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Tomographic Reconstruction of Designer Free-Electron
Wave Packets
Matthias Wollenhaupt,*[a] Christian Lux,[a] Marc Krug,[b] and Thomas Baumert[a]
We review the generation and tomographic reconstruction of
designer electron wave packets, that is, electron wave packets
with a tailored momentum distribution in the continuum. Generation is accomplished by means of multiphoton ionization of
an atomic prototype using polarization-shaped femtosecond
laser pulses. Both the electronic structure of the neutral and interference of matter wave packets in the continuum contribute
to the final shape. For the measurement of the resulting threedimensional photoelectron angular distributions (3dPAD) we

combine the established technique of velocity map imaging
(VMI) with a tomographic reconstruction method. This novel
experimental approach can be employed to characterize the
3dPAD in the laboratory frame as well as in the molecular
frame of larger molecules. Due to its sensitivity to electronic
structure this method can be further developed to highly sensitive analytic techniques in the gas phase, for instance for the
identification of chiral molecules.

1. Introduction
Albert Einstein’s theory of the photoelectric effect has contributed significantly to the development of quantum physics. In
his famous “Annus Mirabilis” paper On a Heuristic Point of View
about the Creation and Conversion of Light Einstein wrote in
1905: “energy quanta penetrate into a surface layer of the
body, and their energy is at least partly transformed into electron kinetic energy. The simplest picture is that a light quantum transfers all of its energy to a single electron […]. An electron obtaining kinetic energy inside the body will have lost
part of its kinetic energy when it has reached the surface.
Moreover, we must assume that each electron on leaving the
body must produce work W, which is characteristic for the
body. Electrons which are excited at the surface and at right
angles to it will leave the body with the greatest normal velocity. The kinetic energy of such electrons is hnW”1.[1] In the
same work he also referred to the experiments on the photoelectric effect by Philipp Lenard. Lenard used arc and spark
lamps for illumination, electrometric methods and fluorescence
screens in simple vacuum tubes for detection to discover the
fundamental physical law of the photoelectric effect, namely
that the number of electrons increases with increasing light intensity, but energy of the electrons does not.
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The central role of the photoelectric effect in basic research
was underscored by the 1981 Nobel Prize in physics awarded
to Kai Siegbahn for “his contribution to the development of
high-resolution electron spectroscopy”. Nowadays, arc and
spark lamps have been replaced by modern light sources such
as lasers, synchrotrons and free-electron lasers. Also, modern
detection techniques comprise advanced time- and positionsensitive detectors instead of fluorescence screens. For example, in surface science, the electronic structure of new materials is routinely investigated by photoelectron spectroscopy; in
molecular physics, femtosecond techniques are employed to
observe[3, 4] and control[5] intramolecular dynamics of isolated
molecules; in atomic physics inner-shell excitation and the subsequent dynamics has been measured down to the attosecond
time scale.[6] In addition, the electric fields achievable by intense laser pulses exceed those of the electronic bonds in molecules, giving rise to field-driven ionization. While it was sufficient for the interpretation of the initial experiments on the
photoelectric effect to consider the electrons as particles, the
wave nature of the electrons was demonstrated by Clinton Davisson and Lester Germer in 1927[7] in their famous scattering
experiments on nickel.
Nowadays, pulsed light sources are often used for photoionization and thus the notion of the photoelectron as a free
wave packet comes to the fore. As wave packets consist of the
superposition of many waves, the exciting question arises
whether those matter wave packets can be “designed” in the
exact same manner as in Fourier synthesis. This question can
be addressed by modern methods of ultrashort laser physics.
Due to the uncertainty relation between pulse duration and
bandwidth, it follows that ultrashort laser pulses have a broad
spectral width. For example, the spectral width of a 5 fs laser
pulse requires the whole visible spectrum. The coherence of
femtosecond radiation permits to precisely manipulate the amChemPhysChem 2013, 14, 1341 – 1349
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plitude and the phase of the individual spectral components
of the pulse by optical Fourier synthesis. By this means, the
pulse envelope, the instantaneous frequency and, as of late,
even the instantaneous state of polarization of the shaped
pulse can be controlled on the femtosecond time scale.[8–10]
Under isolated experimental conditions the interaction of coherent laser radiation with matter entails coherent dynamics of
matter waves. Manipulation of constructive and destructive interferences of those matter waves forms the basis to exert control on matter by light (as reviewed in monographs[11–14] and

special issues[15–19]) and also the key to create designer electron
wave packets.[20] In the case of multiphoton ionization the electronic structure of the neutral atoms or molecules can additionally be utilized for the synthesis of shaped free-electron
wave packets. The use of intense laser fields extends the options for control through light-induced Stark shifts. To turn the
argument on its head, measuring highly structured wave packets being created by suitably shaped laser pulses from the ionization of a molecule will enable one to probe a specific mo-
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lecular structure (for instance different enantiomers) due to
highly sensitive interferences.

2. Interference in the Continuum
In the conceptually simplest experiment, the interference of
free-electron wave packets has been measured in the photoelectron spectrum by photoionization of potassium atoms
(prepared in the 5p state by excitation with another laser
wavelength) with a coherent femtosecond double pulse.[21]
Due to the ionization with the ultrashort laser pulse, a localized
outgoing electron wave packet is created in the interaction
region at time T1 as shown in Figure 1 a. In vacuum the wave

Figure 1. Ionization with femtosecond laser pulses (red) leads to a broad
spectrum of photo electron kinetic energies Ekin = hnIP (blue photoelectron
spectra above the ionization potential IP). During its time evolution the
single electron wave packet (black in a) broadens in coordinate space as
shown for the times T1 < T2 < T2. When excited by a coherent double pulse
(b) the interference of the two coherent matter waves in the continuum
gives rise to the observed interference pattern in the photoelectron spectrum. An analysis of this process in phase space using the Wigner function is
presented in Section 3.

packet broadens during its further propagation (T2 and T3)—
a textbook example of the dispersion of a quantum mechanical matter wave packet (see for example ref. [22]). However,
Max Born has pointed out already in 1955 that the dynamics
of this wave function can be thought of as a swarm of classical
particles with different initial velocities.[23, 24] As depicted in Figure 1 b, ionization by a coherent double pulse demonstrates
most clearly how a structured electron wave packet is created
by the interference of the partial wave packets. Since the alkali
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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metal potassium possesses only a single outer electron, one
electron at most can be detached during the light–matter interaction. There is a certain probability for ionization during
the first laser pulse and the same probability during the
second pulse. The double-peaked wave function shown in Figure 1 b at T1 illustrates the corresponding probability amplitude
j y(x,t) j 2. Due to the abovementioned dispersion of matter
waves both partial wave packets spread and start to overlap.
The interference of both partial wave packets—effectively the
interference of the electron with itself—is responsible for the
subsequent transient interference pattern at T2. At some later
time (T3) a quasi-stationary wave packet appears which still
broadens, but does not change its qualitative shape. Due to
the quadratic dispersion relation of matter waves in vacuum
E(k) = h2k2/2 m the wave packet evolves into its own spectrum
(see Section 3 for an analysis of this relation in Wigner phase
space). This is why time-of-flight spectrometers
actually mea
~ ðk; tÞ2 / jyðx; tÞj2 in coorsure the momentum distribution y
dinate space.[25] The time evolution of the wave packet is
mathematically described by the fractional Fourier transform,
analogously to the diffraction pattern in optics when light
waves pass an aperture. In the near field the diffraction pattern
changes its shape rapidly (Fresnel diffraction, corresponds to
early times in Figure 1) but converges to the stationary
Fraunhofer diffraction pattern in the far field. The Fraunhofer
diffraction corresponds to late times in Figure 1. Alternatively,
the interference of free-electron wave packets can be interpreted as a Young’s double-slit [experiment] in the time
domain.[21, 26] In this picture, the visibility of the interference
pattern is complementary to the “which way information” on
the photoionization process, that is, the information whether
the ionization took place during the first or the second laser
pulse. Besides these fundamental aspects of photoionization
with coherent laser pulses, interferences in the photoelectron
spectrum have become an established tool for attosecond
laser pulse characterization.[6, 27]

3. Wave-Packet Interference in Phase Space
Now we discuss the time evolution of the double-peaked freeelectron wave packet with the help of the Wigner function
(Figure 2). The Wigner function W(x, k, t) is a quasi-probability
distribution that visualizes the properties of the wave function
in phase space.[28] The probability density in coordinate space
is
by integration along the momentum axis
 obtained

y
~ ðk; t Þ2 = s W(x, k, t) dk. This quantity shows two separate
outgoing partial wave packets directly after the ionization with
the coherent double pulse at time T1. The positive and negative interference terms in the Wigner function (shown in red
and blue, respectively) located between the two partial wave
packets indicate their mutual coherence. At T1 those interference terms cancel completely upon integration along the momentum axis and, therefore, the interference of the wave partial packets is not yet visible in coordinate space. For free electrons, that is, in the absence of a potential,
the interference

~ ðk; t Þ2 = sW(x, k, t)dx, obtained
pattern in momentum space y
by integration of the Wigner function along the coordinate
ChemPhysChem 2013, 14, 1341 – 1349
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Figure 2. Time evolution of the Wigner function W(x,k,t) (positive values are shown in red, negative values in blue) of a double-peaked free-electron wave
2
packet created by a coherent femtosecond double pulse. The time-dependent probability density
 in coordinate space j y(x, t) j (black) is obtained by integra~ ðk; t Þ2 (magenta) is obtained by integration along the coordinate
tion of the Wigner function along the momentum axis whereas momentum distribution y
axis. The wave packet evolves asymptotically into its own momentum distribution.

axis, is unchanged during the entire time evolution. Since both
partial wave packets spread in time due to the dispersion of
matter waves in vacuum, the fast components of the second
partial wave packet reach the slow components of the first at
time T2. In phase space the initial Wigner function is sheared
and therefore the interference terms no longer vanish upon integration along the momentum axis, giving rise to the transient interference pattern in coordinate space. For even larger
times (T3) the Wigner function is sheared to the extent that the
interference pattern in coordinate space approaches the stationary interference pattern in momentum space. Due to the
quadratic dispersion relation of matter waves in vacuum E(k) =
h2k2/2 m the wave packet

 evolves
 asymptotically into its own
~ ðk; t Þ2 / jyðx; t Þj2 .
momentum distribution y

s!p!d!f, s!p!d!p, and s!p!s!p [Figure 3 a]. The interference of those pathways, characterized by different dipole
moments and different relative phases, creates a superposition

4. Three-Dimensional Control of PADs
In the double-pulse experiment the momentum distribution
was structured as a consequence of the interference of two
quantum pathways. A much higher degree of control is attainable if the quantum system provides more interfering quantum pathways and complex polarization-shaped laser pulses
are used for excitation and ionization. These shaped pulses
generate many different partial wave packets which interfere
during their coherent time evolution, analogous to the two interfering partial wave packets in the double-pulse experiment.
As an example, we consider the resonance-enhanced multiphoton ionization (REMPI) of potassium atoms with polarization-shaped femtosecond laser pulses. Due to the Dl selection
rules in this system, the following three quantum pathways for
the absorption of the required three light quanta are allowed:
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Allowed pathways for multiphoton ionization, which contribute to
the interference in the continuum are determined by quantum mechanical
selection rules. a) Due to the Dl selection rules resonance enhanced multiphoton ionization (REMPI) of potassium atoms creates superposition states
of p and f-type electron wave packets—shown here for excitation with a linearly polarized laser pulse. b) Superpositions of states with odd value of
m = 3, 1, 1, 3 are created by ionization with three elliptically polarized
photons due to the Dm =  1 selection rules for elliptically polarized light.
The shape of the designer electron wave packets is controlled by the amplitudes and phases of all contributing continuum states. Those amplitudes
and phases are determined by the interference of the allowed pathways for
multiphoton ionization. The probability of each transition is controlled by
the time-dependent ellipticity of the polarization-shaped laser pulse.[33] For
simplicity, the fine-structure splitting is not shown.

ChemPhysChem 2013, 14, 1341 – 1349

1344

CHEMPHYSCHEM
MINIREVIEWS

www.chemphyschem.org

Figure 4. Three-dimensional photoelectron angular distributions (3dPAD) are tomographically reconstructed from measured VMI images. To this end, the polarization vector of the incoming femtosecond laser pulse is rotated about the z-axis by 08, 128, 228, 358 and 458 using a l/2 plate. a) Three-photon ionization
of potassium atoms with a linearly polarized femtosecond laser pulse creates an f-type electron wave packet with little p contribution. Due to its cylinder
symmetry the reconstruction could be compared to the Abel-inverted result, showing excellent agreement.[38] (b) 3dPADs from elliptical polarization violate
two prerequisites for the Abel-inversion: firstly, the wave packet is in general rotated out of the y–z-plane and secondly, it is no longer circular symmetric.
However, the tomographic reconstruction reveals a detailed picture of the 3dPAD.

state of f-type2 free-electron wave packets with minor p contributions. On the other hand, these interferences of free-electron wave packets from different states could be used to provide a complete description of the photoionization process in
terms of transition amplitudes and phases.[29] For example, suitable polarization-shaped pulses could be employed to determine multiphoton ionization matrix elements. Currently, P.
Hockett has started to extract these phase shifts from our
data.[30] Due to the selection rule Dm = 0, multiphoton ionization with linearly polarized laser pulses connects any initial
m = 0 state exclusively with final m = 0 states. In contrast, multiphoton ionization using elliptically polarized light with a selection rule Dm =  1 creates superpositions of different m states
in the continuum. For example, three-photon ionization of potassium atoms with elliptically polarized light creates superposition states with m = 3, 1, 1, 3 (Figure 3 b), including all ftype electron wave packets, which are just rotated by an angle
ð3Þ
a about the z-axis (Figure 4 a)—in agreement with Dm0 0 (a, p/2,
ðl Þ
0) = 0 for all even values of m’, where Dm0 ;m (a, b, g) describes
the Wigner matrix[31]—and, in addition, the non-cylindrical
symmetric states shown in Figure 4 b.[33] In order to excite such
a superposition state, eight quantum pathways s(0)!p(1, 1)
!d(2, 0, 2)!f(3, 1, 1, 3) are accessible. The absorption of
each elliptically polarized photon alters the quantum number
by Dm =  1. The probability for a specific transition is con2

The term f-type wave packets is used for wave packets with an angular distribution described by the rotated spherical harmonic Y30(q, f). Because the
laser excitation is described in the basis of elliptically polarized light
(Figure 3), the f-type wave packets are not aligned along the z-axis, but they
actually rotate about the z-axis by anangle of a (Figure 4a). Therefore
the

p
p
ð3Þ
proper description would be R a; 2 ; 0 Y30(q, f) = m’Dm0 ;0 a; 2 ; 0 Y3m’ (q, f),
where R(a, b, g) is a rotation operator parameterized by the Euler angles a,
b, g and DðmlÞ0 ;m (a, b, g) is the Wigner matrix.[31]
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trolled by the corresponding matrix element and the laser polarization. Therefore, in our experiment, three-dimensional control is achieved by the time-dependent polarization of the
laser pulse along with the corresponding Dm selection rules
and the subsequent interference of the partial electron wave
packets in the continuum.

5. Tomographic Reconstruction
In addition to creating designer electron wave packets, measuring their three-dimensional shape, that is, the three-dimensional photoelectron angular distribution (3dPAD), is the next
relevant task. Because the 3dPAD contain rich information
about the photoionization and intramolecular dynamics, numerous highly differential detection schemes have been developed[29] and recently applied to coherent control.[32–35] An efficient and relatively simple method to measure 3dPADs is to
project the complete distribution onto a two-dimensional detector plane. In our experiments, we make use of such a projection technique by employing the velocity map imaging
method (VMI).[36] In this scheme photoelectrons created in the
interaction region are accelerated in the electric field within
a parallel-plate capacitor towards a two-dimensional MCP detector. The detector maps the transversal momentum distribution of the 3dPAD. The motion of the electrons in the spectrometer is described quantum mechanically by the time evolution of the three-dimensional wave packet. In this framework,
the measurement of the 3dPAD on the two-dimensional MCP
detector is described by the Abel transform.[37] If the wave
packet has cylindrical symmetry, a single measurement of
a two-dimensional distribution is sufficient to reconstruct the
3dPAD through Abel inversion. For this type of reconstruction
it is required that the polarization vector of the light field is
ChemPhysChem 2013, 14, 1341 – 1349
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where [Eq. (2)]:
RðqÞ ¼

cos q  sin q
sin q

cos q

!
and

Jl2 ¼

1

0

!
ð2Þ

0 1

denote a rotation matrix and a Jones matrix for a l/2 waveplate, respectively. The change of the sign of Ey(t) applies to all
angles q and therefore the shape of the pulse {Ex(t), Ey(t)}T is
preserved upon rotation. In order to validate this procedure
we generated an f-type wave packet by ionization with a linearly polarized laser pulse (Figure 4 a) and compared the tomographic reconstruction with the Abel-inverted results. The excellent agreement between the tomographic reconstruction
and the Abel inversion reported in ref. [38] confirms the validity of our procedure for cylindrically symmetric wave packets.
Recently, this tomographic approach to reconstruct the momentum distribution has been applied to strong-field multiphoton ionization of argon[39] and aligned naphthalene molecules.[40]
Figure 5. Creation of a designer wave packet through multiphoton ionization with a polarization-shaped femtosecond laser pulse.[20] In order to reconstruct the 3dPAD, its projections are measured on the MCP detector at
many different angles. To this end, the incoming polarization-shaped femtosecond laser pulse is rotated about its propagation axis using a l/2 plate.
The bluish shapes in the VMI represent isosurfaces of the evolving density
of the reconstructed free electron wave packet. The polarization-shaped
laser pulse is created by our home-built zeptosecond precision pulse
shaper.[33, 47] The polarization-shaped laser pulse starts with a (with respect to
the central frequency) red detuned linearly polarized part and evolves into
a blue detuned circularly polarized part. The cut through the distribution
shows the interior of the complex three-dimensional distribution. In addition, the energy calibrated electron distributions in the three central planes
are projected out.

parallel to the detector plane if linearly polarized light is used.
For circularly polarized light the k-vector needs to be oriented
parallel to the detector plane. Electron wave packets arising
from photoionization with elliptically polarized light violate
two prerequisites for the Abel inversion: firstly, the wave
packet is in general rotated out of the y–z-plane, and secondly,
it is no longer circularly symmetric (Figure 4 b).
Recently, a novel approach to measuring 3dPAD of arbitrary
shapes by combination of VMI with tomographic techniques
was introduced.[38] To this end, the incoming femtosecond
laser pulse is rotated using a l/2 plate and projections of the
3dPAD are measured at many different angles. In our experiments we typically use 36 projections to cover an angle interval of 1808. Then, a tomography algorithm is used to reconstruct the 3dPAD from the measured projections. Note that for
the reconstruction no assumptions on the symmetry of the
3dPAD are required. As visualized in Figure 5, this procedure is
also applicable to polarization-shaped laser pulses because the
l/2 wave plate at an angle of q/2 rotates any polarizationshaped pulse by an angle of q since [Eq. (1)]:
 
 
q
q
R
 Jl  R1

2
2
2

ex ðt Þ
ey ðt Þ

!
¼ RðqÞ 

ex ðt Þ

!

ey ðt Þ
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6. Intense and Polarization-Shaped Pulses
The reconstruction of a wave packet created by elliptically polarized light (Figure 4 b) is a particularly simple example of the
interference of the four possible f-wave packets f(3, 1, 1, 3)
with different magnetic quantum numbers m (Figure 3 b).
Much more structured and complex electron wave packets are
generated when polarization-shaped pulses are used
(Figure 5). Generally speaking, polarization shaping opens the
avenue to tailoring the shape of the light pulse to the vectorial
properties of the light–matter interaction by adapting the instantaneous state of polarization to the different Dm-allowed
transitions and dipole moments which become time dependent during the course of the excitation dynamics.[9] In weak
laser fields, the physical mechanism of coherent control of
multiphoton excitation is governed by the higher-order spectrum of the modulated pulse. Generally, the higher-order spectrum of a polarization-shaped pulse is not only phase- and polarization-modulated, but also amplitude-modulated. In weak
laser fields, the amplitude modulation of the higher-order
spectrum explains the modulation of the photoelectron distribution as a function of the excess kinetic energy. However, intense laser pulses, entailing non-perturbative interactions of
the light field with the atoms or molecules, provide another effective tool to sculpture the free-electron designer wave packets through skillful manipulation of the bound electron dynamics.
A very efficient strong field control scenario is based on the
excitation of a coherent bound electron wave packet—corresponding to a light-induced non-stationary charge oscillation—and a tailored second interaction. In this interaction the
light field needs to be tailored to the induced electron dynamics. By applying this control methodology (selective population
of dressed states, SPODS) bipolar energy shifts up to hundreds
of meV due to the AC–Stark effect have been observed experimentally on atoms.[41, 42] Strong-field control by tailored phase
ChemPhysChem 2013, 14, 1341 – 1349
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jumps[46] and in particular by SPODS was suggested to be operative in controlling molecules[43–45] as well. The sign of this
energy shift is determined by the relative phase between the
laser field and the charge oscillation[20] which can be manipulated with zeptosecond precision by our pulse shaper.[47] In this
sense, intense fields offer further degrees of freedom to design
free-electron wave packets.

7. Adaptive Optimization
Designer electron wave packets are tailored most efficiently if
all the above mentioned control scenarios are applied simultaneously. To this end, the laser intensity is used to control
Figure 6. Adaptive optimization of the projection of a 3dPAD. a) Parts 1–5
strong-field effects, the instantaneous frequency of the pulse
show the evolution of the optimization of the measured projections towards
the target projection (T). b) Tomographic reconstruction of the 3dPAD for
controls the kinetic energy of the photoelectrons and the inthe optimized polarization-shaped pulse (c).
stantaneous state of polarization can be used to manipulate
the interferences in the continuum through the excitation and
ionization process. Modern pulse-shaping devices with typically 640 pixels for the spectral modulation of each polarization
pulse is shown in Figure 6 b. Inspection of the polarizationcomponent make available an essentially infinite number of
shaped pulse (Figure 6 c) that produces the optimal wave
laser pulse shapes. Therefore, in practice, it is very difficult to
packet gives clues to the underlying physical mechanisms.
tailor the laser pulse such that it guides the quantum system
most efficiently from the initial to a preselected final state, that
8. Applications to Chiral Molecules
is, to find an optimal laser pulse to create a specific designer
electron wave packet. One solution to this high-dimensional
The systematic creation of designer electron wave packets
search space problem is provided by adaptive optimization, for
with femtosecond laser pulses along with detection through
example with the help of genetic algorithms.[48–52] In this iteraVMI can be used to identify tiny differences in the electronic
tive procedure the shape of the laser pulse is described by
structure of molecules consisting of identical components.
a set of parameters, similar to the genetic code of a biologic
Building on the experiments on circular dichroism in the ion
individual. The fitness, that is, some measure for the
adequacy of the pulse shape with respect to a certain
optimization target, is measured in the experiment.
Through selection of the best individuals and creation of new pulse shapes that are offspring of those
best individuals, optimally adapted pulse shapes are
found, analogously to evolution in biology based on
“survival of the fittest”. Recently, such an adaptive optimization procedure was applied in an experiment
to manipulate the two-dimensional projection of
a 3dPAD.[20] To this end, a two-dimensional dumbbellshaped target projection, shown in Figure 6 a (labeled
T), was defined. Note that almost any arbitrary target
function can be chosen, provided it is compatible
with energy conservation and the symmetry of the
photoionization process. The sequence (1–5) in Figure 6 a shows that the measured projections evolve
towards the target (T) projection during the optimization procedure. While the measurements of the
first generation (1) have some similarity with the projection of an f-electron wave packet, see for example
Figure 4 a, in (2)–(3) the outer maxima of the dumbFigure 7. Measurement of the circular dichroism in the multiphoton ionization of ranbell start to emerge. In the course of the optimiza- domly oriented camphor molecules.[58] Photoionization with left-handed circularly polartion procedure the inner part of the dumbbell is ized laser pulses at 400 nm leads to preferential ionization of chiral R-(+)-camphor molefilled (4)–(5) such that eventually the measured pro- cules in the propagation direction of the light pulse. The preferential direction of the
photoelectrons is detected on the MCP (false color representation of the measured injection converges to the target function. The result
tensity distribution) and visualized by the blue electron clouds. The mirror image of the
of the three-dimensional tomographic reconstruction experiment shows the result of the photoionization of S-()-camphor being the mirror
of the electron wave packet for the optimal laser image of R-(+)-camphor.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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yield by REMPI[53] and the single-photon synchrotron studies[54–57] employing photoelectron detection, the potential of
measuring PAD in the laboratory frame on randomly oriented
molecules was recently demonstrated on the circular dichroism
from femtosecond REMPI of chiral camphor and fenchone molecules.[58] In those experiments a pronounced asymmetry of up
to  15 percent was observed in the PADs in forward/backward
direction with respect to the propagation direction of the exciting circularly polarized femtosecond laser pulses (Figure 7).
Owing to the excellent signal-to-noise ratio of the measured
images the asymmetry was already visible in the raw data. In
addition, due to the multiphoton nature of the excitation process, higher-order Legendre polynomials have been observed
in the angular distribution of the photoelectrons. Similar effects confirming these observations have recently been reported, making use of sophisticated coincidence techniques.[59]
Note that circular dichroism was also observed in the ionization yield after multiphoton ionization.[60–62] As this effect is attributed to the interaction of magnetic and electric dipole moments, it is usually smaller than the effect observed in the photoelectron angular distribution, being attributed to a pure electric dipole effect.[63] The results on the multiphoton PECD of
chiral molecules such as camphor and fenchone are an important step towards highly sensitive analytical techniques for
chiral recognition in the gas phase[64] and also provide a novel
approach to determining the absolute configuration of chiral
molecules.

9. Conclusions and Outlook
We reviewed the generation and tomographic reconstruction
of designer electron wave packets. These designer free-electron wave packets were generated through multiphoton ionization of potassium atoms using polarization-shaped femtosecond laser pulses. The physical mechanism for the design of
these three-dimensional free-electron wave packets was elucidated for this prototype system. It turned out that control was
achieved by the interplay of Dm selection rules and the timedependent polarization of the laser pulse, allowing one to manipulate the subsequent interference of the partial electron
wave packets in the continuum. Due to the multiphoton
nature of the photoionization process, both the electronic
structure of the neutral and interference of matter wave packets in the continuum contribute to the final shape. In addition,
a novel experimental approach for the measurement of threedimensional photoelectron angular distributions (3dPAD)
based on the combination of the established technique of velocity map imaging (VMI) with a tomographic reconstruction
method was described. This novel reconstruction technique
can be employed to characterize the 3dPAD in the laboratory
frame as well as in the molecular frame of larger molecules.
Since only molecules with a favorable orientation with respect
to the laser polarization are preferentially excited, selection of
those molecules out of the randomly oriented molecular ensemble is the key to measurements in the molecular frame.
Therefore, our approach provides a measurement technique
complementary to highly differential coincidence techniques
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and is applicable independently both of whether the ionization
is accompanied by dissociation or whether the fragmentation
faithfully maps the orientation of the parent molecule. Alternatively, molecular 3dPAD can be measured by application of
other alignment techniques—for example laser methods
again[40]—prior to photoionization. Due to its sensitivity to
electronic structure, this method can be further developed to
highly sensitive analytic techniques in the gas phase, for instance for the identification of chiral molecules. Currently, we
are investigating the use of coherent control techniques for
enhanced chiral recognition. Initially, designer electron wave
packets have been a fascinating subject in basic research, but
it turns out that they can also play an important role in the development of novel and safe drugs in pharmaceutical industry.
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