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Inherently quantum mechanical, transient nanostructures with dynamics on a picosecond ti
scale can be produced by controlling the quantum dynamics of Rydberg electrons. Ultrasho
tailored light pulses are used to build structures in position and/or momentum space from t
wave function of an electron. The optimal laser pulses required to make these structures can
computed and synthesized in the laboratory. As an example, we present a structure consisting of
peaks which acts as a time-dependent grating and can be detected via ultrafast extreme ultrav
diffraction. [S0031-9007(97)04874-6]

PACS numbers: 32.80.Rm, 31.15.–p, 32.80.Qk, 42.50.Hz
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When matter is excited coherently with an ultrafa
laser pulse, a nonstationary quantum superposition stat
wave packet, is created. The wave packet is compose
the eigenstates spanned by the frequency bandwidth o
laser pulse. One of the simplest experimentally realiza
examples of a wave packet is the one-electron Rydb
wave packet [1]. Recent experiments have demonstra
the ability to create long-lived electronic wave packets
hydrogen and the alkali metals [2]. These wave pack
can be created in the radial dimension, the angular dim
sion, or both [3].

Rydberg wave packets created using transform limi
Gaussian pulses show a variety of semiclassical and qu
tum features that have made them the object of inte
study over the past decade [4]. A wave packet consis
of several states around a mean excitation leveln̄ oscil-
lates between the nucleus and the classical outer turn
point rc ­ 2n̄2 (atomic units are used throughout). If th
pulse length is chosen appropriately, a minimum unc
tainty packet is created on the first oscillation atrc [1,2].
The oscillation period is set by the average energy spac
t ­ 2pn̄3. The wave packet disperses inn̄y6 oscillations
and has a first revival after̄ny3 oscillations. In the ab-
sence of dephasing, these revivals and fractional reviv
continue long after the excitation pulse has ended [5].

One can move beyond the creation of Gaussian w
packets at the turning point of Coulomb potentials
using more complex excitation pulses. Modification
electronic wave packets using nontransform limited pul
has now been demonstrated experimentally in both ato
and semiconductors [6,7]. Since the populations a
relative phases of the eigenstates that comprise the w
packet are completely determined while the laser puls
on, the excitation process determines the future beha
of the system, even at asymptotic times. This idea for
the basis for several schemes to control the outcome
chemical reactions and other material processes [8].

In this Letter, we address two crucial issues related to
production and detection of shaped Rydberg wave pack
0031-9007y97y79(25)y4978(4)$10.00
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The first is the relationship between the complexity of t
desired structure and that of the laser field that produ
it. For simple targets with well separated substructur
the excitation pulse can often be viewed as consisting
independent (non-phase-locked) pulses. More comp
targets require amplitude and phase modulation that
be created using various pulse-shaping technologies
The second issue is the detection of tailored wave pack
Typically, the target distribution is chosen near the ou
turning point of the Coulomb potential, where the electr
is nearly free. Since free electrons do not absorb or e
photons, traditional pump-probe methods are sensit
only to the electronic distribution near the nucleus, and n
to the distribution in the target region [2,10].

As one way of detecting controlled Rydberg wave pac
ets we investigate the possibility of using time-depend
extreme ultraviolet (XUV) diffraction. We show that th
diffraction signal provides a direct probe of the time
dependent spatial distribution of the wave packet. As
example, we discuss some of the experimental factors
volved in building and detecting a five-peaked nanostru
ture from the wave function of a single electron. W
demonstrate that this structure can be synthesized and
tected with currently available laser technology. Succe
ful completion of such experiments may lead to the abil
to use lasers to control the electronic fabric of matter, a
have applications in the production of nanoscale devic
communication, or chemical synthesis.

We begin by describing the construction of tailore
wave packets using shaped laser pulses [11]. For illus
tive purposes we concentrate on creating radial Rydb
wave packets in the hydrogen atom, with weak exci
tion fields. Extensions of the method to strong excitati
fields, to multidimensional wave packets, and to other o
electron atoms are straightforward, and will be discuss
elsewhere. In particular, the alkali metals, in which mo
experiments are currently performed, can be treated in
formalism by simply changing the one-electron potenti
This does not alter any of the conclusions discussed be
© 1997 The American Physical Society
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for hydrogen. In addition, using heavier atoms aids in t
detection of the shaped wave packets.

To compute the laser field for a desired packet, we u
a variant of optimal control theory that has been discuss
previously [12]. The idea is to choose a target opera
that represents the desired outcome, and then to comp
the electric field that maximizes the expectation val
of the target operator, within certain constraints. In th
simple cases discussed here, the target operatorÂ is a
projection operatorjFT l kFT j onto a chosen distribution
FT in phase (position/momentum) space, at a chos
time. As noted by several authors, a variety of constrai
can be imposed on the form of the optimal fields [8,12
The effects of a given constraint on both the complex
of the optimal field and its performance must, in gener
be considered carefully. In the examples presented h
the constraint is simply that the intensity of the field b
nonzero and noninfinite (that is, a penalty term has be
included on the spectral intensity). The form of the fie
is allowed to vary freely in a given time interval.

As an example of the theoretical framework, consid
the wave packet depicted in Fig. 1. The target consists
a structure exhibiting five equally spaced Gaussian pea
with separations of 36 nm. The entire structure has
small positive momentum (that is, the electron is movin
away from the nucleus). The goal is to find the laser fie
that drives the electron from its ground state at timet0 to
maximum overlap with this target at the target timetf .
The calculation is performed for the hydrogen atom usi
a nonlinear, radial finite difference grid. The wave pack
has angular momentum, ­ 1 and is composed of abou
25 states with̄n ø 45. The globally optimal field for the
target in Fig. 1 is shown in Fig. 2(a). This field produce
a wave packet at the target timestf 2 t0 ­ 10 psd with
nearly perfect overlap with the target.

The field shown in Fig. 2(a) appears, at first, to be qu
complex. Some insight can be gained by consideri

FIG. 1. Five-peaked target discussed in the text. Shown
the Coulomb potential and the wave packet densityjrcsrdj2.
The inset shows the target in spherical polar coordinates.
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the Wigner time-frequency distribution of the fivesepa-
rate fields needed to produceseparatelythe five peaks in
Fig. 1 att ­ tf [Fig. 2(b)]. To do this, we use the proce
dure discussed above to calculate the optimal field for ea
peak in the target. As can be seen in the figure, the five
timal fields have slightly different center frequencies an
maxima at five distinct center times. They also have co
siderable overlap in time/frequency space. Therefore
laser field consisting of a sum of the five fields that pr
duce the five peaks in Fig. 1 separately will not reprodu
the five-peaked structure, unless the relative phases of
pulses can be precisely controlled. In other words, the s
pulses must be phase locked. From a practical viewpo
the field in Fig. 2(a) is best viewed as a single pulse ma
by amplitude and phase shaping, rather than a sum of
independent subpulses.

In certain cases, however, the optimal field can
created by summing the optimal fields for the separa
substructures. For example, if the second and fourth fie
are removed from Fig. 2(b), the remaining three fiel
have negligible overlap. This suggests that a three-pea
structure corresponding to peaks one, three, and five m
be made from three separate subpulses which are not p
locked to each other. Explicit calculations verify that th
is indeed the case. Note, though, that this conclusion
valid only for the rather special types of target consider
in this Letter. For certain targets, phase-locked pulses
still required, even if the pulses have no temporal overl
[13]. When independent subpulses are appropriate,

FIG. 2. Optimal field for the five-peaked target. Panel (
shows the intensity envelopejEstdj2, and panel (b) shows
a Wigner representation of the five subpulses that cre
separately the five peaks in the target. The wave pac
produced by this field has nearly perfect overlap with the targ
in Fig. 1.
4979
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resulting Gaussian peaks can be thought of as a basi
that might be used to create complicated structures fr
much simpler building blocks [14].

Creating shaped Rydberg packets is only the first step
wards demonstrating the control of electronic dynamics
atoms. Equally important is the ability to detect the shap
packets. Several possible methods have been suggest
do this, each sensitive to different properties of the wa
packet. For example, pump-probe ionization of Rydbe
wave packets provides information about the wave pac
near the nucleus [10]. An “atomic streak camera” has b
used to obtain time-resolved measurements of the ion
tion dynamics of Stark wave packets [15]. Wave pac
interferometry can also be used to infer information abo
the electronic dynamics [16]. Finally, Rydberg wave pac
ets can be probed using nearly unipolar “half-cycle” puls
[17]. The ionization signal from these pulses provides
rect information about the momentum of the wave pack
that is,jcspdj2, rather thanjcsrdj2.

For radial targets such as those in Fig. 1, the optim
scheme for detecting the shaped wave packet is ultra
diffraction using photons with a wavelength comparab
to the nanoscale structure of the wave packet. Elect
diffraction is not appropriate for these targets, because
energies required (in the meV range) are too low to
feasible experimentally. However, the photon wavelen
required is in the XUV, where intense pulses are n
available. If the XUV pulse is shorter than the tim
scale for wave packet evolution, diffraction provides
direct probe of the time-dependent, radial wave pac
distribution.

In the first Born approximation, the elastic scatteri
cross section is proportional to the square of the atom
form factorfs $q, td, which has three contributions [18],

fs $q, td ­ N0f0s $qd 1 Nwpfwps $q, td 1 fc.t. . (1)

Here,N0 andNwp are the population in the ground state a
the wave packet, andf0 andfwp are the Fourier transforms
of the normalized ground state and wave packet probab
densities with respect to the momentum transfer$q. The
cross termfc.t., which results from the product of th
ground state amplitude and the wave packet, oscilla
on a time scale set by the excitation laser. For XU
diffraction pulses containing many optical cycles, th
rapidly oscillating cross term makes no contribution to t
signal [18].

For a wave packet with nanoscale structure, the optim
photon source has a wavelength on the nanometer le
scale. At such wavelengths, the ground state form fac
f0s $qd is nearly equal to one for all$q (i.e., the scattering
from the ground state component is isotropic). The sc
tered intensity, which is proportional toj fs $q, tdj2, can then
be written as

Is $q, td ~ N2
0 1 2N0Nwpfwps $q, td 1 O sNwpfwpd2. (2)
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The signal oscillates about its average value with a
amplitude proportional to the population of the wav
packet. After subtracting the isotropic background,fwp

can be extracted and then inverted to give the spat
distribution of the wave packet at all times.

In Fig. 3(a) we plotfwpsuqd whereq ­ 2k0 sinsuqy2d,
for the five-peaked target. We assume thatk0 ­
0.015 a.u., which corresponds to 22.2 nm radiation. Th
excitation laser is polarized parallel to thez axis, the XUV
pulse propagates along they axis, uq is the angle in the
z-y plane, and the detector is assumed parallel to thex-y
plane. Note that the diffraction pattern is not cylindrically
symmetric about they axis because the wave packet ha
angular momentum equal to one. The diffraction patte
shows a broad enhancement atuq ø 35±, the angle at
which the condition for constructive interferenceqDR ­
2p is fulfilled for DR equal to the peak spacing. This
enhancement is absent at later times, when the wa
packet disperses [Fig. 3(b)]. Thus we see that the fiv
peaked target acts as a transient grating, diffracting lig
in a time-dependent manner, at a specific time, and in
specific direction.

Recording a gas phase diffraction pattern such
Fig. 3(a) requires a very bright and ultrafast pulse o
photons. An appropriate light source is high harmon
generation from a nonlinear medium produced by a hig
repetition rate TW-class, Ti:sapphire pump laser [19
The high harmonics from such a source are easily shor
than 100 fs [20], and a wide range of wavelengths from
8–80 nm are available. The number of scattered photo
per second can be estimated assT r,F j fj2, wheresT

is the Thomson cross section,r is the gas density,, is

FIG. 3. XUV diffraction signal from the five-peaked target.
Panel (a) shows the diffraction pattern as a function of th
scattering angle at the target time, and panel (b) shows t
pattern from the same wave packet one orbit (14 ps) late
The XUV wavelength is 22.2 nm.
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the interaction length, andF is the incident photon flux.
Though the cross section for electron-photon scattering
very smallssT , 7 3 10224 cmd and there is no coher-
ent enhancement due to periodic structure in the samp
the wave packets are aligned by the pump laser, wh
eliminates the need for rotational averaging. In the alk
metals, the signal is enhanced significantly, since the te
N0 in Eq. (2) is replaced byN0 1 Zc, where Zc is the
number of core electrons. Thus, the total scattered sig
scales asZ2

c , and the interference term proportional t
fwps $qd scales asZc. Note that the background subtractio
[the N0 term in Eq. (2)] is feasible because of the vast
different length scales in the problem (a0 versus2n̄2a0),
and because the interference term depends primarily
fwp and not its square.

The remaining parameters to be optimized in a realis
experimental design are the gas densityr and the num-
ber of incident photons per second,F . The achievable
density of Rydberg atoms is controlled by several facto
including the target time and the mean excitation energ
The density scales asn̄26, which favors targets with low̄n.
The number of high harmonic photons available depen
on the energy, pulse length, and focusing characterist
of the pump laser as well as the harmonic order. Op
mizing the energy and number of high harmonic photo
is currently an active field of investigation, and improve
ments are occurring rapidly. For currently available, hig
power systems,F . 1011 harmonic photonsysec may be
possible, assuming a conversion efficiency of1026. With a
sample density of a few times1012 atomsycm3 we estimate
that several hundred photonsysec will be scattered by the
sample, with on the order of 10 countsysec remaining af-
ter background subtraction. The number actually observ
is, of course, sensitive to the detailed experimental desi
Our aim here is simply to demonstrate that the experime
is feasible, even though the scattering cross section is q
small.

In conclusion, we have shown that shaped Rydbe
packets can be created and detected using experimen
feasible laser pulses and XUV diffraction. In particula
we have suggested an experiment that, while not simp
can be performed with the rapidly emerging technologi
of pulse shaping and intense, high repetition rate, ultr
fast lasers. Rydberg wave packets are inherently quant
systems, exhibiting quantum interference and superpo
tion on a nearly macroscopic scale. In fact, the fiv
peaked structure discussed in this Letter is an example
a “Schrödinger cat” state, or a coherent superposition
(nearly) macroscopically distinct spatial states [13]. F
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nally, Rydberg wave packets are a natural bridge betwe
nanotechnology and ultrafast science. They are ubiqu
tous in nature, allowing control schemes in such divers
systems as atoms, molecules, and semiconductors. C
trol of bonding in polyatomic molecules, of conductivity,
or of excitonic dynamics might also be possible. Futur
work will include calculations of the alkali metals, multidi-
mensional control of Stark wave packets, and a systema
exploration of the types of targets that can realistically b
produced in the laboratory.
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