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Ionization of Rydberg Wave Packets by Subpicosecond, Half-Cycle Electromagnetic Pulse
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Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120

(Received 19 May 1995; revised manuscript received 6 November 1995)

We have studied the ionization of Rydberg wave packets by subpicosecond, nearly unipolar
electromagnetic field pulses, in the regime where the duration of the electric field is less than the
classical Kepler orbit time2pn3 for the wave packet. In contrast to the subpicosecond optical pulses,
subpicosecond field pulses can ionize wave packets when the probability density near the inner turning
point of the Kepler orbit is low. The transfer of energy from the electromagnetic field to essentially free
electrons demonstrates that the pulses are substantially shorter than one field cycle. Such “half-cycle”
pulses can track the wave packet throughout its orbit, in order to study wave packet trajectories or other
processes at the quantum-classical boundary.

PACS numbers: 32.80.Rm, 03.65.Sq
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High-power, subpicosecond electromagnetic fie
pulses [1] are a new tool for studying dynamics in weak
bound systems [2]. These bursts of coherent radia
have peak powers up to 1 MW and coherent bandwid
of several THz, centered at 0.5 THz [1]. Original studi
of the scaling behavior for THz field ionization, togeth
with more recent studies of the ionization of Rydbe
Stark states, have provided indirect evidence that th
pulses are nearly unipolar (i.e., “half” of an optical cycl
[3]. This unusual field shape gives rise to interactio
with atoms that are not possible using convention
microwave pulses or light pulses.

Some classical analyses have been successfu
describing the scaling laws observed in ionization
Rydberg eigenstates or Stark eigenstates using half-c
pulses (HCP). This close correspondence to class
ideas about trajectories of electrons in Kepler orbits m
tivated us to study HCP interactions with nonstationa
states as well. We are particularly interested in sta
that closely resemble their classical counterparts, s
as localized Rydberg wave packets. This Letter repo
our findings.

Our principal observation is that the HCP can ioni
a radially localized Rydberg wave packet over its ent
trajectory, and not just at its inner turning point. Th
is quite different from a short optical pulse, where t
ionization cross section vanishes if the wave packet is
from the inner orbital turning point [4]. The amount o
ionization as a function of peak HCP field is dramatica
different for wave packets close to the core vs wa
packets near the outer turning point. These results
consistent with model calculations of a sudden impu
imposed on a radial wave packet. We conclude t
HCP ionization offer a means of tracing wave pack
trajectories around a bound quantum system. This i
useful tool in studies of quantum wave packet dynamic

The Rydberg wave packets in this experiment a
cesiump states with principal quantum numbers in th
range 24 , n , 30 and corresponding classical orb
36 0031-9007y96y76(14)y2436(4)$10.00
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times from 1.3 to 2.8 ps. The wave packets are produ
as follows: Cesium atoms in an effusive thermal bea
are first excited from the6s ground state to the7s
state via two-photon excitation, using weakly focuse
10 ns, 1079 nm laser pulses produced by Raman shif
a 745.0 nm dye laser in a pressurized hydrogen cell. T
Raman-shifted light intersects the Cs beam between
capacitor plates in a vacuum chamber. Approximat
5 ns after excitation, the Cs atoms are further excited fr
the7s state intonp Rydberg states by illumination with a
linearly polarized 790 nm 100 fs pulse. The wave pac
then evolves for a timet, after which it is further excited
by a HCP. Typically, this produces partial ionization, a
partial redistribution into other bound states.

Prompt ionization and redistribution into higher boun
states by the HCP can each be detected. A small ele
field s,100 Vycmd accelerates either electrons or ion
through a small hole (,2 mm diameter) in the top
capacitor plate to a channel-plate detector. Following th
a larger field (up to 5 kVycm) is slowly ramped up to
ionize the redistributed bound-state Rydberg populati
using the same detector. The slow ramp ionizes
more weakly bound states first. (The ionization fie
required is inversely proportional to the square of t
binding energy.) This permits separate detection of e
bound state over much of the range of redistributio
Furthermore, if the HCP is blocked, this same detect
scheme permits us to analyze the state content of the w
packet excited by the optical pulse.

The spectral content of such a wave packet has p
viously been observed using an optical version of t
Ramsey method of separated oscillatory fields [5,6]. T
technique produces a signal which is proportional to
wave packet temporal autocorrelation functionSstd ­
jkcsr, tdjcsr, 0dlj. The Fourier transform of this func
tion gives spectral information about the wave pack
however, in the limit of weak excitation, there is no info
mation about the relative phases of the component eig
states. In other words, there is no information about
© 1996 The American Physical Society
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shape of the wave packet, and spatially dispersed w
packets will give precisely the same autocorrelation
compact ones [7]. Optical cross correlations have b
used to obtain more specific information about the ov
lap of a wave packet with the atomic core [8].

More detailed information about the motion of the wa
packet to the outer parts of its range is very difficult
obtain using optical pulses as a probe. The cross sec
for optical excitation or ionization of a wave packet
dramatically reduced as the packet moves away f
the core. This is simply a consequence of momen
conservation, which forbids inelastic scattering betwe
free electrons and single photons. Our unipolar fi
pulses overcome this problem. Since a HCP ha
nonzero electric field integral, it can exert a nonze
force on a free electron. Therefore we have studied
ionization of the radial wave packets described ab
with HCPs.

The HCP used in this study has been described
detail elsewhere. Briefly, it is a nearly unipolar pul
with a ratio of positive to negative field amplitudes
approximately 5:1. The duration of the positive loop
approximately 400 fs full width at half maximum. Th
pulse is produced by a3.5 cm 3 3.5 cm dc-biased GaAs
photoconducting switch illuminated by a 100 fs las
pulse, derived from the same laser that excites the
wave packet. The electric field autocorrelation, spectr
and approximate pulse shape are discussed in deta
Ref. [1].

In practice, there is often a second, smaller unipo
pulse produced due to reflection from the back surfac
the GaAs wafer [9]. This was undesirable for this expe
ment. We discovered that this postpulse could be es
tially eliminated by using the HCP produced in reflecti
from the GaAs wafer, rather than the transmitted HC
Apparently in this case, the reflection from the wafe
back surface is severely attenuated by the electron-
plasma created by the laser on the front surface and
effect of the post pulse is minimized.

The HCP was reflected from an off-axis gold para
oloid mirror into the interaction region, along the sam
direction as the optical pulse that formed the wave pac
A thin dielectric reflector for the optical pulse served
the beam-combining element, ensuring that both be
propagate collinearly. The polarization of the HCP w
either aligned or crossed with that of the optical pulse.

To calibrate the HCP peak field in the interacti
region, we excitedn ­ 25 p states in Cs with a tunabl
dye laser, and ionized them with the HCP. Then, us
the analysis described in Ref. [2], we calibrated the fi
necessary for the first appearance of ionization. Beca
of the half-cycle nature of the pulse, full ionization of th
state is possible despite the fact that the duration is m
less than the Kepler orbit time.

Figure 1 shows ionization versus time delay betwe
the HCP and the exciting pulse, for a wave packet w
ve
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FIG. 1. Fraction of atoms ionized by HCPs1d as well as the
fraction left in bound states withn . 25 s3d, as a function
of time delay, showing the partial revival of the wave pack
The HCP had a peak field of 6.3 kVycm, and a duration o
approximately 400 fs. The bold curve is the result of a o
dimensional calculation described in the text, for a momen
transfer of 0.02 atomic unit.

a Kepler orbit time of 2 ps. The error bars are statistic
based on measured signal fluctuations when the time d
is kept fixed. The polarization of the HCP is orthogon
to that of the optical pulse. The peak field, calibra
as described above, was 6.3 kVycm. At the earliest time
delays the HCP arrives before the wave packet is cre
and no ionization occurs. Nonetheless, some ioniza
signal is always detected at negative time delays
various reasons: There is a long low-amplitude trail
tail on the HCP that can interact with the wave packe
negative time delays; there may be some residual refle
pulse as well; and some multiphoton ionization by eit
the 1.08mm pulse or the 790 nm pulse can occur. T
ionization signal first increases as both the exciting pu
and the HCP become coincident. It reaches a p
and subsequently begins to decrease, indicating tha
wave packet has moved away from the core region
its momentum has diminished substantially. Finally,
observe a wave packet’s return to the core one Ke
orbit later, corresponding to a time of roughly 2 ps. T
wave packet disperses in the Coulomb potential, and
revives in about 15 ps [8]. Oscillations in the ionizati
rate are damped by dispersion, and reappear as the
packet reassembles during its revival.

A second curve in Fig. 1 shows the fraction of bou
state population left after the passage of the HCP,
states aboven ­ 25. These data were obtained b
ramped field ionization, as described above. This cu
oscillates out of phase with the ionization signal, a
shows the same dispersion and revivals. A third cu
shows the results of a calculation, based on the mo
described below, of the ionization versus time del
To perform this calculation, we measured the amplitu
of the different eigenstates making up the wave pac
by field ionizing them in the same apparatus. T
information was used to construct a model wave packe
2437
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FIG. 2. Fraction of atoms ionized by HCP vs time delay
peak fields of 3.1 kVycm (bottom), 4.6 kVycm (middle), and
7.1 kVycm (top). The dashed curves are the results of the o
dimensional calculation described in the text, with impulses
0.02 (bottom), 0.03 (middle), and 0.04 (top) atomic unit.

Figure 2 shows the ionization of the wave packet ver
time delay during the first few Kepler orbit times, for thre
different magnitudes of the electric field in the interacti
region, for a slightly different wave packet with Keple
orbit time of 1.6 ps. Here the polarizations of the tw
pulses are parallel. For thesenp states, the polarization
of the THz pulse with respect to the optical pulse do
not affect the essential character of the oscillatio
dispersion, and revival. Note that these more dee
bound wave packets suffer substantially less ionizat
for negative time delays. The dispersion is greater h
but we can again detect the evolution of the wave pac
through one full Kepler cycle before dispersion brea
it up and spreads the probability throughout the ato
Again, the calculations are based on model wave pack
ionized according to our model described below.

Figure 3 shows the ionization of the wave packet fro
Fig. 2 as a function of HCP field, at two time delay
corresponding to the maximum and minimum signal
the wave packet evolution. This corresponds to ti
t ­ 0.2 ps in Fig. 2, when the wave packet is localiz

FIG. 3. Ionization of the wave packetsAd near the core
(circles) andsBd near the outer turning point (triangles), as
function of peak field in the HCP. The solid lines are the sa
data after smoothing.
2438
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near the core, andt ­ 1 ps, when the wave packet is nea
its outer turning point. Although the two curves beg
rising at about the same field, their shape is quite differ
for ionization below 50%. Beyond this, the curves a
expected to approach one another, since at very h
peak fields in the HCP the wave packet can be ioniz
anywhere in its orbit.

We can analyze these results in light of our previo
knowledge of the interaction between Rydberg sta
and the HCP. There we found that the HCP can fu
ionize Rydberg states even if they have correspond
classical orbit times far longer than the pulse durati
[2]. Furthermore, we found that atoms with permane
dipole moments (i.e., Stark states) ionize at different HC
fields depending on whether the HCP is polarized along
against the atomic dipole direction. Both of these resu
agree with semiclassical analyses that required the h
cycle nature of the pulse, and both results also require
the HCP ionize electrons that are near their outer turn
points. Now, with wave packets, we are in a position
observe this phenomenon directly.

Curve A in Fig. 3 corresponds to ionizing a wav
packet localized near the core of the atom. Here
momentum is already quite high in the atom, so we exp
that it should not take as much additional momentu
transfer from the HCP to increase the electron ene
to escape the potential. CurveB corresponds to a wave
packet localized near the outer turning point of the ato
Since it is almost at rest, and nearly free, the HCP m
provide nearly all the momentum to ionize such a wa
packet. CurveB does rise more slowly than curveA
on average, but there is significant additional structu
particularly near the onset of ionization that departs fro
simple classical behavior.

To gain some understanding of these data, we h
performed a simple model calculation. We begin with t
eigenvalue equation for a single electron in a Coulom
potential (atomic units will be used throughout):"

2
1
2

≠

≠r2 1
lsl 1 1d

2r2 2
1
r

#
xsrd ­ Exsrd . (1)

When E is the energy of a stationary Rydberg stat
this is the equation used to compute the alkali rad
wave functions in single-channel quantum defect theo
[10]. For our problem we will use forE the weighted
distribution of energies of thenp states in the Cs wave
packet, and interpret this equation as the energy functio
for the wave packet. In other words, the first term o
the left hand side is the local kinetic energy of the wa
function Tsrd, the other terms make up the potenti
energyV srd, andT srd ­ Esrd 2 V srd. The local wave-
mechanical radial momentum is justpsrd ­ 6

p
2T srd.

The sign depends on initial conditions.
Our wave packets arep states withl ­ 1, ml ­ 0, so

they are not really one-dimensional objects. Nonethele
for the purposes of this calculation, we will only consid



VOLUME 76, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 1 APRIL 1996

f
on
lse

er
e

ed

n
ith
v

e
. 1
th
ns
t i
u
he
o

r,
e

ld

tri
he
sf
ou
th
on
in
e
ay
n

the

a
as
us
ve

ion
e
ay
les

ith
ou.
n-

he
-

.

m,
i,
pl.

ev.

d

ys.

J.
nd

nd

nd

s.
motion along ẑ, the direction of the applied HCP. I
the HCP is short in duration compared to the moti
of the wave packet, then its effect is to impart an impu
to the electron. The initial wave momentumpzszd is just
psrd on one side of the origin, and2psrd on the other
side. After the HCP passes,pzszd ! pzszd 1 p0, where

p0 ­
Z `

2`

Fstd dt . (2)

This impulse changes the kinetic energy:

Tszd ! T 0szd ­
fpzszd 1 p0g2

2
. (3)

The energy is also transformed:E ! E0szd ­ T 0szd 1

V szd. If Eszd at a particular position becomes great
than zero, we will say that part of the wave packet b
comes ionized.

To compare this calculation to experiment, we us
single-channel quantum defect wave functions to build
wave packet similar to the one created in the experime
The impulse ionization curves were then convolved w
a 400 fs Gaussian to simulate the convolution of the wa
packet with the HCP.

Results of our calculation of the ionization of the wav
packet as a function of time delay are shown in Figs
and 2. The momentum transfers were chosen such
the average ionization rate (i.e., after the oscillatio
have died out, at about 6 ps after the wave packe
created) matched the data, excluding the small amo
of ionization that occurs at negative time delays. T
impulse imparted depends sensitively on the duration
the HCP, which we know only approximately. Moreove
although we are able to calibrate the electric field us
in the experiment by comparing it to the HCP fie
required to ionize then ­ 25 p Rydberg state, there
remains a residual uncertainty in that absolute elec
field value [2,9]; however, a precise knowledge of t
electric field (and, hence, the absolute momentum tran
to the atom) is not necessary to demonstrate that
model contains the essential physics. The position of
oscillations in Figs. 1 and 2 and the relative ionizati
fraction at the peak of the pulse and at the outer turn
point are approximately described by our impulse mod
Full quantum-mechanical calculations are the only w
to include the important effects of the finite duratio
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of the HCP and the three-dimensional character of
wave packet.

In conclusion, we have observed the ionization of
radial Rydberg wave packet in Cs by a half-cycle pulse,
the wave packet orbits the atom. In contrast to previo
techniques, HCP ionization is capable of detecting wa
packet motion anywhere in the atom, not just near an
core. We would like to apply this technique to mor
complex systems where the wave packet motion aw
from the core reveals interesting physics. Two examp
are molecules and atoms in strong external fields.
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