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Atomic wavefunctions probed through strong-field
light–matter interaction
D. Shafir1, Y. Mairesse2,3, D. M. Villeneuve3, P. B. Corkum3* and N. Dudovich1,3*
Strong-field light–matter interactions can encode the spatial
properties of the electronic wavefunctions that contribute to
the process1–4. In particular, the broadband harmonic spectra,
measured for a series of molecular alignments, can be used
to create a tomographic reconstruction of molecular orbitals5.
Here, we present an extension of the tomography approach to
systems that cannot be naturally aligned. We demonstrate this
ability by probing the two-dimensional properties of atomic
wavefunctions. By manipulating an electron–ion recollision
process6, we are able to resolve the symmetry of the atomic
wavefunction with high contrast.

The basic route to spatially probe a molecular orbital involves
four main steps5. First, the orbital axis is aligned in the laboratory
frame7, this being accomplished by aligning the molecule. Second,
an electron is ionized by a strong laser field through tunnelling
ionization, after which the electron oscillates in the laser electric
field and may recollide with the parent ion. Third, if the electron
recollides, the recollision projects the ground state into the spatial
frequencies that compose the free-electron wavefunction. The
whole process, induced during less than one optical cycle, leads
to the emission of extreme ultraviolet pulses with attosecond
duration8. The projected ground state is therefore obtained
from the broadband spectrum of the emitted pulses. In the
final step, the molecule is aligned at different angles to the
recolliding electron momentum, which permits tomographic
reconstruction of the orbital.

Despite its importance and generality, it has been impossible
to extend this approach, known as orbital tomography, beyond
simplemolecular orbitals such as theN2 highest occupiedmolecular
orbital. There are two fundamental limitations. The first arises
from the coupling between ionization and recollision. When
the molecule is rotated, both the tunnelling and recollision
probabilities can be very strongly modulated9,10. This couples the
angle dependence of tunnelling, recollision and recombination in
the harmonic spectrum. These processes must be disentangled
before tomography can be extended beyond sigma orbitals (where
tunnelling is relatively insensitive to angle). The second limitation
arises from the requirement to fix the orbital in the laboratory
frame—using molecular alignment. Tomography cannot resolve
degenerate orbitals that are not fixed within a molecular structure,
or molecules that are difficult to align.

We overcome both limitations, generalizing tomography to
atoms and by extension, to degenerate molecular orbitals. In
addition, by removing the necessity to rotate the molecule, we
remove the deleterious effects of tunnelling, without affecting its
benefits. In fact, in the future aligning molecules will provide a new
use. Alignment will enable a specific orbital to be selected for study
from among a set of ionizing orbitals in complexmolecules.
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There are two key steps in our approach. Tunnel ionization
selects the wavefunction to be probed11. Next, we manipulate the
two-dimensional trajectory of free electrons. Such manipulation is
achieved by adding a second-harmonic field polarized orthogonally
to the fundamental field. By scanning the relative delay between
the two colours, we control the angle between ionization and
recollision12–14. To measure the angle, we exploit the harmonic
spectrum itself. We establish that for a spherically symmetric
reference atom, the angle is determined by the relative strength of
the even and odd harmonics. Finally, we apply this scheme to probe
the spatial properties of the p state in neon atoms.

Manipulation of the free electron using a two-colour field is
illustrated in Fig. 1a. The fundamental field is polarized along the
x axis, whereas the second-harmonic field is polarized along the
y axis. Tunnel ionization occurs along the instantaneous electric
field direction. The free electron accelerates in the electric field and
is then driven to recollide with the parent ion at an angle θ . The
motion of the electron is schematically described by the blue dashed
line. If the ground state is spherically symmetric then the pulse
emitted during each half cycle of the laser field will be polarized
along the recollision direction (purple arrow).

We generate attosecond pulses with a multi-cycle pulse and
therefore repeat the process at each half cycle of the laser field15.
From symmetry considerations, attosecond pulses induced by the
negative half cycle are polarized along the π–θ direction. The pulses
interfere in the high-harmonic spectrum. Owing to the periodicity
of the laser field, the interference can be described as:

Enω0 ∝ Ex x̂+Ey ŷ−e−ınπ (Ex x̂−Ey ŷ) (1)

where n is the harmonic number and Ex=Ecos(θ) and Ey=E sin(θ)
are the extreme-ultraviolet field’s projections along the x̂ and
ŷ axes, respectively. Equation (1) shows that odd and even
harmonics are orthogonally polarized and depend on the recollision
angle according to:

Eodd= Ex x̂ = E cos(θ)x̂ Eeven= Ey ŷ = E sin(θ)ŷ (2)

The second-harmonic field leads to symmetry breaking between
adjacent half cycles. Therefore, even harmonics are polarized along
the second-harmonic field polarization ŷ , whereas odd harmonics
are polarized along the fundamental field polarization x̂ . Relying
on the symmetry properties of the interaction, the polarization
of the attosecond pulse can be analysed in a single measurement.
Furthermore, as odd and even harmonics take two different
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Figure 1 | Schematic diagrams of high-harmonic generation in the two
colour fields. a, Spherically symmetric ground state. The red and blue
arrows correspond to the fundamental and second-harmonic fields in the
laboratory frame (x̂,ŷ), respectively. Recollision with the ion occurs at an
angle θ . Extreme-ultraviolet emission is indicated by the purple arrow and
is polarized along the recollision angle. b, The recollision is induced by a
p state. The angle ϕ is defined as the angle between ionization and
recollision. The probing is read in the free electron’s frame (x̂′,ŷ′). The
extreme-ultraviolet polarization is composed of two vectorial components,
polarized along x̂′ and ŷ′, respectively.

projections of the electric field vector, their relative intensities
reflect the recollision angle itself.

The free-electron trajectory is determined by the coherent
superposition of fundamental and second-harmonic fields. As we
change the two fields’ delay, we modify significantly both the angle
of recollision and the lateral displacement of the electron from
its parent ion as it recollides. For some delays, the electron is
shifted by the field such that it misses the atom. In this case, the
recollision probability and therefore the emitted signal intensity
are significantly reduced12. This mechanism is closely related to
the reduction of the harmonic signal induced by an elliptically
polarized single colour field16.

We calibrate the angle of recollision, θ , by measuring high
harmonics from the spherically symmetric 1s state of helium atoms
(see Fig. 2a). The experimental set-up is described in the Methods
section. Low-signal areas (dark areas) correspond to a large
displacement of the free electron from the parent ion. Owing to
the symmetry breaking induced by the second-harmonic field, the
spectrum contains both even and odd harmonics. A more careful
examination shows that in the low-energy regime, odd harmonics
disappear, whereas in the high-frequency regime even harmonics
disappear. This spectral response indicates that the polarization
of the high harmonics changes markedly across the harmonic
spectrum. More importantly, according to equation (2), such
modification results froma large variation of the recollision angle.

The range of recollision angles is controlled by the two fields’
intensities and relative delay. However, we do not need to know
these parameters precisely as the symmetry of the ground state
enables us to measure them directly. We assume that the emitted
electric field polarization changes slowly as a function of the
harmonic number. Applying equation (2), we can directly extract
the recollision angle. A detailed analysis is described in theMethods
section. Figure 2b presents the measured recollision angle as a
function of the harmonic number and the two fields’ delay. At
the low-frequency regime, the recollision angle exceeds 60◦. In
this regime, the large values of recollision angle are accompanied
by large error bars. The angle changes markedly as a function of
the harmonic order and approaches zero in the high-frequency
regime. According to the strong-field approximation17 (SFA), the
low-frequency regime corresponds to short electron trajectories.
In these trajectories, the electron is born when the fundamental
field is rather low; therefore, its dynamics are dominated by
the orthogonally polarized second-harmonic field. The high-
energy regime, which corresponds to longer electron trajectories,
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Figure 2 | Calibration of the recollision angle. a, High-harmonic spectrum
from helium atoms as a function of the delay between the two colours.
b, Measured electron recollision angle in the laboratory frame.

is dominated by the strong x̂-polarized fundamental field and
therefore results in low recollision angles.

At this stage, havingmeasured the angle between the electric field
direction of the fundamental beam and the recollision angle, we
replace the spherically symmetric ground state by a more complex
wavefunction. Although the dynamic range is limited, Fig. 2b shows
that we can probe the wavefunction fromdifferent angles, obtaining
the information needed to identify the orbital1–5,13.

Figure 1b illustrates the process for ground states that have
more complex symmetries (for example, the p state). Although the
ionization angle did not select a unique orbital in the spherically
symmetric case, it has an important role for more complex
symmetries. Tunnel ionization occurs along the instantaneous
electric field direction. Tunnelling theory18 suggests that in mixed
p states of closed-shell atoms, the state parallel to the electric field
is more efficiently ionized11,19 creating an effective alignment of the
atomic wavefunction. In the figure, we placed the orbital along the
polarization of the field at the time of ionization and the angle
ϕ is defined as the angle between ionization and recollision. ϕ
changes with the electron’s trajectory length and therefore with the
harmonic number. In Fig. 2b, we have determined the recollision
angle, θ ; however, the angle ϕ is an unknown parameter in our
experiment. It is uniquely related to θ in the SFA. It serves, in fact, as
the effective probing angle. If the quantization axis is not modified
during the optical cycle, we probe the atomic wavefunction that
was selected by the tunnel ionization process. Therefore, our
mechanism enables us to carry out a two-dimensional probing of
the pre-selected wavefunction.

A convenient frame to read the pre-selected wavefunction is
the probe’s frame, or in our case, the free electron’s frame. We
can easily transfer the measurement from the laboratory frame to
the free-electron frame by rotating the original set of axes x̂ , ŷ
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Figure 3 | Probing the atomic wavefunction in neon. a, High-harmonic spectrum from neon gas. One major difference from the helium spectrum is that
here, even harmonics appear at high energies as well. b, The ratio E⊥/E‖ measured in the electron recollision frame for neon. c, Retrieved neon mixed 2p
orbital (|Ψ |2) with a px̃ amplitude of 0.95.

by an angle θ , illustrated in Fig. 2. The new frame is represented
in Fig. 1b by the axes x̂ ′ and ŷ ′, directed along and perpendicular
to the re-collision angle, respectively. The polarization of the
emitted pulses is described as being composed of two components:
E‖ along x̂ ′ and E⊥ along ŷ ′. The polarization components are
dictated by the two matrix elements: E‖ ∝ 〈Ψg(ϕ)|x′|exp(ıkωx ′)〉,
E⊥∝〈Ψg(ϕ)|y′|exp(ıkωx)〉, where Ψg(ϕ) is the pre-selected ground
state, aligned along ϕ. The vectorial properties of the emitted
radiation reflect the wavefunction’s symmetry. This idea has been
recently demonstrated by measuring the polarization state of the
high harmonics with aligned molecules20. In symmetric atomic
wavefunctions, E⊥ ≡ 0. Generalizing equation (2), we describe the
spectral components as:

Eodd(ω)=−E‖cos(θ)+E⊥ sin(θ)

Eeven(ω)=−E‖ sin(θ)−E⊥cos(θ)
(3)

where both even and odd harmonics contain a coherent addition of
the two polarization components.

A natural candidate that lacks inversion symmetry is neon with
its highest occupied orbital being a 2p state. Figure 3a describes
the high-harmonic spectrum as a function of the two colours’
delay. As in the helium experiment (see Fig. 2), we measure both
odd and even harmonics. Comparing the two measurements, we
observe a striking difference. Whereas even harmonics measured
from helium have disappeared in the high-frequency regime, in the
neonmeasurement they are as strong as the odd harmonics.

The neon spectrum was separated into odd- and even-harmonic
spectra and interpolated. We now rely on the recollision angle
calibration (θ) to transfer the measurement from the laboratory
frame (x̂ , ŷ) to the recolliding electron’s frame (x̂ ′, ŷ ′). The relative
signs of Eodd and Eeven were chosen by theoretical considerations.
Each point in the neon even/odd spectrum was rotated by the

corresponding angle. The frequency scale of the θ measurement
was shifted by 3.03 eV to compensate for differences in ionization
potentials. Using equation (3), we extract the ratio E⊥/E‖. Figure 3b
presents the analysed ratio, as a function of the harmonic number
and the two fields’ delay.

The extracted ratio reflects the symmetry of the probed
wavefunction as seen by the free electron. This is equivalent to
the polarization rotation observed with aligned molecules20. There
are two conditions required to probe symmetries that are more
complex than the spherically symmetric one. The first requires
that tunnel ionization selects a preferable quantization axis11. The
second is a large angle between the quantization axis and the
probing direction. The measured ratio approaches one in the
high-frequency range, which indicates that these two conditions are
met in this regime. The first is reached by selective ionization, and
the second through manipulation of the free-electron trajectory14.
Semiclassical simulation shows that in this spectral regime, large ϕ
values are indeed obtained.

Finally, we analysed the measured ratio E⊥/E‖ to resolve the
selected orbital. Specifically, we compared the measured symmetry
with the theoretically calculated one to resolve the degree of
selectivity. Using a fitting algorithm, we extracted the relative
population of each of the three orthogonal p states. A detailed
analysis is described in the Methods section. The wavefunction was
found to be almost a pure aligned state, with a relative amplitude
weight of 0.95± 0.05. This measurement agrees with tunnelling
theory, which predicts a relative amplitude weight of 0.98 (ref. 18).
Figure 3c describes the density function of the selected orbital.

We have demonstrated a new concept in orbital tomography—
the electronic structure is probed in a correlated manner. In our
experiment, the electronic wavefunction is not well defined in the
laboratory frame. Its quantization axis rotates within the optical
cycle, following the instantaneous direction of the electric field.
However, the electronicwavefunction is strongly correlatedwith the
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free electron and therefore well defined in its frame. In other words,
we measure a field-selected wavefunction, which provides a direct
insight into the outcome of tunnelling ionization—one of the most
fundamental processes in strong-field light–matter interactions.We
have demonstrated that the probed wavefunction is selected by the
ionization step andpreserves its orientation during the optical cycle.

In our experiment, the range of probing angles was limited.
However, interchanging the role of the fundamental and second-
harmonic fields enables all probing angles—for example, a
strong 400 nm field combined with a weaker 800 nm field. With
sufficient angular information, tomographic reconstruction of
atomic orbitals will be achieved.

Although this letter focuses on the measurements of atomic
wavefunctions, our approach will have a significant impact on
molecular tomography. First, previously inaccessible orbitals, such
as degenerate states or orbitals inmolecules with small polarizability
can now be probed. Second, as it is no longer necessary to rotate
the molecules relative to the ionizing field, we decouple tunnelling
and recombination. Alignment can now serve a new and even
more valuable purpose than before. We can use the sensitivity of
tunnelling and recollision to select any orbital that preferentially
ionizes at a specific alignment angle. For example, in CO2 the
Σg orbital preferentially ionizes at 45◦ (ref. 9), the Πu orbital at
90◦ and the Σu orbital at 0◦. Once selected, with our two-colour
approach, each could be individually imaged. Finally, if ionization
preferentially selects an orientation in heteronuclear molecules21,
then these orbitals can be imaged without orienting the molecule.
As orbital tomography is extended to a wide range of systems, the
potential for dynamic imaging that is inherent in the technology
becomes increasingly significant.

Our approach is not limited to the measurement of static
wavefunctions. The high temporal resolution provided by the free
electron can be combined with the spatial properties of the mea-
surement. Dynamics that occurs between ionization and recollision
will be probed by the free electron with sub-cycle resolution. Such
dynamics include for example, spin–orbit coupling22, sub-cycle
Stark shifts ormulti-electron dynamics inmolecules23.

Methods
Experimental methods. High harmonics are generated with 30 fs, 50Hz, 2mJ,
800 nm laser pulses in an atomic gas jet. We estimated the pulse intensity to be
1.8×1014 Wcm−2 according to the cutoff harmonic. The second-harmonic field
(on a 25% intensity level) is produced using a 100 µm type-I BaB2O4 crystal. The
second-harmonic field is orthogonally polarized with respect to the fundamental
field. Group-velocity dispersion is compensated using a birefringent crystal
(calcite). The phase of the second-harmonic field relative to the fundamental
field is controlled with 250 µm of BK7 glass. High harmonics are generated by
focusing the two beams into a pulsed gas jet. The harmonic spectrum is measured
by an extreme-ultraviolet spectrometer. The experimental set-up is described
in more detail in ref. 24.

Propagation effects can have an important role in this experiment, as in many
other experiments that use the free electron as a temporal or spatial probe1–5,20.
These effects can be minimized by carefully choosing the focal parameters (see a
detailed analysis in ref. 25). We minimize propagation effects by choosing the focal
parameters such that the jet length (∼1mm) is short compared with the Rayleigh
length (∼2 cm). Furthermore, our approach provides a robust measurement of
the free electron’s dynamics. The measurement is based on the ratio between
even to odd harmonics rather than the absolute signal. By measuring the ratio,
we eliminate the sensitivity of the experiment to different parameters such as the
detector efficiency or propagation effects.

Extracting the recollision angle. To extract the recollision angle, we assume that in
the absence of electronic resonances the dipolemoment changes slowly as a function
of the harmonic number. On the basis of this assumption, odd and even harmonics
were separated and the area between adjacent harmonics was interpolated. We
corrected the measured spectra according to the spectrometer efficiencies for the
two polarizations. Using equation (2) and relying on the slow variation of the
dipole moment, we can directly extract the recollision angle:

tan(θ)(n,τ )=

√
Ieven(n,τ )
Iodd(n,τ )

where Ieven and Iodd are the even- and odd-harmonic intensities respectively, n
is the harmonic order and τ is the two colours’ delay. This analysis provides an
independent measurement of the recollision angle that does not rely on theoretical
modelling of the free electron’s dynamics.

Resolving the atomic wavefunction. We assume that the atomic ground state in
neon is composed of three orthogonal p states

ψg(x,y,z)= εx̃px̃+εỹpỹ+εz̃pz̃

where z̃ is the propagation axis of the laser beam, x̃ and ỹ are directed along and
perpendicular to the ionization axis respectively, and εx̃,ỹ,z̃ are the amplitude
coefficients of each of the p states. The free electron recollides with pz̃ with an
angle of 90◦. As it is symmetric along the z̃ axis, its overlap with the antisymmetric
pz̃ wavefunction cancels out and does not contribute to the harmonics signal. pỹ
and pz̃ are quantized orthogonally to the ionization axis and we therefore assume
that they carry the same weight. Our reconstruction procedure resolves a single
parameter defined as: s≡ εỹ/εx̃ . Pure selectivity corresponds to s= 0, whereas zero
selectivity corresponds to s= 1.

In Fig. 3b, we present the measured ratio E⊥/E‖. This ratio reflects the
symmetry of the probed wavefunction and therefore also of the population ratio
s. We resolve s by comparing our experiment with a theoretical calculation.
We calculate the ratio E⊥/E‖ theoretically as a function of s. The atomic
wavefunctions were calculated using a standard Hartree–Fock ab initio program
GAMESS (ref. 26). The probing angles (ϕ) were calculated according to classical
electron’s trajectories using SFA. The parameters of the experiment such as the
two fields’ delay and the relative fields’ intensities are calibrated by the helium
experiment presented in Fig. 2. The two dipole components are determined
according to: E‖ ∝ 〈Ψg(ϕ,s)|x′|exp(ıkωx ′)〉, E‖ ∝ 〈Ψg(ϕ,s)|x′|exp(ıkωx ′)〉. The
ratio R(s,τ ,n)≡ E⊥/E‖ is evaluated as a function of the population ratio s, the two
fields’ delay τ and the harmonic number n. The comparison between theory and
experiment is expressed as:

1(s)=
∑
τ

∑
n

|R(s,τ ,n)theory−R(τ ,n)experiment|

1(s) represents the integrated difference between a theoretical calculation, based
on selectivity s, and the experimental results. Finally, we extract s by minimizing
1(s) with respect to s and find that s= 0.22±0.15, that is, εx̃ = 0.95, εỹ = εz̃ = 0.21.
We conclude that the wavefunction is almost a pure aligned state, which can be
expressed as |Ψg(x,y,z)|2=|0.95×px̃ |2+|0.21×pỹ |2+|0.21×pz̃ |2.
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