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Abstract We present a tomographic technique based on
Photoelectron Angular Distributions (PADs) measured by
Velocity-Map-Imaging (VMI) to reconstruct the three-
dimensional shape of ultrashort free electron wave packets
obtained from 14-2 Resonance Enhanced Multi-Photon Ion-
ization (REMPI) of potassium atoms. To this end the laser
pulse is rotated about its propagation direction and a set of
PADs are recorded at different rotation angles. The tomo-
graphic reconstruction technique is described and results for
linear and elliptical polarization are presented. Results for
linearly polarized light producing cylindrically symmetric
electron wave packets confirm the validity of our method
whereas elliptically polarized light serves as a prototype for
polarization-shaped laser pulses.

PACS 32.80.Qk - 32.80.Rm - 33.80.Rv

1 Introduction

In recent years, quantum control by shaped ultrashort laser
pulses has become more and more versatile and effective by
utilization of refined experimental techniques. Pulse shap-
ing has become technically mature resulting in compact de-
vices and extended pulse-shaping capabilities [1, 2]. Con-
trol exerted by polarization-shaped ultrashort laser pulses
in atomic and molecular physics [3-5] has received much

M. Wollenhaupt (&) - M. Krug - J. Kohler - T. Bayer -
C. Sarpe-Tudoran - T. Baumert

Institut fiir Physik und CINSaT, Universitit Kassel,
Heinrich-Plett-Str. 40, 34132 Kassel, Germany
e-mail: wollenha@physik.uni-kassel.de

attention because it exploits the three-dimensional charac-
ter of the light-matter interaction. The development of de-
tection techniques providing highly differential information
on a quantum system has proven equally important to in-
vestigate controlled dynamics. In quantum control, photo-
electron spectroscopy on atoms and molecules in the gas
phase plays a prominent role due to its capability to de-
liver highly detailed information on the light-induced dy-
namics [6]. Besides control of neutral dynamics, coherent
control of ultrashort free electron wave packets has also
been studied by photoelectron spectroscopy in an interfer-
ence experiment [7] demonstrating Young’s double-slit in
time domain. With the advent of polarization shaping [8]
and the associated options for three-dimensional coherent
control, detection schemes for three-dimensional observa-
tion are in great demand. Fundamental aspects of light-
matter interactions have been studied using three-dimen-
sional observation techniques such as Cold Target Recoil
Ion Momentum Spectroscopy (COLTRIMS) [9] or tomog-
raphy by analysis of high order harmonic radiation [10].
Another method to derive three-dimensional (cylindrically
symmetrical) distributions via Abel-inversion [11-14] from
two-dimensional measurements of Photoelectron Angular
Distributions (PADs) [15-18] requires linearly polarized
light with the polarization vector parallel to the detector
plane. Recently, experiments aiming at the analysis of phys-
ical mechanisms underlying strong-field control studied co-
herent electronic excitation of atoms [19-24]. An exten-
sion towards three-dimensional coherent control combining
polarization-shaped laser pulses with two-dimensional de-
tection of PADs was carried out [25]. In that work, it was
demonstrated by comparison of measured and simulated
PADs that polarization shaping delivers a high degree of
control on the angular distributions of ultrashort free elec-
tron wave packets. In this paper, we generalize the princi-
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ples of PAD measurements by using laser fields of arbitrary
polarization and present a method to directly reconstruct
three-dimensional asymmetric wave packets from measured
PADs. As an example, we study 1 + 2 Resonance Enhanced
Multi-Photon Ionization (REMPI) of potassium atoms by
linearly and elliptically polarized light. First, we use lin-
ear polarization in order to compare the results of the tomo-
graphic reconstruction technique with the Abel-inversion. In
the case of elliptically polarized light, an Abel-inversion is
no longer applicable. However, our tomographic technique
still allows us to reconstruct the full three-dimensional elec-
tron wave packet.

2 Tomographic reconstruction method

In this section, we describe the tomographic reconstruction
scheme adapted to our experiment. Figure 1 shows the geo-
metric arrangement of the experiment. The laser light prop-
agates along the z-axis. By making use of a A/4 wave-
plate the polarization state of the laser pulse can be changed
from linear to elliptical. With a subsequent A /2 waveplate
the pulse is rotated about the z-axis (cf. (6)). Note that the
A/2 waveplate mirrors the £, component of the field and,
therefore, the main axis of the elliptically polarized light,
rotated by the A/4 waveplate, is rotated in opposite direc-
tion (—a). The planar detector is oriented perpendicularly

a

Fig. 1 Scheme of the experiment for tomographic reconstruction of
the wave packet. (a)—(c) show examples of iso-surfaces (yellow) of
the probability density pg(x, y,z) of the electron wave packet from
1 + 2 REMPI of potassium atoms by elliptically polarized light (/4
waveplate at o = 15°). The density is rotated about the z-axis by
(a) 6 =0°, (b) & =45° and (c) O = 90° employing a A/2 wave-

@ Springer

to the x-axis, such that the measured photoelectron distrib-
utions are the projections pg(y, z) of the three-dimensional
probability density of the electron wave packet pg (x, v, 2) =
[Vo(x, y,2)|% (see Figs. 1(a)—(c)). Quantitatively, the pro-
jections are obtained via Abel-transform, i.e. by integration
along the x-axis

po(y,2) =/pe(x,y,z)dx- (D

The three-dimensional wave packets are reconstructed from
a set of two-dimensional projections py(y, z) measured at
different angles 6 by making use of a Fourier-transform
based tomographic technique (see for example [26]). For
simplicity, we first consider a two-dimensional slice
po(x,y,z0) through the probability density pg(x, y,z) in
the x—y-plane at the position zo on the z-axis. The projec-
tion of this slice

pQ(yszo):/pQ(xsvaO)d-x' (2)

is a one-dimensional cut through the measured projec-
tion pg(y,z) along the y-axis. The cut positions are in-
dicated by the thick black lines in Fig. 1(a)—(c) and the
cuts pg(y, zo) are represented by the corresponding reddish
curves. Fourier-transform of these cuts yields

f)e(kx’kyfzo)

plate at a rotation angle of 6/2. The density pg(x,y,zo) is ob-
tained by two-dimensional Fourier-transform of the k-space distribu-
tion Py (ky , ky, zo) shown in (d). Slices through k-space are constructed
by a series of one-dimensional Fourier-transforms of the projections
FTy{pe(y,z0)} measured at many different angles 6. For details see
text
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ﬁe(ky,zo)=/P9(y,zo)€_ik"y dy. (3)

In order to elucidate how we use the cuts py(y, zog) to re-
construct the slice pg(x, y,zo) we consider that the two-
dimensional Fourier-transform of the slice at z

Po (ke Ky, 20) = / / po(x, v 20)e B dr gy ()

yields a two-dimensional slice in k-space. It follows for
k=0

060, ky,zo) = // po(x,y, Z())e_ik)'y dxdy = py (ky, zo)
(&)

that the one-dimensional Fourier-transform of the projec-
tion 7T ,{pa(y, z0)} is the one-dimensional cut through the
two-dimensional Fourier-transform pg (ky, ky, zo) at ky = 0.
For visualization, we plot a curve of the one-dimensional
Fourier-transform py(ky, zo) at the position k, = 0 on top
of the two-dimensional slice in k-space pg (kx, ky, zo) (see
Fig. 1(d)). As we rotate the whole distribution pg(x, y, 2)
about the z-axis by an angle 6 and repeat the above proce-
dure another cut through the slice pg (ky, ky, zo) at the angle
0 is obtained. In Fig. 1(d) the cuts 0y (0, ky,z0) = po(ky, z0)
through the k-space slice pg (ky, ky, zo) at different angles
and their Fourier-pairs, i.e. the cuts through the respective
projections pg(y, z), are indicated with the same colors as
in Fig. 1(a)—(c). In this way, a set of cuts through the pro-
jections pg(y, zo) measured at different angles 6 delivers
the corresponding set of cuts through the k-space slice that
are used to reconstruct the full k-space slice. Subsequent
two-dimensional inverse Fourier-transform of o (ky, ky, z0)
yields the slice in coordinate space pg(x, y, zo). Repeating
this procedure for the slices at different z-positions yields
the full tomographic reconstruction of the probability den-

sity p(x, y, 2).

3 Experimental

In the experiment we create free electron wave packets with
an average kinetic energy of 200 meV and |f) symme-
try by 1 4+ 2 REMPI of potassium atoms. The experimen-
tal setup and the corresponding ionization scheme are de-
scribed elsewhere in detail [25]. In brief, the setup consists
of an amplified 1 kHz Ti:sapphire laser system and a pho-
toelectron imaging spectrometer employing the Velocity-
Map-Imaging (VMI) method [16]. The spectrum of our laser
pulses (initially about 30 fs Full Width at Half Maximum
(FWHM) with a central wavelength of 785 nm) is deliber-
ately narrowed and shifted in a prism compressor resulting

in laser pulses of about 60 fs duration and 800 nm cen-
tral wavelength, i.e. a detuning of 30 nm with respect to
the K 4p < 4s transition, in order to suppress the high en-
ergy component of the Autler—Townes doublet [27, 28]. The
polarization state of the laser pulses is modified by using
achromatic A/4 and A/2 waveplates (B. Halle). With the
A/4 waveplate at an angle « elliptically polarized pulses are
produced as a prototype for polarization-shaped pulses (see
Fig. 1). With the 1/2 waveplate used behind the 1 /4 wave-
plate we rotate the polarized laser pulses about the z-axis.
Note that a A/2 waveplate at the angle of 6/2 rotates any
polarization-shaped pulse by an angle of 6 since

N . -1 K 5X(t) = * (‘:X(t)
R©O/2)- Top2-R(0/2) (av(t))—R(‘)) (—Ey(t)>’

(6)

where

2= (S0 TH0) i an-()0) o

denote a rotation matrix and a Jones-matrix for a A /2 wave-
plate, respectively. This procedure is generally applicable,
since the change of the sign of £, () applies to all angles
0 and therefore the shape of the pulse {&; (1), =&, )7 is
preserved upon rotation. The orientation of the crystal axes
of the waveplates in relation to both the laser polarization
and the photoelectron imaging spectrometer was checked by
using appropriate polarizers and a powermeter. The spec-
trally narrowed laser pulses (2.2 pJ pulse energy) were fo-
cussed into potassium vapor by an f = 20 cm lens, corre-
sponding to a peak intensity of about 1.5 x 10! W/cm?
and an Autler—Townes splitting of approximately 220 meV.
Photoelectrons released during the interaction of the po-
larized pulses with atoms were detected by the photoelec-
tron imaging spectrometer. In the case of linearly polarized
light with the polarization vector parallel to the detector, the
three-dimensional angular distribution can be reconstructed
from the measured PAD by Abel-inversion. Among the al-
gorithms developed to perform the inversion [11-13, 17]
we compare the results from our tomography algorithm to
the distribution obtained with the pBasex-algorithm [14].
Under typical experimental conditions, we observe about
100 events from a single pulse. Measuring at a repetition
rate of 1 kHz, the signal-to-noise ratio of the images is in-
creased by using one minute time-integration of the signal
in a computer yielding about 107 events for every projec-
tion. To obtain a high quality three-dimensional reconstruc-
tion we use up to 36 projections to cover an angle interval of
180°. Data acquisition of a full set of projections is accom-
plished within around 40 min.
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4 Results

We studied PADs from linearly and elliptically polarized
light. Linearly polarized pulses were used to produce cylin-
drically symmetric electron wave packets with | f,m = 0)
symmetry where the Abel-inversion technique applies. This
example served as a check of the validity of our tomographic
approach. Elliptically polarized pulses generate linear com-
binations of multiple | f, m) states [25] with (1) an orienta-
tion out of the y—z-plane and (2) no cylindrical symmetry.
In this case reconstruction is only possible with the tomo-
graphic technique.

Figures 2(a)—(f) show six sample PADs from excitation
with linearly polarized light, i.e. « = 0°, measured at differ-
ent projection angles 6. A series of 36 PADs are used for
three-dimensional tomographic reconstruction of the wave
packet. The upper blue surface in Fig. 2(g) is an iso-surface
from the tomographically reconstructed |f,m = 0) wave
packet. The Abel-inverted distribution (not shown) is rotated
about the electrical field vector, i.e. the y-axis, to generate
the red lower iso-surface. The excellent agreement between
the tomographic reconstruction and the Abel-inversion con-

Fig. 2 (a)—(f) Measured two-dimensional photoelectron distributions
po(y, z) from 1 4 2 REMPI of potassium atoms with linearly polar-
ized laser pulses at the angles 6 = 0°, 15°, 30°, 45°, 60° and 75°
obtained by rotation of a A/2 waveplate by 6/2. (g) Result of the to-
mographic reconstruction of the cylindrically symmetric wave packet
(upper blue iso-surface) compared to the reconstruction employing
the Abel-inversion (lower red iso-surface). The inset to (g) shows
an iso-surface (yellow) of a simulation of the wave packet according
to [25]
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firms the validity of our technique for cylindrically symmet-
ric wave packets. The inset to Fig. 2(g) shows the result of
a simulation according to [25] being in agreement with both
experimental results. In order to provide the link between
reconstructed density and the measured PADs (a)—(f), the
latter are shown again in (g) at the respective projection an-
gles 6. Due to the mirror symmetry of the wave packet with
respect to the y—z-plane the images (b) and (f) and also (c)
and (e) are geometrically equivalent and virtually identical.
Figures 3(a)—(f) show PADs measured at different projec-
tion angles 8 from REMPI with elliptically polarized light
obtained by rotation of the 1/4 waveplate by o = 15°. Be-
cause (1) the main axis of the polarization ellipse is out of
the y—z-plane and (2) the light field has a component nor-
mal to the detector plane, this light field serves as a prototype
for complex polarization-shaped pulses. Due to the selection
rules for multi-photon excitation, elliptically polarized light
generates linear combinations of multiple | f, m) states with
(1) an orientation out of the y—z-plane and (2) no cylindrical
symmetry. Both these properties preclude the reconstruction
of this asymmetric wave packet via Abel-inversion. There-
fore, the tomographic technique we propose in this contribu-
tion has to be employed for direct three-dimensional recon-

g

Fig. 3 (a)-(f) Measured two-dimensional photoelectron distributions
po(y,z) from 1 + 2 REMPI of potassium atoms with elliptically po-
larized laser pulses (A/4 waveplate at 15°) at angles 0 ranging from
0° to 75°. (g) Result of the tomographic reconstruction of the wave
packet (upper blue iso-surface) compared to a simulation (lower yel-
low iso-surface). Note that this wave packet has an orientation out of
the y—z-plane and shows no cylindrical symmetry. The measured dis-
tributions (a)—(f) are shown again in (g) at the respective projection
angles 6
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struction of the wave packet. The experimental result rep-
resented as the upper blue iso-surface in Fig. 3(g) is com-
pared to a (scaled) simulation (yellow lower iso-surface)
performed according to [25]. Due to the lack of mirror sym-
metry of the wave packet with respect to the y—z-plane, the
projections shown in (b) and (f) as well as (c) and (e) are no
longer equivalent.

5 Conclusions

In this contribution we demonstrated a novel experimen-
tal technique for accurate three-dimensional reconstruction
of the shape of a free electron wave packet by generaliz-
ing beyond conventional photoelectron imaging methods.
We tomographically reconstructed wave packets by measur-
ing a series of Photoelectron Angular Distributions (PADs)
at different angles with respect to the laser pulse. Em-
ploying up to 36 images for tomographic reconstruction
yields highly detailed three-dimensional representations of
the wave packets. Results obtained from measurements with
linearly polarized light have been compared to wave pack-
ets obtained by Abel-inversion, achieving remarkable agree-
ment. Elliptically polarized laser pulses served as prototypes
for more complex polarization-shaped pulses. In this case,
Abel-inversion is no longer applicable since the wave func-
tion of the ejected electron is neither oriented parallel to the
detector plane nor cylindrically symmetric. A comparison
to quantum mechanical simulations shows excellent agree-
ment. Because our Fourier based tomographic reconstruc-
tion algorithm does not require any symmetry assumptions,
it is well suited for reconstruction of wave packets from
complex light-matter interactions and opens up fascinating
routes from novel schemes for analytics to highly differen-
tial time resolved studies down to the attosecond regime.
In general, the combination of three-dimensional control by
polarization-shaped laser pulses with three-dimensional de-
tection via tomographic reconstruction provides a power-
ful tool to exploit the three-dimensional character of light-
matter interaction.
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