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ABSTRACT

In the presence of a high-intensity optical field, electrons are released from atoms on an attosecond time scale. Moreover,
in the tunnelling regime, this process displays a strong sensitivity to the carrier-envelope phase (CEP) of a few-cycle
light pulse. Tunnelling ionization — a fascinating quantum mechanical phenomenon — leads to a quasi-stepwise increase
of free electron density and, as a consequence, of the refractive index of the medium. These steps of the refractive index,
corresponding to half-cycles of the driving optical field, impose a transient attosecond phase mask. By scattering probe
light off this mask we detect quasi-periodic higher-order harmonics, the spectrum of which, unlike that of the harmonics
originating from intrinsic nonlinearity or driven by electron re-collisions, do not depend on the probe intensity and re-
collision dynamics. The implemented noncollinear pump-probe experimental technique allows optical harmonics
generated due to a tunnelling-ionization-induced modulation of the electric current to be spatially separated from the
harmonics originating from atomic and ionic nonlinear susceptibilities, enabling background-free time-resolved detection
of electron-tunnelling-controlled harmonic spectra and offering an attractive solution for attosecond optical metrology of
gases and bulk solids.
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1. INTRODUCTION

Tunnelling of an electron through a potential barrier suppressed by a high-intensity light field is a key elementary event
that launches a broad diversity of light-induced physical phenomena, turning on the clock in an ultrafast light-matter
interaction. Attosecond technologies [1] offer unique tools to resolve the readings of this clock through a direct detection
of charged particles [2]. Generation of higher-order harmonics of a light field, taking place in the regime of high-field
nonlinear optics [3,4], is one of the cornerstones of attosecond science and technology [1], serving as a tool to synthesize
attosecond electromagnetic field waveforms [5], probe molecular orbitals [6], and control attosecond electron dynamics
[7]. The physical mechanism behind high-order harmonic generation in the high-field regime, as insightfully explained
by Corkum [8], involves ionization of an electron by a strong laser field and subsequent rescattering of this electron by a
parent ion. This scenario of harmonic generation is radically different from the harmonic-generation mechanisms known
In classical, weak-field nonlinear optics, where the generation of optical signals is described perturbatively in terms of
optical nonlinear susceptibilities [4,9]. The Corkum model excellently describes experimentally measured plateau and
cutoff higher-order harmonics and provides an important insight into the physics behind strong-field-matter interactions

[3].

In the regime of tunnelling ionization, an additional, physically different mechanism of optical harmonic generation is
also possible. As shown by Brunel [10], with the ionization rate following the generic law of electron tunnelling through
d potential barrier in the dc limit, the plasma density displays extremely fast, nearly stepwise variations at every half-
cycle of the laser field, making the plasma current emit odd harmonics of the incident field. Detection of this type of
nonlinear-optical response under the conditions of a typical intense-field—gas interaction experiment is very challenging,
because the Brunel-type signal is buried under the Corkum-type harmonics from the electrons re-scattered off their
Parent ions and the harmonics originating from atomic and ionic susceptibilities. As a result, although some interesting
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and important experimental observations of the nonline
transverse plasma current have been reported [11,12]
disentangled from the other regimes of harmonic

ar wave mixing due to the Brunel-type modulation of the

, this regime of harmonic generation has never been experimentally
generation.

In this work, we employ a crossed-beam arran
weak cross-polarized probe-pulse for a back
potential of this process as a new all-o
harmonic emission mechanism is
harmonic emission [8]
insensitive (o the final

gement of a high-intensity linearly polarized few-cycle pump pulse and a
ground-free detection of Brunel-type optical harmonics and demonstrate the

ptical attosecond metrology technique. A very attractive feature of the Brunel
that it is free of the electror

1 recombination step, governing the Corkum-type of
- Therefore, harmonic generation by plasma-current modulation due to tunnelling ionization is
state of electrons. The spectrum of harmonics generated in this regime is controlled by attosecond
ionization dynamics and can be used to resolve this dynamics on the attosecond time scale.

2. EXPERIMENT AND MODEL

The proposed attosecond mapping technique is based on the tunnelling of electrons from a binding potential of an jonic
residue suppressed by a high-intensity optical field acting on the system. When the field intensity is high enough, an
electron can tunnel through the field-modified, finite-width potential barrier within a time interval shorter than the field
half-cycle. The rate of the electron ionization process, w(#), is controlled by the Keldysh parameter [13]
] %

¥y =wa(2m.f;’ﬂ)/2(eE) I, where wy is the central frequency of the laser field, £ is the field amplitude, 7, is the
ionization potential, and ¢ and m, are the electron charge and mass, respectively. For large values of ¥, multiphoton
ionization (MPI) dominates the ionization process, with w(t) being insensitive to the phase of the field. For low ¥y
(typically y < 1), ionisation is dominated by electron tunnelling. In this regime, the ionization rate w(t) becomes highly
sensitive to the phase of the field, peaking at the instants of time when the field intensity reaches its maximum. As a
result, the electron density displays a steplike temporal profile, with each step being locked to a respective field half-
cycle (blue curve, Fig. 1, left). Such a behaviour of n.(1) has been known from the earlier theoretical work (see Refs. 3,
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14 for an overview) and has been recently visualized experimentally in an elegant time-of-flight spectrometry
measurement [2], where attosecond steps in the ion yield were detected using an isolated XUV attosecond pump pulse
and a few-cycle optical probe. We observe here that, in the spectral domain, a stepwise modulation of the electron
density is manifested as optical harmonic generation (see Fig. 1, right). The spectrum of harmonics emitted in this
regime is controlled by attosecond ionization dynamics, thus representing a map of electron tunnelling. With an increase
of the field intensity, the Keldysh parameter decreases, and electron tunnelling becomes faster. This, in turn, makes the
steps in n,(1) steeper, mapping faster electron tunnelling onto a broader harmonic spectrum (Fig. I, right). This mapping
suggests the way for an all-optical tracing of attosecond electron tunnelling dynamics.

2.1 Laser system

The laser system used for the experiments is a modified Femtopower Compact Pro Ti:Sapphire chirped pulse amplifier,
delivering 700-pJ 25-fs 780-nm pulses, at a repetition rate of 5 kHz. These pulses are spectrally broadened in a neon
filled hollow fiber with 250 pm core diameter, and subsequently compressed using broadband chirped mirrors. The necon
pressure in the hollow fiber is roughly 3 bar. The 0.5 mm thin antireflection (AR) coated input window of the fiber cell is
located about 0.5 m from the fiber input, in order to minimize the nonlinearity in the input window. The 0.5 mm output
window has a broadband AR coating, and is located 30 cm after the fiber end. After the hollow fiber, the pulses are
recollimated using a spherical silver mirror (ROC=-1.5m), and silver mirrors are used to steer the beam to the
experimental setup. A pair of wedges in the beam path are used for fine tuning of the dispersion, in order to minimize the
pulse duration in the experiment. The chirped mirror compressor is built in a vacuum chamber, in order to minimize
accumulation of non-linear phase of the compressed pulses. An autocorrelator is used to to monitor the pulse duration of
the compressed pulses. In the inset of Fig. 2 a typical autocorrelation is shown, together with a typical spectrum at the
output of the hollow fiber. A sketch of the laser system and experimental setup is shown in Fig. 2.

2.2 Pump-probe setup

The experimental vacuum chamber is directly flanged to to the vacuum chamber housing the chirped mirror compressor
(see Fig. 2). In order to compensate for the material thickness of the beamsplitters used in the experimental setup, the
pulses at the entrance of the experimental vacuum chamber are slighly negatively chirped. A flat parallel fused silica
plate of which the first surface is uncoated and the second surface has a broadband anti-reflection coating is used as a
beam splitter under an angle of ~10 degrees to split off a weak probe beam. After rotating the polarization of the probe
beam by 90 degrees with a polarization-rotating periscope (the resulting polarization is vertical), the probe beam is
reflected off another (uncoated) flat parallel fused silica plate, this time under an angle of 56 degrees, in order 1o
attenuate the probe beam more. The pump beam is transmitted through this plate, vertically slightly offset from the probe
beam, virtually without losses since it is horizontally polarized. The energy of the pump pulses was 250 pJ, and the
energy of the probe pulses was about 1pJ.
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Fig. 2. Laser system and experimental setup. The inset shows a typical autocorrelation and spectrum as obtained after
compressing the hollow fiber output. IAC - interferometric autocorrelator; CPA — chirped pulse amplifier; p —
polarization rotating periscope.
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The pump and probe beam are focused into the gas target using a spherical mirror with a focal length of 40 cm. The
different gas targets used in our experiment were a 2.5 mm long krypton target, and a 1 mm long argon target. In both
cases the neutral gas pressure in the target was 300 mbar. Since the pump and probe beam are slightly vertically offset on
the focusing mirror, the beams cross under an angle of about 1.5 degrees in the gas target. Because the pump pulses were
transmitted through more glass than the probe pulses, the probe pulses were slightly negatively chirped on target, having
a duration of about 10 fs.

2.3 Numerical modei

To model the evolution of few-cycle pulses (pump and probe light fields £, and £y) in a rapidly jonising gas, we use the
pulse evolution equation written in the framework of the slowly evolving wave approximation [3,15] and adapted to
include ionization effects [16,17]. In this model, we include gas and plasma dispersion, diffraction, spatial self-action
induced by the Kerr nonlinearity of the gas and plasma nonlinearity, spectral transformation phenomena, including self
phase modulation, wave mixing and harmonic generation, shock-wave effects, as well as jonization-induced loss and
plasma-related nonlinear phenomena. The ionisation rate w7} is calculated by using the Yudin—Ivanov formula [181. We
numerically solve the following evolution equation for the total field £ = Ew+ By
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Here, E(z,r,m) = F~I(1/]OA(Z,}’,I) rexplim,t) + ¢ ¢ .), F(‘) is the Fourier transform operator, I, is the peak field
intensity, A(z, r, 1) is the field envelope, z and r are the longitudinal and radial coordinates, respectively, w is the

radiation {frequency, ¥y is the group velocity, Xﬁ?}o is the third-order susceptibility responsible for third-harmonic
el
generation, ¢ is the attenuation coefficient, CUP(Z,‘L‘) = [431‘62& (Z,T)/m(,]uh is the plasma frequency, and n, is the
electron density. Dispersion of the gas medium is plugged into Eq. (1) through the frequency profile of the wave number
& = k(ww)y, which automatically includes high-order dispersion effects.
The electron density n, created in the gas by a laser field was calculated by solving the kinetic cquation
('in(, / i = w(n.ﬂ - i?(,), where ny is the density of neutral species. The jonization rate w(f) was calculated using the
Yudin-lvanov formula [18], which provides a compact closed-form analytical expression for the ionisation rate, which is
valid within a broad range of field intensities, agrees well with the results of Sehrodinger-equation analysis of ionization
[2], and reproduces Keldysh-type expressions {13} for cycle-averaged ionisation rates. Eq. (1) was solved by using the
Split-Step Fourier method on a time gate of 500 s with a {ime step of about 20 attoseconds. Discretisation steps along
the longitudinal and radial coordinates were taken equal to | um.
In Fig. 3, we present the results of simulations performed for ultrashort pump and probe pulses interacting with a [ mm
argon gas jet with a neutral gas pressure of 300 mbar. The pump pulse with an initial pulse width of about 5 fs and an
energy of 250 pl induces an ultrafast modulation of the electron density in the gas, acquiring well-resolved amplitude
modulation due 1o the rapidly varying plasma loss (the inset in Fig. 3). The probe pulse with an input envelope shown by
the dashed line reads out the amplitude and phase masks induced by the pump field. Propagation effects complicate the
retrieval of the information on attosecond electron tunnelling dynamics from the time-resolved harmonic spectra of the
probe field. However, the signatures of electron tunnelling in the temporal of the probe pulse transmitted through the gas
Jet are clear enough, as visualized by the oscillatory structure in the central part of the pulse in Fig. 3, to allow the
feconstruction of spatiotemporal maps of ionisation rate and electron density build-up,
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Fig. 3. Signatures of electron tunnelling in the transformation of an ultrashert probe pulse in a gas fonised by a high-
intensity pump. Temporal envelopes of the input probe pulse and the probe pulse transmitted through the argon gas jet
with parameters specified in the main text are shown by the dashed and solid lines, respectively. An ultrafast
modulation of the clectron density in the gas jet is induced by a pump ficld with an initial pulse width of about 5 [s and

an energy of 250 ud. Temporal envelepe of the pump pulse transmitted through the gas jet is presented in the inset.

3. RESULTS

3.1 Harmonic generation in Krypton and Argon

A high-intensity few-cycte pump pulse with a frequency @y, modulates the electron density through tunnelling ionization
and a very weak probe pulse at the same or other optical frequency reads out the pump-induced modulation of the plasma
cutrent. In this noncollinear pump-probe scheme, the Corkum-type harmonics, emitted in the pump beam divection, are
spatially separated from harmonics generated due to plasma density modulation, since these latter harmonics are emitted
in the direction of the probe beam. By varying the pump—probe delay ¢, we are also able to discriminate between any
possible background signal due to atomic/ionic nonlinear susceptibilities and the readout of the phase modulation
signature related to tunnelling ionization in the probe beam direction. By detecting the signal strictly in the probe
direction, we, in addition, dismiss contamination from sum- and difference-frequency beams, because their phase-
matched directions lie, correspondently, inside and outside the pump-probe non-collinearity angle. With this
arrangement, we could reliably detect and perform reproducible frequency- and time-resolved measurements on the
third, fifth, and seventh harmonics emitted from krypton and argon gas jets in the direction of the probe beam (Figs. 4a —
44 and 5a).

In the absence of the pump pulse, the probe pulse alone could also generate the third harmonic due to the atomic
nonlinear susceptibility of the gas target. This signal, however, noticeably differed in its properties from the third
harmonic generated by the probe beam with the pump ficld on. While in the presence of the pump ficld, the third
harmonic scaled approximately linearly with the probe energy (black line in Fig. 5¢), when the pump field was turned
off, the third harmonic closely followed the scaling ('W,,,f with the energy W), of the probe field (red line in Fig. 5¢),
indicating a change in the mechanism behind harmonic generation, [n time- and frequency-resolved measurements on
optical harmonics, the probe energy was chosen such that harmonic signals contained no or very low background due to
the atomic nonlinear susceptibilities of the gas target.

The predictive power of our numeric model model is illustrated by Figs. Sa - 5S¢, which show that the resulbts of
simulations agree very well with the experimental data for the spectral and temporal properties of optical harmonics
(Figs. 5a, 5b), as well as for the behaviour of the third-harmonic signal as a function of the probe encrgy in the presence
and in the absence of the pump field (Fig. 5c).
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Fig. 4. Spectralty resolved and spectrally integrated time dependence of optical harmonies from a Krypton jet. {a - ¢}
Experimental maps of the third {a), fifth (b), and seventh (¢) spectrally resolved harmonics of the probe beam detected
as a function of the delay time 7y between the pump and probe pulses. (d) The spectrally integrated harmonic signals as
a function of the delay time ¥, all show the same femporal structure. The measured time-dependent signat agrecs well
10 the calculated probe intensity envelope (dashed line). The pump pulse with an itial pulse width of 5 {5 and an
energy of 250 pd is focused by a fens with a focal Iength of 40 cm in & krypton jet with a gas pressure of 300 mbar.

20 200 (] F
g g = g x
% %, 240 g ™r I
~ [ A+
B o W 100 " £
g s 1 5t +"4-‘ﬂ
= 0] @ osf ;
: 300 IR e AR
20 0 0 1m0 20 20 0 0 10 20 02 04 06 08 10 12
Defay (fs) Delay (fs) Probe Energy))

Fig. 5. The third harmonic from an argon jet: measarements versus simulations. The ihird-harmonic signal from a
I mm long argon target with a neutral gas pressure of 300 mbar. Panel (a) shows the cxperimentally measured
spectrogram, with the tinxe integrated signal collapsed on the spectral axis, and the spectrally tegrated signal
collapsed on the delay axis (yellow lines). The signal below 220 nm is absorbed before the spectrometer. The grey Hne
shows the normatized spectrum of the third harmenic in the absence of the strang pump pulse. Panel (b) shows the
simulated spectrogram, with the spectrally and time integrated signals collapsed on the delay and wavelength axes
respectively (vellow lines). The grey fine shows the numerically obtained normalized third harmonic signal in the
absence of the pump. Panel (¢) shows the third harmonic signal measured (squares) and simulated (+) as a function of
the probe energy in the presence of the strong pump puise (black) and in the absence of the strong pump (red).

One of the main difficulties to apply the harmonic pump-probe technique on transparent glasses is a much narrower
transparency region in comparison with gases, because harmonic orders higher than the 3" (for the fundamental
wavelength of ~800 nm) are absorbed by the sample. To maximize the amount of spectral peaks corresponding to Brunel
wave-mixing [12] products, we have applied a two-color pump-probe penniiting generation of non-degenerate
N2 O pupE e (NEInteger) frequency components. An example of a two-color experiment is given in Fig. 6, showing
that the signal at the frequency 2@yt Whaone I Fig.1b is purely caused by the stepwise change of the refractive index in
time {phase mask in Fig.1a), because a circularly polarized pump field does not produce fonization steps. The lifting of
degeneracy permits a clear separation of the TI response from a strong background of sum frequency components (e.g.
Opump T2 Wrone, Fig. 0b) ocecurring when the pump and probe polarizations are not orthogonal,
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Fig. 6. Brunel mixing with non degenerate pump and probe wavelength. Measured cross-correlations for the third
harmonic for linearly polarized (b) and circularly polarized (¢) pump ficlds corresponding, respectively, to & stepwise
(b) and a smooth (¢} phase masks, Panel (c) clearly shows suppression of the Brunel-type signal and appearance of a
wave-mixing maximum due to non-orthogonal pump and probe [iclds. The cross-correlation traces in both (b) and (c)
clearly exhibit optical fringes caused by the smallness of the non-collinearity angle between the pump and the probe
beams.

For an adequate explanation of how the information on attosecond electron tunnefling dynamics is encoded in the
spectral-temporal structure of harmonics, we distinguish between two physical mechanisms, The first mechanism
involves the pump-induced plasma loss, proportional to ¢, I » on, / dt (sec Eq. (1)), which maps the temporal profile
of on, / df onto the transmisston of the probe field. Thus, in the regime of tunnelling ionization, probe transmission
becomes a pump-phase-sensitive pulsating function of time (black curve in Fig. 1, left), imposing an ultrafast,
o gn, / dt amplitude modulation on the laser pulse (see the insets in Fig. 4b and Fig. 3), giving rise to odd-order
harmonics of @y in the spectrum of the probe field. The second mechanism s refated to the nonlinear phase shift
A(I)ma)n(SHPAz/C of the probe field induced by an ultrafast modulation of the plasma cuwrrent within a small

propagation length Az, with ¢ being the speed of light in vacuum, On p = “‘Ui / (2(0(2, ) , w, being the plasma frequency.,

Since wf, o n,t,(t), this phase mask follows the temporal profile of n.(1). With ».(1) displaying stepwise changes locked

to oscillations of the pump field, this mechanism also gives rise to peaks at the frequencies of odd harmonics of @, in the
spectrum of the probe field (Fig. 1, right).

For the conditions of the experiments presented here, both amplitude and phase modulation of the probe field in a
tunnelling-ionizing gas play a non-negligible roke in harmonic generation. Propagation effects gencrally tend to blur the
steps in the electron~-density buildup sensed by the probe pulse, thus complicating the map between the electron
tunnelling dynamics and time-resolved harmonic spectra of the probe field (Fig. 7a). Still, the probe pulse transmitted
through the pump-probe interaction region displays well-resolved amplitude modulation due to the rapidly varying
plasma loss (Fig. 3). This allows the iformation on the dynamics of electron tunnelling to be retrieved from the
numerical model adjusted to provide the best fit for time-resolved harmonic maps and other properties of optical
harmonics measured in noncollinear pump—probe experiments geometry (Figs. 5a — 5b). Figure Ga presents the
spatiotemporal map of the ionisation rate along the argon jet that provides the best fit (Fig. 5b) for the experimental
third-harmonic maps (Fig. 5a) and, in addition, explains very well the dependence of the third-harmonic signal on the
energy of the probe pulse with and without the purmp ficld (Fig. 5¢). In the central, most intense part of the laser pulse,
the peaks in the time dependence of the ionisation rate in Figs. 7a and 7b, become as narrow as 350 attoseconds, giving
rise to attosecond steps in the temporal profile of the electron density (Fig. 7b}, which translate into ultrafast modulation
features on both pump and probe pulses (see Fig. 3).
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Fig. 7. Retrieval of electron tunnelling dynamics. {a) Spatiotemporal map of the ionisation rate along the argon jet
providing the best fit for the experimental third-harmonic maps (Figs. 5a, 5h). {b) Time dependences of the jonisation
rate and the normalized electron density at the centre of the gas jet (z =10) on the beam axis.

4. CONCLUSIONS

In conclusion, we demonstrated an all-optical method enabling the detection of attosecond electron tunnelling dynamics
based on optical harmonic generation due to an ulirafast modulation of the plasma current in a fast-tonizing gas medium.
This approach offers an all-optical alternative to the methods of altosecond metrology based on the detection of charged
particles, atlowing attosecond spectroscopy and imaging lechnologies to be extended to the analysis of attosecond
electron dynamics in farge molecules and bulk solids. We have demonstrated a noncollinear pump-probe experimental
technigue thai enables time-resolved mapping of optical harmonics generated by tunnelling electrons and allows these
larmonics to be spatially separated from harmonics originating from atomic and ionic nonlinear susceptibilitics.
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