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Delayed Electron Emission in the Ionization of Rydberg Atoms
with Half-Cycle THz Pulses
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Electron emission of cesium Rydbergsn ø 21d atoms ionized with half-cycle THz pulses is
investigated using an atomic streak camera. The THz pulses have a peak electric field of 17 kycm
and a duration of less than 1 ps. It is found that the atoms do not always emit their elec
instantaneously. Under certain conditions up to 50% of the emitted electrons are ejected 11 ps af
time of interaction. The delayed electron emission shows a strong dependence on the direction in
the electrons are kicked, and is interpreted as scattering off the atomic core. [S0031-9007(97)03

PACS numbers: 32.80.Rm, 42.50.Hz
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In recent years it has become possible to gene
extremely short electrical pulses with peak field of u
to 100 kVycm [1,2]. The duration of the pulses (0.5
1 ps) is short compared to the time it takes a high
excited atomic Rydberg electron to orbit the nucleu
The pulse corresponds to a half cycle of electromagn
radiation with a frequency spectrum extending to 2 TH
In the short pulse limit,tpulse , tn, with tn  2pn3

the classical round trip time of the Rydberg electron, t
interaction can best be described as a kick. The elec
hardly moves during the pulse. Under this assumption
transferred momentumDp to the electron is given by the
time-integrated electric field$Fstd [2,3] (atomic units are
used throughout),

D $p  2
Z `

2`

dt $Fstd . (1)

Strictly this integral is zero for a freely propagating ele
tromagnetic pulse, and the short unipolar pulse is follow
by a very long, weak tail of opposite electric field [1
This tail typically lasts several tens of picoseconds a
has an amplitude of 1% or less of the main peak. Ho
ever, ionization of the atom takes place on the time sc
of the short pulse, and it is assumed that in the descrip
of the ionization the long weak tail can be neglected,
that the effective change in momentum is indeed nonze
The change in momentum leads to an energy change

DE 
1
2

f2 $p0 ? D $p 1 sDpd2g . (2)

In general the energy transfer to the electron depe
on its initial momentum$p0 at the time of the kick and
therefore varies over the orbit. This feature becom
apparent when a Rydberg wave packet is ionized,
which case the ionization probability oscillates in tim
with a period corresponding to the Kepler orbit time [4]

The direction of the kick not only influences the amou
of transferred energy. If the kick is large compared
the original momentump0, then the electron moves in th
direction of the kick after the pulse is gone. With the ha
cycle pulse (HCP) a Rydberg state becomes the per
starting point for a well-controlled electron-ion collision
0031-9007y97y79(4)y617(4)$10.00
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Both the impact parameter and the energy of the collisi
can be chosen by varying the direction and the strength
the kick that is imparted on the electron. Until recent
the analysis of such collisions consisted of recording t
integrated ionization yield after illumination with an HCP
However, if scattering off the ionic core occurs befor
ionization takes place this is likely to give rise to delaye
emission of the electrons.

In this Letter time-resolved data on the ionization o
Rydberg states with THz half-cycle pulses are reporte
The time-dependent emission is recorded with an atom
streak camera, which has a picosecond time resoluti
We find that the recorded time-dependent emission sho
a high sensitivity on the exact direction of the kick.

A detailed description of the atomic streak camera c
be found elsewhere [5]. Here we outline its operatio
The cesium atoms are excited to a Rydberg statesn ø 21d
with a nanosecond dye laser between two field pla
separated by 1 cm, which are at a potential of24.0 and
22.0 kV, respectively (see Fig. 1). After excitation to
particular Rydberg state, the atoms are irradiated with
picosecond THz pulse. Emitted electrons are accelera
(to the right in Fig. 1), and pass through a 1 cm lon
300 mm wide slit in the field plate. The actual opera
tion of the streak camera takes place between the two
flection plates that the electrons pass through after th
have been accelerated. The electric field between th
two plates is ramped with a few Vyps. Consequently, the
electric field experienced by the electrons depends on
time at which they pass between the plates. Electrons t
arrive at later times are deflected more by this field. T
difference in deflection angle is converted into a vertic
displacement when the electrons reach the multichan
plate detector. At this detector each electron is conver
with high efficiency into a cloud of electrons that lead
to a measurable signal on the phosphor screen placed
hind the multichannel plates. The light from this pho
phor screen is recorded with a CCD camera and read
a computer. The time resolution obtained with this stre
camera is approximately 1 ps.
© 1997 The American Physical Society 617
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FIG. 1. Principle of the atomic streak camera. Operation
the camera is discussed in the text.

The subpicosecond THz pulses are generated in a
similar to the technique described by Joneset al. [2].
The optical switch pulse comes from a colliding pul
mode-locked (CPM) laser, operated at 620 nm which
amplified to a pulse energy of up to300 mJ, and a pulse
duration of 200 fs [6]. The CPM beam is expanded
illuminate a GaAs wafer with an area of2 3 2 cm, as
depicted in Fig. 1. The GaAs surface is connected
opposite sides with two electrodes. On these electro
an electric field is applied. The field strength across
wafer can be as high as 7.5 kVycm. The radiation that is
emitted in the forward direction passes through a wire g
polarizer, to eliminate imperfectly polarized componen
that may originate from small inhomogeneities of th
electric field in the GaAs wafer. The direction of th
electric field of the HCP can be chosen continuou
with respect to the static field between the two fie
plates in the streak camera. The semiconductor wa
and the polarizer are mounted together on a rotata
mount. The radiation is sent into the vacuum syst
containing the atomic streak camera, after passing thro
a quartz window that absorbs less than 15% of
incident radiation. The surface area of the GaAs wafe
large compared to the wavelength of the generated lig
so that the generated beam is well collimated. The T
radiation is not focused into the interaction region. A
unfocused configuration was preferred to avoid possi
problems when trying to focus all the frequencies that
present in the broadband radiation. As a result, only sta
that lie just below the ionization threshold can be ioniz
by the HCP.

The THz field strength has been calibrated at the int
action spot by ionizing field free Csd statessn ø 40d, of
which the ionization threshold with HCP with a FWHM o
0.5 ps is known from experiments by Joneset al. [2]. The
measured maximum peak is approximately 17 kVycm as-
suming a pulse duration of 0.5 ps. At this maximu
618
of

ay

e
is

o

n
es
e

id
ts
e

ly
d
fer
ble
m
gh
e
is
ht,
z

n
le
re
tes
d

r-

output the bias over the GaAs wafer is approximate
7.5 kVycm. The HCP duration was independently mea
sured with a cross correlation technique, and found to
0.5–1 ps (FWHM) [7].

The output of a nanosecond dye laser is frequen
doubled to produce light around 320 nm that is used
excite the cesium atoms to a high lying Rydberg stat
The Rydberg states are excited in the state electric fie
(2.0 kVycm) that is required for the operation of the strea
camera. Therefore, the states that are excited are
pure p states, butl-mixed Stark states. Examining the
properties of Rydberg statessnp ø 21d at an energy around
the ionization threshold in 2.0 kVycm, it is found that the
radial oscillation (Kepler) time is 1.5 ps. The HCP puls
duration, although not negligible with respect to this radia
oscillation time, is still a factor of 2 to 3 shorter, so tha
the impulse approximation is a reasonable one.

In Fig. 2 two ionization spectra, obtained with the
atomic streak camera, are shown. The spectra we
obtained by exciting a Rydberg state atl  321.36 nm,
2 meV below the ionization threshold in the electric field
and subsequently ionizing the Rydberg atom with a HC
The two orientations of the electric field of the THz puls
that are shown in Fig. 2 are 0± (parallel to the static
electric field) and 180± (antiparallel). Note that there is a
difference between the two cases because of the unipo
character of the HCP [8]. Both spectra show a larg
amount of ionization att  0, when the HCP arrives.
However, the0± spectrum, taken with the kick in the same
direction as in which the electron is pulled by the stati
electric field, shows a significant amount of ionization a
later times. This second burst of ionization peaks aroun
t  11 ps. Note that the time-integrated ionization yield

FIG. 2. Time-dependent electron emission from the TH
ionization of a cesium Rydberg state, in a static electric fie
of 2.0 kVycm. The Rydberg state was excited at a waveleng
l  321.36 nm. The THz pulse had a peak electric field o
17 kVycm and a duration of 0.5 ps. Two traces are shown, on
for parallel alignment of the THz electric field with the static
electric field (0±, solid line) and one for antiparallel alignment
(180±, dashed line).
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is the same for both orientations. A possible explanat
for the observed delay for0± orientation is that part of the
wave function scatters off the core and follows a differe
trajectory that leads to delayed emission. However,
delay of 11 ps is very long compared to the rad
oscillation time of 1.5 ps.

Apparently the delayed emission is not simply caused
a single bounce off the core in the direction opposite to
direction in which the electron is kicked. It is more likel
that the electron is scattered into an orbit which has
overlap with the saddle point in the potential. Such orb
exist and can give rise to long lifetimes in the continuu
[9], up to tens of picoseconds. Directly after scatteri
off the nucleus the electron has low angular momentu
because the impact parameter has to be small to a
the collision to occur. This angular momentum is n
conserved in the electric field. The precession time of
angular momentum is proportional to the inverse of t
energy splitting of the Stark states:tk  2py3Fn. For
states that have an energy close to the ionization thres
in the field of 2.0 kVycm, this oscillation time is abou
6 ps. The angular momentum has to return to low valu
before the electron can rescatter off the nucleus, poss
into an orbit that has overlap with the saddle point and th
allows emission of the electron. In previous experime
rubidium atoms were excited from the ground state
continuum states just above the ionization threshold in
electric field, using picosecond laser pulses [9]. In tho
experiments it was found that under some conditions
decay of the continuum wave packet showed a strong p
at the second recurrence of the oscillation of the angu
momentum, i.e., at2tk. Possibly such trajectories ar
followed in the current experiments by the part of the wa
function that scatters of the nucleus after illumination w
the HCP, and is emitted after 11 ps, approximately tw
the precession period of the angular momentum.

Focusing on the behavior at0±, several streak spectr
were taken at various values of the peak electric field
the HCP, by varying the bias field on the GaAs wafe
The results are shown in Fig. 3 at the same abso
scale. As can be seen in Fig. 3 the total ionization yie
decreases as the peak field of the HCP decreases
expected. However, the results show that the decre
of the ionization yield is mainly caused by a decrease
the first burst of ionization. Only when the HCP pea
field drops to even lower values, resulting in hardly a
ionization, the second peak also decreases in amplitu
At those fields both ionization bursts of the same si
approximately 50% of the emitted electrons are delayed
11 ps. The fact that the second peak grows with resp
to the first peak favors the interpretation of the results
terms of scattering off the core. In general scattering cr
sections increase with decreasing energy. If the sec
peak is caused by part of the wave function that scat
off the core, this process is likely to be more efficient f
kicks of smaller amplitude.
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FIG. 3. Time-dependent emission from a cesium Rydbe
state excited after ionization with THz pulses of various fie
strength (all at 0± orientation). All curves are plotted on the
same absolute scale. The inset shows the amplitude of b
peaks as a function of the electric field strength of the HCP.

The dependence of the time-resolved ionization
the THz orientation was further investigated by varyin
the alignment with only small angles from0±. Figure 4
shows the traces taken under the same conditions as th
in Fig. 2, but with the THz orientation varied from225±

to 25±. A rapid disappearance of the delayed ionizatio
peak is observed, if the alignment with the static fie
is slightly different from 0±. The electron needs to be
kicked into a very well-defined direction, in order to
delay the ionization. The observed dependence is ano
indication for scattering. The Rydberg states are prepa
in the electric field with a dye laser that is polarize
parallel to the direction of the static field, defined as thez
axis. Because the dye laser excitedp character, the states
with the largest cross section for excitation resemble apz

wave function, with lobes extending along thez axis. If
such a wave function is to be kicked onto the nucleus, t
direction of the kick needs to be fairly well aligned.

A known feature of THz pulses generated from sem
conductor wafers is the fact that they have a small su
pulse, caused by internal reflection at the back plane of
wafer [10]. The amplitude of this reflection is generall
less than 10% of the main pulse and the delay between
two pulses is approximately 10 ps. Although such a su
peak would not explain the observed dependence of
streak traces on alignment angle and peak field streng
the possibility that this subpulse is responsible for the d
layed ionization was explicitly excluded. A second GaA
wafer was placed between the first, THz-generating waf
and the Rydberg atoms. This second wafer was illum
nated, by a split off fraction of the CPM fs-pulse beam,
the backside of the second wafer, antiparallel with the T
beam. The second wafer is switched from transmitting
619
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FIG. 4. Time-dependent emission with THz pulse
(12 kVycm) with varying orientation. The THz orienta-
tion is measured with respect to the static electric field
2.0 kVycm. 0± means parallel alignment of the electric fiel
of the THz pulse with the static electric field.

reflecting on a picosecond time scale by varying the de
between the optical and the THz beam. By inspecting t
two peaks in the streak spectrum for different delays b
tween the two beams, it was verified that both peaks dis
pear at the same, single delay. This means that the at
are really struck by a single pulse, and nevertheless e
electrons in a double burst.

Although results are presented for only one particu
Rydberg state, excited atl  321.36 nm, the described
behavior was also observed for other Rydberg stat
excited with one and two photons (in the latter case w
the fundamental output from the dye laser, excitings and
d character). All the states that yielded a significant
large THz ionization yield to allow recording of the
time-dependent emission by the streak camera, show
a second burst of ionization for the0± orientation of the
HCP, at approximately 11 ps.

For a more quantitative analysis of the observed resu
especially in terms of scattering, it is necessary to kno
the initial Rydberg wave function. The wave function o
the Rydberg state that was excited in the experiment
been calculated by Robicheaux [11], using the meth
of Robicheaux and Shaw [12]. The theoretical wav
function does not show a large asymmetry in the amou
of probability localized on the1Z and2Z direction from
the nucleus, if the static electric field of 2 kVycm points
in theZ direction. Therefore the asymmetry in the resul
obtained for a THz pulse with 0± or 180± orientation
cannot simply be ascribed to an asymmetry in the wa
function. However, a tentative explanation may be t
following. First, it is assumed that electrons that do n
scatter off the core are emitted almost immediately a
are detected in the first burst of emission. For the±
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orientation of the kick, electrons that are on the1z, or
high energy side of the field, are kicked onto the nucleu
On that side of the nucleus more relatively stable orb
exist because there is little overlap with the saddle po
in the potential: the probability to scatter into a long-live
state is relatively high. For the 180± orientation, the part
of the wave function on the2z side of the nucleus is
kicked onto the nucleus. On that side of the nucleu
however, hardly any stable states exist because of
proximity of the saddle point. Although scattering ma
occur, the electron is unlikely to scatter into a long-live
state. Further theoretical investigations are required
confirm this intuitive explanation.

Summarizing, we have investigated the time-depend
electron emission from Rydberg atoms in a static ele
tric field that are ionized with subpicosecond half-cyc
pulses. The data show a delayed burst of emission
11 ps after the interaction with the HCP. The relativ
amplitude of the second peak is maximum if the electro
is kicked in the same direction as the static electric fie
and the HCP barely ionizes the atom. Both the depe
dence on peak electric field and the orientation indica
that the electron scatters off the nucleus into a metasta
orbit before it is emitted.
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