RESEARCH

CHEMICAL PHYSICS

Coherent imaging of an attosecond
electron wave packet

D. M. Villeneuve,?>* Paul Hockett," M. J. J. Vrakking,>* Hiromichi Niikura®*

Electrons detached from atoms or molecules by photoionization carry information

about the quantum state from which they originate, as well as the continuum states

into which they are released. Generally, the photoelectron momentum distribution is
composed of a coherent sum of angular momentum components, each with an amplitude
and phase. Here we show, by using photoionization of neon, that a train of attosecond
pulses synchronized with an infrared laser field can be used to disentangle these

angular momentum components. Two-color, two-photon ionization via a Stark-shifted
intermediate state creates an almost pure f-wave with a magnetic quantum number of
zero. Interference of the f-wave with a spherically symmetric s-wave provides a holographic
reference that enables phase-resolved imaging of the f-wave.

n the Copenhagen interpretation of quantum

mechanics, a particle is fully described by its

complex wave function ¥, which is charac-

terized by both an amplitude and phase. How-

ever, only the square modulus of the wave
function, |¥|? can be directly observed (1, 2). Re-
cent developments in attosecond technology
based on electron-ion recollision (3) have pro-
vided experimental tools for the imaging of the
electronic wave function (not its square) in bound
states or ionization continua. High-harmonic spec-
troscopy on aligned molecules was used to re-
construct the highest-occupied molecular orbital
of nitrogen (4, 5) and to observe charge migra-
tion (6). Strong-field tunneling was used to mea-
sure the square modulus of the highest-occupied
molecular orbital for selected molecules (7). Fur-
thermore, recollision holography (8, 9) permitted
a measurement of the phase and amplitude of
a continuum electron generated in an intense
laser field.

Complementary to recollision-based measure-
ments, photoelectron spectroscopy with atto-
second extreme ultraviolet (XUV) pulses has
also measured photoelectron wave packets in
continuum states (10-16) by exploiting quantum
interferences (17-19). However, decomposition
of the wave function of an ejected photoelec-
tron into angular momentum eigenstates with
a fully characterized amplitude and phase is
more difficult. First, in general, a one-photon
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transition with linearly polarized light gener-
ates two orbital angular momentum (/) states,
according to the selection rule A¢ = +1. Second,
because the initial state has a (2¢+ 1)-fold de-
generacy (labeled by m, the magnetic quan-
tum number) and because m is conserved for
interactions with linearly polarized light, photo-
electron waves with a range of m are produced.
Hence, the photoelectron momentum distribution
contains a sum of contributions from different
initial states, each of which is a coherent sum
of different angular momentum components,
making it difficult to decompose the continuum
state into individual angular momentum com-
ponents (20-22).

Here we preferentially create an almost pure
f-wave continuum wave function with m = 0 in
neon by using an attosecond XUV pulse train
synchronized with an infrared (IR) laser pulse
through the process of high-harmonic genera-
tion. The isolation of the f-wave with m = 0 is
attributed to the XUV excitation to a resonant
bound state that is Stark-shifted by the IR field.
By adding an additional coherent pathway that
produces an isotropic electron wave, we create
a hologram and reveal the alternating sign of
the lobes of the f-wave. By controlling the phase
of the interfering pathways with attosecond
precision, we are able to determine the am-
plitudes and phases of all six partial-wave com-
ponents that contribute to the continuum wave
function.

The experimental setup is described in detail
in the supplementary materials (SM). An 800-nm
wavelength laser pulse with a 35-fs duration is
focused onto an argon gas jet, producing high-
harmonic emission that we label “XUV.” In the
frequency domain, the emission has peaks at odd-
integer multiples of the driving laser frequency.
In the time domain, the XUV pulse is composed
of a train of attosecond pulses. The high-harmonic
emission is focused onto a second gas jet con-
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taining neon gas. The neon atoms are excited and
photoionized by different high-harmonic orders,
and the resulting photoelectrons are recorded by a
velocity map-imaging (VMI) spectrometer, which
measures their two-dimensional (2D) projection
onto a detection plane (23). For the phase-resolved
measurements, we generate an XUV spectrum
that contains both even and odd harmonics, using
both 800- and 400-nm driving laser pulses (24). In
both cases, part of the 800-nm pulse (called “IR”)
is also focused onto the neon gas, permitting res-
onant (1 + 1)-photon, XUV + IR ionization and
Stark-shifting of the resonant bound states (25).
The two-color temporal control and stability of
the experiment is <50 as.

We first consider the situation where the XUV
is generated by 800 nm only (i.e., no 400-nm
contribution). The XUV spectrum then consists
of a comb of odd harmonics of the IR driver laser
frequency (i.e., no even harmonics). Figure 1A
shows the XUV + IR photoelectron momentum
distribution for the ionization of neon that is
measured under these conditions. At very low
momentum, i.e., close to the ionization threshold,
a six-fold angular structure is clearly observed.
For comparison, an image recorded for helium
under the same conditions is shown in Fig. 1B.
This experiment may be viewed as the angular-
resolved version of a previous study in helium by
Swoboda et al. (26), in which the phase shift due
to an intermediate resonance was mapped out.
For neon, in Fig. 1A, the outer ring is produced
through direct ionization by harmonic 15 (H15),
whereas the inner structure results from (1 + 1)-
photon, H13 + IR ionization through the 3d
intermediate resonance. The widths in the radial
direction of all observed features are a conse-
quence of the frequency bandwidth of the XUV
and IR pulses (27).

Figure 1C shows an energy level diagram that
rationalizes the experimental observations in
neon. The XUV photon energy and the IR inten-
sity create a resonance condition for H13 with
the Stark-shifted 3d level (see SM). The addition
of an IR photon enables (1 + 1')-photon ioniza-
tion, producing the central feature seen in Fig.
1A. In Fig. 1C, the atomic eigenstates are labeled
with the usual atomic physics notation, i.e., with
principal quantum number n and with the or-
bital angular momentum labeled as s (¢ = 0),
p ¥ =1),d (¢ =2),and f (¢ = 3). A dipole tran-
sition between states changes ¢ by 1. For neon
(15*25%2p%), the 2p—3d transition is dipole-allowed,
and in the dipole approximation, the continuum
electron resulting from XUV + IR ionization must
have either p- or f-wave character. We show that
the experimental results are consistent with a
continuum electron wave function that is pre-
dominantly an f-wave with m = 0.

The amplitude of the six-fold structure is mod-
ulated when the relative delay between the XUV
and the IR laser pulses is varied. This modulation
is due to the interference between the resonant
H13 + IR pathway and the nonresonant H15 - IR
pathway (we use the notation H13 + IR and H15 -
IR to denote two-photon pathways composed of
one harmonic order plus or minus one infrared
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Fig. 1. Experimental

velocity-map elec-
tron images. The

observed photo-
electron momentum
distributions result
from the ionization of
(A) neon and

(B) helium by an
attosecond pulse
train synchronized
with the fundamental
IR laser pulse. Both
pulses were polarized
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tion by harmonics 15 (neon) and 17 (helium). The central feature in the neon image results from (1 + 1')-photon, XUV + IR ionization via the 3d state.
The slight left-right asymmetry arises from imperfections in the microchannel plate detector. An energy level diagram in (C) shows the levels that are
relevant for understanding the neon experiment. The green line labels the six-fold low-energy feature seen in (A).

photon). The SM shows that the phase of the six-
fold structure is different from that of the higher-
order sidebands, consistent with the occurrence of
a phase shift due to the 3d resonance. This result
is consistent with the observations of Swoboda et al.
(26) in helium.

Experimentally, the resonant excitation to
the Stark-shifted 3d state can be confirmed by
measurements of the photoelectron momen-
tum distribution as a function of both the pho-
ton energy of the XUV and the IR laser intensity
(0 to 4 x 10" W/cm?; see SM). At a given XUV
photon energy, the six-fold structure is ob-
served when the H13 photon energy matches
the 2p—3d resonant energy plus the pondero-
motive shift resulting from the IR laser inten-
sity (see SM). However, when the XUV photon
energy is larger than the Stark-shifted 2p—3d
transition, the six-fold structure disappears into
a broad distribution.

The initial 2p state of neon has three orthog-
onal orbitals, p,, p,, and p, (we consider that in
the experiment the laser is polarized along the
2 direction, and the photoelectron is detected in
the a2 plane). Ionization from each initial state
should contribute to the final angular distributions.
The three components of a continuum f-wave
resulting from (1+1')-photon ionization from the
three p orbitals are illustrated in Fig. 2, along
with their simulated VMI projections. It is clear
that the six-fold structure of Fig. 1A corresponds
only to the m = 0 case, which is the only orbital
that displays the experimentally observed node
in the horizontal direction (x direction). The dom-
inance of the m = 0 channel is both notable and
unexpected. Like the ground state, in the absence
of the laser field, the m = 0 and m = +1 com-
ponents of the 3d resonance are degenerate. Our
experiment thus suggests that a Stark shift of the
3d resonant state may be responsible for the se-
lection of the m = 0 component. We show in the
SM that the Stark shift and ionization rate may
be different for m = 0 and m = £1, causing only
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Fig. 2. Calculated continuum wave functions and predicted VMI projections. The individual
wave functions for the possible f-wave components are shown to the left of the corresponding
projections of the square of the wave function on a 2D plane. Quantization axis is along the vertical
(2) axis. Only the m = 0 case (left) is consistent with the experiment, which always exhibits a

node along the horizontal axis. The radial part of the wave functions was simulated with a Gaussian
width to correspond to the experimental energy width of the VMI images; the radial information

in the experiment is not used—only the angular distributions are used. f, = Im(|3,1+ |3, —1)/\/§ and

f, =Re(|3,1—3,-1)/v2.

the m = 0 channel to be shifted into resonance.
Figure S5 shows that, for a particular combina-
tion of XUV frequency and IR intensity, the con-
tribution of photoelectrons produced through the
m = 0 channel exceeds by an order of magnitude
the contributions from the m = +1 channels.
This calculation was performed with a 3D time-
dependent Schrodinger equation (TDSE) solver
by using an effective potential for argon, not
neon. As discussed in the SM, this calculation
demonstrates the plausibility of m = 0 selection
by the Stark shift, but the calculation must be
done for a benchmarked neon potential.

We next modified the experiment by introduc-
ing a third, XUV-only, one-photon pathway to
the final continuum state as a homodyne phase
reference. Experimentally, this was done by add-
ing the second harmonic of the 800-nm laser pulse
to the high-harmonic generation process, result-
ing in the creation of both even and odd har-
monics (24). Even-order harmonic H14 creates
photoelectrons with the same energy as the H13 +
IR and H15 - IR pathways (see Fig. 1C). Direct
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ionization from the 2p ground state by H14: pro-
duces s- and d-waves, which interfere with the
predominant f-wave that is created by both (1 +
1)-photon processes. By varying the relative delay
between the XUV and IR pulses, the phases of the
XUV + IR, (1 + 1")-photon processes are altered,
whereas the s- and d-waves are unaffected by the
delay, providing a constant phase reference for
the other channels.

Figure 3 shows measured photoelectron mo-
mentum distributions from neon at three differ-
ent XUV-IR time delays. Compared with Fig. 1A,
the lobes in the six-fold angular pattern alternate
in intensity, and the intensity distribution is con-
trolled by the XUV-IR delay. The alternating three-
fold features can be rationalized in a simple
picture by coherently adding an f-wave to an
s-wave, or taking their difference, as illustrated in
Fig. 3, while neglecting the p- and d-wave
components.

The three VMI images shown in Fig. 3A are
taken from a series of 100 images recorded at
different XUV-IR time delays. These images were
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binned into 8° angular sectors, and the counts in
each sector were integrated to extract the angular
distribution for each image. In Fig. 4A, we plot
the observed electron angular distributions of the

central structure as a function of the XUV-IR
delay. The experimental results are compared
to a model in which six possible spherical har-
monics are added coherently and then projected

onto the xz plane to simulate the VMI images.
The total continuum wave function is writ-
ten as

W(8,0) = AsYoo +Aqe® Yoo +

80 0.66 fs - 1.33fs (Ap13€™3 Vg + Ap13€05 Vo)€@ +
60 60 (Ap15 ei‘bplﬁ YvIO + Af15 ei¢ﬂs Y30 )e—imu‘[ (1)
@ Y %
%, .g = 'g 40 where the A’s represent amplitudes of each par-
N ~ ~N tial wave contribution, ¢ are the corresponding

phases, o is the IR laser frequency, t is the XUV-IR
delay time, and Y7, (6, ¢) are spherical harmonics.
The first two terms of the right side of the equa-
tion describe the one-photon ionization by H14
producing s- and d-waves, whereas the latter
two terms (containing the dependence on the
XUV-IR delay t) result from the pathway through
the 3d resonant state involving H13, and the
direct ionization channel involving H15, both
producing p- and f-waves. A fit of this model to
the experimental data yields the results shown
in Fig. 4B; the fitting parameters are listed in
Table 1. To ensure that a global optimum was
found, we employed a particle swarm optimiza-
tion algorithm with 107 initial conditions. The
amplitudes in Table 1 confirm the dominance of
the f- and s-wave components over the respective
p- and d-wave components that we have used in
the discussion of Fig. 3.

As an additional check, we show in the SM
that the partial-wave amplitudes and phases in
Table 1 are consistent with several further ex-
periments. One is the series of experiments that
produced the data shown in Fig. 1A, which were
recorded without H14 present; here the equal
intensities of all six lobes can only be reproduced
when the f- and p-waves are added with the rel-
ative phase and amplitude shown in Table 1. In a
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Fig. 3. Electron momentum angular distributions with three pathways. (Top) Experimental
electron momentum distributions resulting from the ionization of neon via the three

pathways (H13, H14, H15) shown in Fig. 1C. The polarization direction is vertical. (Bottom)
Calculated images for a pure s-wave added to a pure f-wave (m = 0) with equal amplitudes,
squared and projected onto a plane, to show that the experimental results are dominated

by these two components. For simplicity (and as supported by the data in Table 1), the p- and
d-wave contributions are not included. The s-wave component is produced by direct one-photon
ionization with H14 and provides a phase reference for the other two interfering pathways.

As the phase of the IR pulse is advanced by the times shown above each figure, the phase of
the f-wave component is varied. The resulting interference introduces an up-down asymmetry in
the momentum distribution that can be controlled by the IR phase.

Experiment
240 06 240
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ﬁ 120 0.4 ﬁ =R
0 Q
S 60 o 60
< 03 <
0 0
60 02 o
0 1 2 3 4 5 0 1 2 3 4 5
Delay (rad/r) Delay (rad/r)

Fig. 4. Angular distribution of the central feature of the VMI images versus XUV-IR delay. Angle zero is defined as the upward direction in the
VMI images, parallel to the polarization (z) axis. A delay of = radians corresponds to a delay of half an IR optical period (1.33 fs). (Left) Experimental
data. (Right) Calculated angular distribution based on fitting a 12-parameter model (see Eq. 1) to the experimental data. The amplitudes and phases
of each partial wave are listed in Table 1. The dominant pattern is reproduced: Alternating lobes at 0° and 180° with minor lobes at —60° 60° 120°,
and 240° This pattern is associated with the six-fold structure of the dominant f-wave contribution.
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Table 1. Parameters of the model fit. The experimental photoelectron angular distributions as a
function of XUV-IR delay, shown in Fig. 4A, are fitted to a model composed of six partial waves
(see Eq. 1). The amplitudes and phases of each partial wave are listed. The amplitudes are
normalized so that the sum of their squares equals one. The phase of the s-wave is defined as
zero. ¢g represents an arbitrary common phase that determines time zero. The column labeled

“Amplitude®”

is the square of the values in the “Amplitude” column. Errors shown are the range

of each parameter such that the residual least-squares error between the model and the experiment

increases by 10%.

Fitting parameter Amplitude Amplitude? Phase (rad)
As 0.83755% 0.697 0

Ans 0167052 0.024 0.54° 09 + ¢g
Aot 0.0e 50 0022 193704
Ag N2 0.011 157558
Aus OE2E0 0.104 4165057 "o
Akt 0.3979%3 0.151 5.04°512 — 0o

further experiment, no IR was present, and the
inner structure was produced by H14 alone; here
the observed angular distribution is in approxi-
mate agreement with the relative phase and am-
plitude of the s- and d-waves in Table 1.

‘We have shown that, by combining coherent
photoionization pathways through a Stark-shifted
resonant state, we can create almost pure f-waves
with a single magnetic quantum number m = 0.
The addition of a direct photoionization path-
way producing predominantly an s-wave pro-
vides a constant phase reference that allows a
determination of the phase of the f-wave lobes.
By varying the relative phase of the pathways,
we can control the direction in which the electrons
emanate from the atom, and we can verify the
quantum phase of the lobes of the f-wave. We
have spatially imaged the angular structure of
the continuum wave function and coherently in-
terfered it using a holographic reference com-
posed largely of an isotropic s-wave, leading to
the determination of the sign of the quantum wave
function. This is a form of coherent control, in
which the parity and direction of the electrons
can be controlled (13, 19).

In addition, the fitting of a model to the com-
plete experimental data set allows us to deter-
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mine the exact makeup of the total continuum
wave function. In particular, we can determine
the amplitude and phase of each partial-wave
component. In photoionization parlance, this is a
“complete” experiment (20).

We have implemented a number of novel ap-
proaches, such as a sophisticated two-color inter-
ference experiment with careful use of both even
and odd harmonics and the use of Stark-tuning
to include or exclude desired quantum pathways.
These new tools in the attosecond toolbox may
allow us to study more complex systems. For exam-
ple, can we apply a similar approach to a mole-
cule? By exploiting rotational wave packets, will
it be possible to determine both the amplitude
and phase of transition moments in the molec-
ular frame?

If the photon energy of the XUV can be tuned
widely to select a particular intermediate quan-
tum state, our method allows the measurement
of phase-resolved orbital images of other states
and in different atoms. For instance, if the elec-
tron is excited from a lower-lying level to a doubly
excited state, dynamical changes in the ampli-
tude and phase resulting from electron correla-
tion can be imaged directly with attosecond time
resolution.
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A detailed look at an electron's exit

When a burst of light ejects an electron from an atom, the later detection of two charged particles masks a great
deal of intermittent quantum mechanical complexity. Villeneuve et al. provide a striking look at the wavelike properties of
the electron just as it emerges from neon, expelled by two photons from an attosecond pulse train in a strong infrared
field. The phase distribution displays the characteristic three-node structure of an f-wave, which the Stark shift from the
strong field appears to select with a single magnetic quantum number of 0.
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