
VOLUME 76, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 1996

,

r

178
Streak-Camera Probing of Rubidium Rydberg Wave Packet Decay in an Electric Field
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1098 SJ Amsterdam, The Netherlands
(Received 27 October 1995)

The decay of autoionizing electronic wave packets of rubidium in a static electric field of 2.0 kVycm
is studied. Using an atomic streak camera, the escape of the laser-excited Rydberg wave packets ove
the saddle point is measured. New information on the ionization dynamics is obtained that cannot be
retrieved from optical recurrence spectra. For laser excitation perpendicular to the electric field at scaled
energye  21.74, the main ionization is delayed by 12 ps. For parallel polarization (e  21.32) the
ionization occurs in two bursts, 7 ps separated.

PACS numbers: 32.60.+i, 32.80.Rm, 42.65.Re
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Several aspects of the dynamics of alkali-metal Rydb
atoms in a static electric field have been studied ext
sively over the past decades [1–9]. If the energy of
Rydberg electron is above the saddle point of the co
bined Coulomb and static field potential, it escapes o
picosecond time scale. A wave packet above the sa
point, created by a short laser pulse, shows a few osc
tions in angular momentum (l) and radial coordinate (r)
before escaping from the atomic potential. Up to no
experimental studies on the dynamics of the wave pac
focused on recurrences of the wave packet to its initial c
ditions (r0, l0). These studies have been carried out in
time [8,10] and frequency [11] domain. In optical pum
delayed-probe studies the overlap of the evolved w
packet with the initial wave packet is directly measur
as a function of time. The recurrences of the launch
wave packet manifest themselves as resonances in
photoionization spectrum. As discussed below these
established optical techniques provide identical, but
complete, information of the Rydberg electron dynami
We present a new way of probing the electron dyna
ics which distinguishes different electron trajectories t
are seen as identical by the optical techniques. Let
consider the following two classical electron trajector
as an example. In the first trajectory the electron is
rectly launched towards the saddle point, giving rise t
prompt emission of the electron. In a second traject
the electron is not encountering the saddle point imme
ately. The angular momentum will oscillate between z
and n 2 1 as a function of time due to the presence
the static electric field. Once the angular momentum
low again, the nonhydrogenic core can scatter the elec
into the direction of the saddle point. Also, the ioniz
tion is most likely when the angular momentum is lo
In such an alternative trajectory the electron escapes
the saddle point after some delay, without returning to
initial conditions (r0, l0). Since in the two trajectories de
scribed above there is no return to the initial conditio
they will not be seen as recurrences in a pump-probe st
or, equivalently, in the Fourier transformed domain,
resonances in the photoionization spectrum. Despite
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different ionization times, the electron trajectories are
distinguishable in these optical measurements. In this L
ter we introduce a new device, the atomic streak came
which measures directly the escape of the Rydberg e
tron in a static electric field with picosecond resolution. B
measuring the time dependent leaking of the wave pac
over the saddle point, instead of measuring recurrence
its initial conditions, trajectories such as the two mention
above are distinguished: New information on the dyna
ics is obtained. We have compared the results of the e
tron escape, as measured with the atomic streak cam
with Fourier transformed absorption spectra obtained
der identical circumstances. The completely different fe
tures measured by these two techniques demonstrate
indeed complementary information on the Rydberg ele
tron dynamics is obtained: The lifetime as measured
an optical technique is not the same as the time it takes
electron to leave the atom.

Using a short laser pulse the ground states electron of
an alkali-metal atom can be excited above the saddle p
energy,Ec  22

p
F, whereF is the static electric field

(atomic units are used, unless stated otherwise). Us
the scaled energye  Ey

p
F (e  0 at the zero field

ionization limit ande  22 at the saddle point energy
the position of the excitation relative to the saddle po
energy is determined independent of the electric fie
Because of the bandwidth of the short laser pulse
coherent superposition of several Stark states is exci
thus creating a wave packet. At the time of excitatio
the angular momentum of the wave packet is low (l  1),
but due to the static electric field the angular momentu
will oscillate as a function of time. The beating tim
of the angular momentum is determined by the inve
of the energy spacing,DE, of the excited Stark states
The energy spacing can be calculated for hydrogen [1
resulting in a recurrence timetk  2pyDE of

tk 
2p

p
22e

3
F23y4. (1)

Although Eq. (1) is derived for hydrogen, it is still a goo
approximation for alkali-metal atoms [8]. At a sufficientl
© 1996 The American Physical Society
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large bandwidth of the exciting laser,k states belonging to
different n manifolds can be excited, resulting in radia
oscillations of the wave packet [10]. For the dynamics
the electron above the saddle point studied in this pap
there are about six radial oscillations during one oscillati
of the angular momentum.

In Fig. 1 is shown the principle of the atomic strea
camera that is used to measure the electron escape
the saddle point. Atoms in a static electric field (typical
2–5 kVycm) are excited by a short laser pulse. Th
time of autoionization of the excited atoms determines t
temporal shape of the electron pulse. The electrons
accelerated by the electric field and pass through a s
entering the deflection region. The voltage of the upp
deflection plate is swept as a function of time (typical
2.5 kV in 500 ps). The deflection of the electrons depen
on the time of arrival between the deflection plates; i.e., t
temporal profile of the electron pulse is transformed into
spatial profile which is measured using a position sensit
detector. The time calibration of the camera is obtain
by applying two ionizing laser pulses to the atoms, wi
a known delay with respect to each other. The measu
distance between the two resulting electron peaks on
detector provides a calibrated time axis.

To create the fast sweep pulse a GaAs photoswitch
used [13]. When the GaAs photoswitch is illuminated wi
a femtosecond laser pulse the resistance is lowered 7 or
of magnitude; i.e., the GaAs is used as a switch to cha
up the deflection plates to the high voltage. The shape
the voltage pulse is fully determined by the geometry
the circuit, giving a rise time of 500 ps. Since the sam
laser is used to ionize the atoms, the shot to shot time jit
is extremely small (,2 ps). Details on the atomic streak
camera will be published elsewhere [14].

The laser used in this experiment to create the Rydb
wave packets is based on a colliding pulse mode lock
laser. The pulses are amplified using a four-stage dye
amplification chain which is pumped by the second ha

FIG. 1. Principle of the atomic streak camera. Using a sh
laser pulse rubidium atoms are excited in a strong electric fie
Once the electrons have escaped over the saddle point,
are accelerated and pass through a slit entering the deflec
region. The voltage over the deflection plates is swept in tim
(typically 2.5 kVy500 ps), transforming the temporal profile o
the electron pulse into a spatial profile, which is measured us
a position sensitive detector.
l
f
r,

n

ver

e
e
re

lit,
r

s
e
a
e
d

ed
he

is

ers
ge
of
f
e
er

rg
d

ell
r-

rt
d.
ey

ion
e

g

monic of a Nd:YAG (where YAG denotes yttrium alu
minum garnet) laser operating at 10 Hz. Most of the lig
(100 mJ) is used to trigger the photoswitch while a sma
fraction (10 mJ) is used for continuum generation in a wa
ter cell. After amplification and the use of a shaper, tu
able pulses are obtained (590–605 nm) with a bandwi
between 0.1 and 1.2 nm [15]. The laser light is frequen
doubled using a potassium dihydrogen phosphate crys
The autoionizing Rydberg wave packets are excited us
a single photon excitation step from the5s ground state of
rubidium.

In order to obtain absorption spectra the frequenc
doubled output of a pulsed nanosecond dye laser (ba
width 0.1 cm21) is used to excite the rubidium ground sta
atoms to highly excited states above the classical field io
ization limit. The ionization yield is determined as a func
tion of the laser wavelength [11]. The spectra are record
under identical circumstances; i.e., the same interaction
gion and static field are used as with the atomic stre
camera measurement. A so called recurrence spectru
obtained by Fourier transforming these spectra after m
tiplication with the Gaussian spectrum of the short pul
used for the excitation of the wave packet. The recurren
spectrum does not depend significantly on the actual sh
of the optical spectrum [11]. This recurrence spectrum
compared with the decay as observed by the atomic str
camera.

In Fig. 2 an ionization spectrum is shown of an ele
tronic wave packet in a static electric field of 2.0 kVycm.

FIG. 2. Measured decay of an autoionizing electronic wa
packet (full line). The wave packet is created above t
classical field ionization limit at a scaled energy ofe  21.54.
The laser polarization is perpendicular to the electric fie
of 2.0 kVycm. The calculated angular recurrence time usi
the hydrogenic model istk  5.7 ps. The dotted line is an
exponential fit with a decay time of 16 ps.
1785
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The polarization of the exciting laser is perpendicular to t
electric field. A number ofk states in the Stark manifold
aroundn  22 are excited by a 4 ps laser pulse (ban
width 0.13 nm), creating an angular wave packet. Sin
the excitation is well above the saddle point in the poten
(e  21.54), the main fraction of the Rydberg populatio
is ionized immediately, i.e., the first peak in the ionizatio
spectrum. However, some of the Rydberg population d
not escape over the saddle point immediately, but ma
some recursions in the potential before escaping. Acco
ing to Eq. (1) the angular recurrence timetk at this field
strength and excitation energy is 5.7 ps. A number of c
clusions can be drawn from Fig. 2. (1) The time resoluti
of the developed streak camera is sufficient to monitor
decay dynamics. (2) Escaping over the saddle point at
particular energy is favorable at every third oscillation
the angular momentum of the wave packet (the obser
peak spacing is about3tk). (3) Under these conditions
fixed fraction of the remaining wave packet is ionized (t
peak height is decaying exponentially).

In Fig. 3 an ionization spectrum is shown of a wa
packet created just above the classical field ionization li
(e  21.74). The laser polarization is chosen perpe
dicular to the electric field of 2.0 kVycm. Under identi-
cal experimental conditions, the photoionization spectr
is measured. In the lower part of Fig. 3 the Fourier tran
form of the relevant part of the photoionization spectrum
shown. This Fourier transform represents the recurre
spectrum of the angular wave packet to the initial con
tions (r0 ø 0, l0  1) [11]. Note that the time scales o
the two figures are obtained independently of each oth

FIG. 3. Comparison between time resolved ionization sp
trum (upper graph) as measured by the atomic streak cam
and recurrence spectrum (lower graph). The excitation is a
scaled energy ofe  21.74. The laser polarization is perpen
dicular to the electric field of 2.0 kVycm.
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The upper scale is obtained by calibrating the atomic str
camera directly in the time domain, whereas the low
scale is obtained by the inverse of the frequency scale
the recorded photoionization spectrum.

The main observation presented in this paper is sho
in Fig. 3. The dynamics observed by the optical pro
(recurrence at starting condition) are not the same as
dynamics probed by the atomic streak camera (escape
the saddle point). From the recurrence spectrum it can
seen that at the even oscillations of the angular momen
(2tk  12.3 ps) the evolved wave packet mimics the in
tial conditions best in both angular momentum and rad
coordinate. Maxima in the ionization spectrum are al
observed when the angular momentum is low. We w
argue why low angular momentum is required for efficie
ionization using semiclassical arguments. (1) Scatter
from the ionic core is efficient at low angular momentu
sincermin , lsl 1 1d. Therefore, the electron initially di-
rected perpendicular to the electric field can be scattered
wards the saddle point when its angular momentum is lo
(2) For an efficient escape over the saddle point a high
dial velocity compared to the angular velocity is require
and hence a low angular momentum. (3) In order to pro
the saddle point the outer turning point of the electron t
jectory must be large and hence the angular momen
needs to be low. The most striking observation in Fig. 3
that the ionization of the main fraction of the wave pack
(60%) is delayed until the second angular recurrence of
wave packet. From the recurrence spectrum alone it i
impossible to draw this conclusion. Directly after excita-
tion the wave packet is ejected in the direction of the la
polarization, perpendicular to the electric field. It is ther
fore unlikely that the wave packet will approach the sadd
point, and the observed prompt ionization is indeed sm
In a short while the angular momentum of the wave pac
increases and the scattering from the ionic core upon
dial recurrences is strongly reduced. After2tk  11.4 ps,
the angular momentum of the wave packet is low again
well as the radial distance. As a result core scattering w
change the direction of the electron into the direction
the saddle point. While moving from the core to the sa
dle point, the angular momentum of the scattered elect
is still low, and the ionization is efficient.

In Fig. 4 an ionization spectrum is shown of a wav
packet created with the laser polarizationparallel to the
electric field ate  21.32. The created wave packet con
sists of two subpackets oriented along the electric fi
and laser polarization. One subpacket is located n
the saddle point (downhill) leading to prompt ionizatio
i.e., the first ionization peak, whereas the sub-wave-pac
located at the uphill side will have to make a recursi
before escaping. The observed spacing between the
ization peaks and the recurrence to the initial conditi
(7.3 ps) are reasonably well predicted [16] by the hydr
gen model (tk  6.1 ps), calculated for the bluest Star
states, at this field strength. From the recurrence spect
(lower graph), we observe that the recurrence amplitu
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FIG. 4. Time resolved ionization spectrum of a wave pack
created at a scaled energy ofe  21.32. The laser polariza-
tion is parallel to the electric field of 2.0 kVycm (upper graph).
Also plotted (lower graph) the corresponding recurrence sp
trum at this excitation energy and field strength.

after tk is 50% of the initial wave packet, i.e., the wav
packet created uphill returns to its initial conditions. Th
uphill subpacket scatters from the core in the downhill d
rection of the saddle point and ionizes: the second peak
the ionization spectrum.

In conclusion, we have shown that a detailed unde
standing of the dynamics of short lived electron wav
packets above the saddle point is obtained by meas
ing both the optical recurrence spectrum and the atom
streak-camera ionization spectrum. Forperpendicularpo-
larization of the laser we have seen that the conventiona
determined lifetime is not the same as the time of io
ization. Optical lifetime measurements indicate the recu
rences to the initial conditions and not the time of esca
over the saddle point. In the case ofparallel polarization
t
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of the laser the downhill subpacket ionizes promptly whi
the uphill packet ionization is delayed. After a full oscilla
tion of the angular momentum the uphill subpacket scatt
in the direction of the saddle point and ionizes.
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