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Isolating strong-field dynamics in molecular systems

Strong-field ionization followed by recollision provides a unique pump-probe measurement which reveals a range of electronic processes, combining sub-Angstrom spatial and attosecond temporal resolution. A major limitation of this approach is imposed by the coupling between the spatial and temporal degrees of freedom. In this paper we focus on the study of high harmonic generation and demonstrate the ability to isolate the internal dynamics-decoupling the temporal information from the spatial one. By applying an in situ approach we reveal the universality of the intrinsic pump-probe measurement and establish its validity in molecular systems. When several orbitals are involved we identify the fingerprint of the transition from the single-channel case into the multiple-channel dynamics, where complex multielectron phenomena are expected to be observed.

Attosecond science has revolutionized our ability to capture electron dynamics on extremely short time scales. These dynamics are often observed by applying an attosecond pulse as a pump or a probe of a fast-evolving process [1,2]. An alternative approach-high harmonic generation (HHG) spectroscopyuses the attosecond pulse generation mechanism itself as an extremely accurate time-resolved measurement [3]. In this self-probing scheme the strong-field tunnel ionization acts as a pump, removing an electron from an atomic or molecular system, thus initiating a hole wave packet. Driven by the laser field, the liberated electron returns to the parent ion and probes it via radiative recombination, leading to the emission of high-order harmonics of the driving laser field [4,5]. These measurements combine Angstrom spatial resolution, provided by the de Broglie wavelength of the returning electron, with attosecond temporal resolution provided by the ionization and recollision dynamics [3,6].

The heart of HHG spectroscopy lies in the link between the pump (ionization) and the probe (recollision), defined by electron trajectories driven by a strong laser field [4,5,7]. This link is assumed to be universal and dictated by the ponderomotive energy U p and ionization potential I p . However, so far such a link has been measured and verified for simple atomic systems only [8][9][10][11][12]. Long-term perspectives of HHG spectroscopy aim at resolving attosecond-scale phenomena in complex molecular systems, where nontrivial multielectron interactions evolve. In such systems the interaction with the laser field commonly involves the contribution of several molecular orbitals (channels), leading to population transfer or electron rearrangement [13][14][15][16][17][18][19]. The application of HHG spectroscopy as a state-of-the-art spectroscopic tool raises the following question: Can we extend the role of the internal pump-probe measurement to molecular systems and identify its limitations?

Extracting the temporal information encoded in the HHG spectrum is a primary challenge. Two main approaches have addressed this challenge: the ex situ and the in situ measurement schemes. The first approach, reconstruction of * gal.orenstein@weizmann.ac.il † orenpedatzur@gmail.com attosecond beating by interference of two-photon transitions (RABITT) [20], resolves the spectral phase of the emitted attosecond pulses in an external gas target. An alternative in situ measurement probes the dynamics of electron trajectories by perturbing the harmonic generation mechanism itself using a weak second harmonic (SH) field [10,21]. While both approaches have been applied to characterize attosecondscale dynamics, they are fundamentally different. A thorough experimental comparison studied their macroscopic difference [22]. Recently, a theoretical study identified their microscopic difference-the ex situ approach characterizes the generated attosecond pulse, whereas the in situ approach resolves the underlying strong-field dynamics [23].

In this paper we study the scope of HHG spectroscopy resolving the internal probing mechanism in molecular systems. We focus on the measurements of SF 6 , N 2 , and CO 2 , where intricate multichannel dynamics has been observed [13][14][15][16]19,24,25]. By applying the in situ and ex situ approaches in molecular systems, we perform an experimental demonstration of the conceptual microscopic difference between the two schemes. Next, we apply the in situ approach as a basic tool to probe the underlying pump-probe dynamics in molecular systems. By implementing the in situ measurement on ensembles of aligned molecules, we study the coupling between time and space, exploring the generality of HHG spectroscopy.

The in situ approach is based on the perturbation of the strong-field interaction by a weak SH field [21]. As the electron interacts with the perturbing field it accumulates a small complex phase shift [26] which serves as a temporal probe of the strong-field trajectories. Since the SH field breaks the symmetry between the positive and negative half cycles of the laser field, the accumulated phase leads to the appearance of even harmonics. By scanning the IR-SH delay, we modulate both even and odd harmonics. The modulation phase and contrast provide a direct insight into the underlying dynamics. Applying this approach in helium atoms we were able to isolate the tunneling dynamics from the recollision step, identifying its nonadiabatic nature [12].

Our experimental system consists of a 30-fs, 800-nm, 1-kHz commercial laser system. The SH field, initially perpendicular to the fundamental field, is generated using 50-and 100-μm type-I beta barium borate (BBO) (βBaB 2 O 4 ) crystals. Parallel polarization is obtained using a λ/2 zero-order waveplate for 800 nm. Group-velocity dispersion is compensated using a birefringent crystal (calcite). The subcycle delay of the SH relative to the fundamental field is controlled using a pair of fused silica wedges. High harmonics are generated by focusing the two color beams into a pulsed 100-Hz gas jet (Parker general valve) operating at 3-4 bars backing pressure. The harmonic spectrum is measured by an XUV spectrometer.

The first stage of our study explores the internal pumpprobe mechanism in SF 6 molecules. Previous studies in SF 6 identified the contributions of multiple channels and the significant role of shape resonances. Figure 1(a) describes an ex situ measurement-the spectral phase resolved by a RABITT experiment [25]. A sharp modification of the spectral phase is clearly observed between the 15th and the 17th harmonics. This modification is very robust against variations of the laser intensity and macroscopic parameters such as gas pressure [27]. It has been assigned to a shape resonance in the radiative recombination process [25]. Figure 1(b) describes the in situ measurement, presenting the two-color oscillation phases in SF 6 . The phases change almost linearly with the harmonic number, exhibiting a nearly π phase difference between odd and even harmonics. A similar response has been observed in a variety of atomic systems, in close agreement with the strong-field approximation (SFA) prediction [12]. The difference between the two measurements is striking-the sharp spectral feature between harmonics 15 and 17 observed in the RABITT measurement is completely absent in the in situ case.

In the following step we integrate the in situ measurement with molecular alignment to study the coupling between the spatial and the dynamical degrees of freedom. Experimentally, a pump pulse prepares an ensemble of aligned molecules. It is followed by a probe pulse at the half-revival delay, which is composed of the fundamental field and its SH. (parallel to the laser polarization) to 90 • (perpendicular to the polarization). Previous ex situ studies measured the XUV spectral phase in N 2 and observed a significant variation with the alignment angle as well [16]. Such dramatic structural dependence of the XUV spectrum has been extensively studied in N 2 [6,28], reflecting the modification of the dipole moment with the molecular alignment angle.

In Fig. 2(b) we plot the phases of the high harmonics' oscillations for each alignment angle. Remarkably, the two-color response of the harmonics is independent of the alignment angle. The phases follow a trend similar to the one observed in SF 6 -they change almost linearly with the harmonic number, exhibiting a nearly π phase difference between odd and even harmonics for all alignment angles. Rotating the alignment angle leads to significant structural variations [Fig. 2(a)]; nevertheless, the dynamical properties as probed by the two-color measurement remain invariant [Fig. 2(b)]. The temporal-structural study of N 2 establishes the most fundamental component in HHG spectroscopy-the basic pump-probe scheme is independent of the molecular structure.

What is the origin of the structural invariance and the conditions for its appearance? A deeper insight is obtained by the description of the dipole of the HHG process as a coherent sum of quantum trajectories [5]. This sum can be evaluated using the stationary phase approximation (SPA), defining the mapping between strong-field trajectories and harmonics [7]. Each harmonic order is described by a dominant trajectory defined by its ionization time t st 0 , recollision time t st 1 , and canonical momentum p st . The structure of the molecule or atom is represented solely by the pre-exponential dipole terms. As long as the system does not exhibit any sharp structural features, the stationary points and therefore the internal dynamics are unaffected by the structure of the system. Indeed, for a broad class of systems, the mapping between strong-field trajectories and harmonics is structurally independent. The ability to isolate this mapping and decouple it from the spatial degree of freedom poses an additional requirement-our in situ probe must be independent of the structural properties of the molecule. Under the SFA the ionization and recombination dipole moments can be evaluated at the stationary points as follows:

d * p st -A t st 1 ,φ = d * ( 2(Nω -I p ) n), d p st -A t st 0 ,φ = d(i 2I p n), ( 1 
)
where ω is the fundamental laser frequency, N is the harmonic order, φ is the two-color delay, A(t,φ) is the vector potential, d[p -A(t,φ)] is the dipole moment between the systems ground state and the corresponding continuum state at time t, and n is a unit vector parallel to the polarization of the fundamental field. Clearly, according to Eq. ( 1), the functional dependency of the dipole moments at the stationary points can be replaced by a constant independent of the two-color delay, φ. As long as we apply a parallel perturbation, we modify the dynamical properties of the interaction only via the strong-field trajectories, while the dipole moment itself remains unchanged. Equation ( 1) has been derived under the SFA; however, the structural independence of our in situ scheme has been reproduced under more rigorous theoretical modeling as well [23]. Despite the many limitations of the SFA, such as Coulomb and multielectron effects [29][30][31], the model captures the structural independence observed in our experiments, providing physical insight into its origin. Note that the above analysis is valid for molecular ensembles that possess inversion symmetry.

The decoupling between the structural information and the internal dynamics clarifies the fundamental difference between the ex situ and in situ approaches. The RABITT measurement resolves the temporal shape of the emitted attosecond pulses. This measurement couples both strong-field dynamics and structural properties of the system. In contrast, the in situ measurement probes the dynamics of strong-field trajectories, identifies the role of the internal pump-probe process, and decouples it from the spatial degrees of freedom.

So far our analysis has considered a single ionization channel. Next, we consider the case of two noninteracting channels, initiated by the tunneling process. The in situ measurement independently perturbs each channel, leading to oscillations of the even harmonics according to

I N (θ,φ) = A N 1 (θ ) sin φ -φ N 1 + e i I p τ A N 2 (θ ) sin φ -φ N 2 2 . ( 2 
)
Here, I p is the difference between the ionization energies of the two channels and τ = t st 1t st 0 is the trajectory duration. A N 1 (θ ) and A N 2 (θ ) represent the complex contribution of each channel as a function of the alignment angle θ , encoding the spatiotemporal properties of the hole wave function. The two phases φ N 1 and φ N 2 are the two-color oscillation phases FIG. 3. (a) The HHG power spectrum of CO 2 for various alignment angles from 0 • to 90 • . (b) Odd (solid lines) and even (dashed lines) harmonic oscillation phases in response to the two-color delay scan for the same alignment angles. In CO 2 the two-color phases vary monotonically with the alignment angle above harmonic H25. associated with each channel, respectively. While we have considered two participating channels only, Eq. ( 2) can be easily extended to include any number of channels. By virtue of the in situ decoupling, the single-channel oscillation phases, φ N 1 ,φ N 2 , are independent of the alignment angle. However, since both A N 1 (θ ) and A N 2 (θ ) are functions of the alignment angle θ , the effective oscillation phase of the harmonic I N may vary as well. In this case the in situ measurements become extremely valuable, providing a clear fingerprint of the underlying multichannel dynamics.

We demonstrate the in situ measurement in the multichannel case in aligned CO 2 molecules. HHG spectroscopy in CO 2 molecules has been extensively studied in recent years [15,16,[32][33][34][35][36]. In CO 2 , tunnel ionization evolves from multiple orbitals (channels) [19,24]. Rotating the alignment angle modifies the relative contribution of each channel and their coupling.

Figure 3 describes the dependence of the HHG intensity (a) and the two-color phases (b) on the alignment angle of CO 2 . The spectral intensity varies with the alignment angle, displaying the well-known attenuation in 0 • [15,36]. Previous measurements preformed in similar conditions show a modification of the spectral phase with the alignment angle above harmonic 25 [33,34]. As in the N 2 experiment, the two-color phase measured at harmonics 14-25 is almost invariant with the alignment angle, showing the same universal response. This response changes above harmonic 25, showing a significant monotonous variation of the phase with the alignment angle over a range of nine harmonic orders. Harmonic 13 shows a sharp alignment-dependent feature whose explanation lies beyond the scope of this paper.

Previous studies of the CO 2 molecule under similar experimental conditions indicated that inner orbitals contribute to the HHG signal near the cutoff region [15]. Indeed, the two-color phases we measured for the lower harmonics completely FIG. 4. The standard deviation of the two-color phase with respect to the alignment angle φ w for odd (a, c) and even (b, d) harmonics for various driving laser intensities. In the upper panel, φ w is presented against the harmonic axis, showing a divergence of the curves at different intensities. In the lower panel, the harmonic axis is replaced by the trajectory duration (in atomic units), τ = t st 1t st 0 , resulting in coalescence of the measurements. coincide, while the phases of harmonics in the vicinity of the cutoff show a strong angular dependence. This observation decouples the structural information from the dynamical one, separating between two spectral regions. It identifies the transition between a single orbital contribution, where only the highest occupied molecular orbital (HOMO) contributes, to a multiple-channel contribution, where hole dynamics is observed.

The angular dependence of the two-color phase encodes the coupling between hole dynamics and molecular structure. We quantify this by calculating for each harmonic the width of the distribution of the two-color phase with alignment angle, φ w [arrows in Fig. 3(b)]. For a single-channel response, the twocolor phase does not depend on the alignment angle, resulting in φ w values approaching the experimental noise level. A pronounced increase of φ w serves as a clear fingerprint of the transition between the single-channel and the multichannel case. Figures 4(a) and 4(b) describe the evaluated φ w for both odd and even harmonics at four different laser intensities. For all laser intensities, φ w approaches the noise level at the plateau harmonics while increasing dramatically close to the cutoff frequency. Such a response identifies the transition from a single to multiple-channel dynamics, providing an insight into the dynamical properties hidden in each harmonic.

Controlling the fundamental field's intensity gives a deeper insight into the strong-field interaction [15,19,36]. Figures 4(a) and 4(b) show the modifications of φ w with the laser intensity. In order to study the origin of the intensity dependence we plot φ w as a function of the trajectory duration τ . As we have established for the single-channel case, the mapping between harmonic number and τ is universal and structurally independent. The different orbitals that contribute to the HHG process have a relatively close I p , and therefore we approximate τ to be associated with the HOMO orbital. Under our experimental conditions φ 1 and φ 2 are almost invariant with the intensity. Neglecting the influence of the laser intensity on the two channels' amplitudes, their relative phase, as described by Eq. ( 2), scales with τ . Figures 4(c) and 4(d) present φ w as a function of τ for different laser intensities. As expected, in this analysis φ w (τ ) is almost invariant with the laser intensity. Indeed, the underlying dynamics scales with the fundamental parameter that defines each strong-field electron trajectory-its subcycle duration.

To conclude, in this paper we have studied the basic building block of HHG spectroscopy-the pump-probe measurement applied by the recolliding electron, in molecular systems. We have shown that the in situ approach decouples the pump-probe measurement represented by electron trajectories from the complex system under study. This picture remains valid as we advance from the single-channel to the multiple-channel case. While the hole dynamics is described via a complex multichannel interaction, the probing mechanism applied by the recolliding electron is universal and structurally independent.

Recent two-color HHG experiments in the condensed phase have shown that the strong-field dynamics could also be observed in solids [37]. Our work demonstrates that combining the two complimentary approaches-RABITT and in situ-will open new paths in the investigation of attosecond-scale phenomena in solids. Advancing to more complex systems, where coupling between the structural and dynamical properties can be expected, our scheme will become an essential component in advanced HHG spectroscopy.
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 1 FIG. 1. (a)Sideband oscillations phase in a RABITT measurement in SF 6 (red squares), compared with the expected linear harmonic phase difference for a single nonresonant channel (dashed gray). (b) Odd (solid lines) and even (dashed lines) harmonic oscillation phases in response to the two-color delay scan in SF 6 .
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 2 FIG. 2. (a)The HHG power spectrum of N 2 for 0 • ,45 • , and 90 • alignment angles. (b) Odd (solid lines) and even (dashed lines) harmonic oscillation phases in response to the two-color delay scan for 0 • , 45 • , and 90 • alignment angles. Clearly, the rotation dramatically attenuates the power spectrum but introduces no significant change to the phases. The rapid change in the phase in the vicinity of the cutoff frequency is attributed to long trajectories.
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 2 Figure2(a) describes the spectral intensity of the high harmonics, measured from N 2 molecules, for different values of the alignment angle. A clear decrease of the harmonics intensity is observed as we rotate the molecule from 0 • (parallel to the laser polarization) to 90 • (perpendicular to the polarization). Previous ex situ studies measured the XUV spectral phase in N 2 and observed a significant variation with the alignment angle as well[16]. Such dramatic structural dependence of the XUV spectrum has been extensively studied in N 2[6,28], reflecting the modification of the dipole moment with the molecular alignment angle.In Fig.2(b) we plot the phases of the high harmonics' oscillations for each alignment angle. Remarkably, the two-color response of the harmonics is independent of the alignment angle. The phases follow a trend similar to the one observed in SF 6 -they change almost linearly with the harmonic number, exhibiting a nearly π phase difference between odd and even harmonics for all alignment angles. Rotating the alignment angle leads to significant structural variations [Fig.2(a)]; nevertheless, the dynamical properties as probed by the two-color measurement remain invariant [Fig.2(b)]. The temporal-structural study of N 2 establishes the most fundamental component in HHG spectroscopy-the basic pump-probe scheme is independent of the molecular structure.What is the origin of the structural invariance and the conditions for its appearance? A deeper insight is obtained by the description of the dipole of the HHG process as a coherent sum of quantum trajectories[5]. This sum can be evaluated using the stationary phase approximation (SPA), defining the mapping between strong-field trajectories and harmonics[7]. Each harmonic order is described by a dominant trajectory defined by its ionization time t st 0 , recollision time t st 1 , and canonical momentum p st . The structure of the molecule
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