructive
interference in the ionization. This stabilization occurs at
high intensities, when the Rabi oscillation time between
the continuum and the Rydberg states is shorter than the
Kepler orbit time. In contrast, we report on ionization
suppression for pulse durations shorter than the Kepler
orbit time, at lower intensities. For the shortest pulses,
the intensity in the center of the focus is comparable to
where adiabatic stabilization of Rydberg states is pre-
dicted. Our calculations may lose their validity in this
regime, limiting the curve in Fig. 1 to pulse durations
longer than 0.3 ps.

Excited-state population trapping in high-intensity
ground-state ionization is often associated with ioniza-
tion suppression. It is shown that high-lying Rydberg
states can shift into resonance due to ac-Stark shifts of
both the ground state and the Rydberg states [24]. Dur-
ing strong-field ionization, population can be transferred
at the crossings of the dressed ground state and Ryd-
berg states [25]. The amount of population transferred is
highly dependent on the intensity, shape, and duration of
the pulse [26,27]. Even though the observed amounts of
transferred population are small, ground-state ionization
might be reduced by population trapping in the high-
lying states. Both the small coupling with the continuum
of these states and ionization suppression can reduce ion-
ization from those states and hence the total ionization
yield of the ground-state atoms.

For ground-state ionization of krypton Jones et al. 28]
observed an increase in the population remaining in high-
lying Rydberg states (relative to the ionization signal)
when submitted to shorter pulses. In their experiment
the same pulse was used both to populate the Rydberg
states and to ionize them. The Rydberg state produc-
tion process during this pulse complicates, as mentioned
above, the assignment of different contributions of exci-
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tation dynamics, population trapping and ionization sup-
pression.

Huens and Piraux [29] have predicted that a combi-
nation of ionization suppression and adiabatic stabiliza-
tion can occur when a trapped wave packet is excited
while ionizing a low-lying state. They propose that apart
from the crossings with the ac-Stark shifted states, off-
resonant Raman transitions through higher continua also
transfer population into the Rydberg states.

We would like to point out that our results can also
be interpreted as inhibition of ionization due to laser in-
duced continuum structure (LICS) [30,31]. Usually, LICS
is demonstrated for two states coupled through the same
continuum using lasers with a different wavelength, while
in our case of antiwave packet formation many neighbor-
ing states are coupled by the large bandwidth of the same
ionizing laser.

VII. CONCLUSION

We have observed ionization suppression of a Rydberg
atom exposed to a short, intense laser pulse. The re-
sults can be understood by the formation of an anti-wave
packet, or the removal of wave function near the core. For
pulses shorter than the Kepler orbit time, not all wave
function passes the core during the pulse and complete
ionization is inhibited. Quantum-mechanical calculations
show excellent agreement with the data.
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