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Editorial on the Research Topic 
Strong field physics and attosecond science


Light-matter interaction is an essential process in nature. The development of light pulses in the few-femtosecond to attosecond duration allows scientists to tackle ultrafast processes in atoms, molecules, and more complex systems. Many new strong field phenomena have attracted wide attention, such as multiphoton ionization, above-threshold ionization, non-sequential double ionization, high-order harmonic generation, attosecond pulse generation, coherent EUV emission, etc. These phenomena have been of interest from the perspectives of both fundamental physics and potential applications. In this Research Topic, authors address several recent developments and applications of ultrafast technology in strong field physics and contribute eight quality articles as explained below.
The studies of high-order harmonic generation promoted the development of non-linear optics from IR to XUV. Recently, Yang et al. experimentally investigated enhanced coherent EUV emission from Rydberg atoms. Substantial neutral atoms can be excited after tunneling in a strong laser field, in the process known as frustrated tunneling ionization. The generation of coherent emission from the excited-state atoms produced by the frustrated tunneling ionization is demonstrated to be dependent on the chirp of the laser pulse. This chirp dependence also provides a new way to investigate the dynamics of Rydberg states. Kong et al. explored the influence of mechanical strains on the high-order harmonic generation in the monolayer hexagonal boron nitride crystal by using time-dependent density functional theory. They found that the band structure is sensitive to the structural deformation modulated by strains. This result may be useful in probing lattice deformations in crystals and heuristic to enhance the optoelectronic efficiency of solid-state nano-devices.
Novel non-linear effects triggered by the femtosecond laser filamentation have attracted widespread attention, such as laser power density clamping in the filamentation, super-continuous white light, and self-steepening effects. In this Research Topic, Li et al. investigated the fluorescence emission of the multiple combustion intermediates from the femtosecond filamentation with an ultrashort laser pulse at the wavelength of 1,030 nm, from which they proposed an optimizing rule to improve the signal-to-noise ratio of the fluorescence emission intensity in the ethanol/air flame using femtosecond laser filament excitation. This research promotes a further application of the femtosecond laser pulses to simultaneously monitor the multiple combustion intermediates.
Plenty of ultrafast processes are directly triggered by photoionization, which is the foundation of many ultrafast phenomena and is very useful in revealing microscopic physical mechanisms. For example, valence electron excitation plays a critical role in strong-field processes, and a recent experiment shows that, in addition to the direct ionization of low-lying molecular orbital, the bond-softening mechanism with laser coupling between the ground state and an electronically excited state in a polyatomic molecule can significantly contribute to electron excitation Hu et al. Amplitude and phase describe the quantum attributes of electron wavepackets, Neoričić et al. studied resonant two-photon ionization of helium atoms via the 1s3p, 1s4p, and 1s5p states, and the phase of the photoelectron wavepackets was measured by an attosecond interferometric technique. With the ability to combine good angular resolution, high energy resolution, and attosecond-time-resolution in the experiments, the fast phase variations across emission angles and energies were measured. Decoding the amplitude and phase information angularly and spectrally for an electron wavepacket from a photoemission provides the ability to record 3D movies of photoelectrons at the attosecond time scales. In addition, over-barrier ionization is an interesting Research Topic in strong-field physics. Wang et al. investigated this process of hydrogen atoms in intense circularly and elliptically polarized laser fields, which demonstrates that the photoelectron momentum distributions show a spiral distribution. They further explored the relationship between the instantaneous ionization rate and initial transverse momentum in over-barrier ionization and pointed out that the non-adiabatic effect and long range Coulomb interaction play important roles. Wang et al. examined the photoelectron momentum distribution of hydrogen atoms in the super-intense ultra-short high-frequency pulses by numerically solving the time-dependent Schrödinger equation. They observed dynamic interference effects even in a tightly bounded system when there are circularly polarized pulses present in addition to the linearly polarized laser field. The Coulomb re-scattering effect is responsible for the observed substantial variations in photoelectron momentum distributions by linearly and circularly polarized extreme ultraviolet pulses. On the other hand, non-sequential double ionization has drawn much attention because it contains extensive information about collision dynamics and electron-electron correlation. Ben et al. investigated this from Ar atoms in the combined fields of linearly polarized laser and circularly polarized laser through 3D semiclassical simulations. By tuning the delay time between the two laser pulses, the double ionization yields and recollision trajectories with different return times can be controlled. This research shows that the electron dynamics in one or few optical cycles can be controlled in multicycle laser fields, which do not have to be limited to few-cycle laser pulses.
In conclusion, this Research Topic presents the latest advances and trends concerning strong-field physics and attosecond science. Our special thanks to the Frontiers in Physics team for the technical assistance with publishing. Many more efforts are still ongoing in this fascinating area. We expect that this field will attract increasing attention and benefit potential applications in the near future.
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We investigate the over-barrier ionization of hydrogen atoms in intense circularly and elliptically polarized laser fields. By solving the time-dependent Schrödinger equation, we simulate the photoelectron momentum distributions with the peak laser field intensity ranging from tunneling ionization to over-barrier ionization regime. It is shown that the photoelectron momentum distributions reveal a spiral distribution in the over-barrier ionization regime, which is in contrast with the typical donut distribution sculpted by above-threshold ionization peaks in the tunneling ionization regime. To analyze the intriguing photoelectron behavior, we further develop a semi-classical model by considering the non-adiabatic effect and the depletion effect of the ground state. The photoelectron momentum distributions calculated by the semi-classical model agree well with the results of the time-dependent Schrödinger equation. Based on these results, we further explore the relationship between the instantaneous ionization rate and initial transverse momentum in over-barrier ionization. It is worth noting that such a relationship is not easy to be clearly revealed in tunneling ionization regime as the final electron momentum is significantly modified by the inter-cycle interference. Moreover, we also show that the non-adiabatic effect and long-range Coulomb interaction play important roles in the over-barrier ionization.
Keywords: over-barrier ionization, photoelectron momentum spectrum, time-dependent schrödinger equation (TDSE), semi-classical model, strong field physics
INTRODUCTION
In the strong-field community, when atoms and molecules are exposed in intense laser fields, a series of interesting physical phenomena can be revealed, including the above-threshold ionization (ATI) [1–3], molecular dissociation, Coulomb explosion [4–6], and non-sequential double (multiple) ionization [7–9]. As well known, strong-field ionization can be characterized using the Keldysh parameter [image: image] [10], where ω, E, [image: image] are the angular frequency of driving light, electric field strength, and ionization potential of atoms, respectively. When the amplitude of the driving laser field is small ([image: image]), the ionization is dominated by multi-photon ionization (MPI) [11–13]. In this case, the photoionization tends to be depicted in the frequency picture, and its ionization rate is proportional to [image: image], where [image: image] is the laser intensity and [image: image] is the number of photons absorbed. When the amplitude of the driving laser field is large ([image: image]), the Coulomb potential of atoms is pronouncedly bent to be a barrier. Then the electrons can tunnel through the suppressed barrier into the classical region, which is called tunneling ionization (TI) [14–18]. So far, multi-photon ionization and tunneling ionization have been intensively studied.
If the laser intensity further increases, the suppressed Coulomb barrier could be lower than the energy of the ground state atom. The bounded electron would be liberated from the parent ion directly, which is called over barrier ionization (OBI) [19]. The threshold strength of the driving laser field for OBI can be estimated by [image: image] (Here Z is the charge of the residual ion) [20]. This formula is derived on the assumption that the electrons only move in one-dimensional (1D) Cartesian space. Tong and Lin have developed an empirical formula to describe the ionization rate over a wide range of laser intensity, including the OBI regime [21]. Meanwhile, several experimental and theoretical studies of the OBI have been reported. In Ref. [22], the authors have made a systematic scan of the ionization rate of noble gases from the TI to OBI regime. Using the magneto-optically trapped target reaction microscope (MOTREMI), the photoelectron energy and momentum spectra of single ionization of lithium in the OBI regime have been measured [23], and these results were then analyzed by solving the time-dependent Schrödinger equation (TDSE) [24]. By measuring the electron transverse momentum distributions of the neon atom in 3P2 metastable state near the OBI regime, Ivanov, et al., showed that the cusp-like structure of transverse momentum is independent of laser ellipticity in OBI regime [25, 26]. Recently, by using MOTREMI, the momentum distributions of Rbn+ recoil ions up to [image: image] have been measured, which exhibit multiband structures as the light field polarization varies from linear polarization to circular polarization [27].
In this paper, we theoretically study the photoionization of hydrogen atoms driven by intense elliptically and circularly polarized laser fields. By solving TDSE, we show that the photoelectron momentum distributions reveal a unique helical structure in the OBI regime, which has been rarely discovered in the MPI and TI regimes. To interpret the underlying mechanism, we further develop a semi-classical model (SCM), in which the depletion effect of ground state wavefunction and non-adiabatic effect have been considered. The simulated results of the SCM and TDSE show a great agreement. We reveal that the photoelectrons emitted in the leading edge of the laser pulse are streaked into momentum-resolved final states, allowing one to establish the time-to-angle mapping. Utilizing the correspondence between the final momentum and ionization moments, we explore the initial condition of ejected photoelectrons. The simulated results indicate that the non-adiabatic effect and long-range Coulomb potential still play important roles in OBI.
THEORETICAL METHODS
Quantum simulation
We obtain the photoelectron momentum distributions by numerically solving the TDSE based on the split-operator spectral (SOS) method [28–30]. In principle, the SOS method is suitable for all linear eigenvalue issues involving any number of dimensions, and it does not require special basis functions or potentials in the form of analytic expression. However, to ensure the accuracy of SOS method, an adequate sampling rate in space and time is necessary [31–33].
When an intense laser field interacts with a hydrogen atom, the TDSE within single-electron approximation and dipole approximation is given by (unless otherwise stated, atomic units ([image: image]) are used throughout this paper)
[image: image]
where [image: image] is the electronic coordinate measured from the center of the nucleus and [image: image] is the synthesized potential imposed on the electron, including the action of hydrogen ion and laser field. The synthesized potential can be written as
[image: image]
where [image: image] is the electric field of driving laser pulses. We notice that the synthesized potential reaches its maximum [image: image] at the distance of [image: image]. Therefore, if the laser electric field is strong enough, the synthesized potential can be lower than the ionization potential of atoms, namely [image: image]. In this case, the strong-field ionization enters into the OBI regime. Specifically, for a hydrogen atom ([image: image] a.u.), we can estimate that the OBI occurs when the laser field strength is larger than [image: image] a.u., corresponding to the laser intensity [image: image] W/cm2.
To find a clear physical picture of the OBI, we use elliptically and circularly polarized laser fields in the simulation. The selection of these two laser fields can avoid the rescattering of ejected electrons so that we can highlight the effect taken by the laser strength. Here, the electric field [image: image] is given by
[image: image]
where [image: image], [image: image] and [image: image] are the laser ellipticity, angular frequency, and carrier envelope phase (CEP), respectively.f(t)=sin2(ωt/2n) is the sine-square temporal envelope, where n is the cycle number of the laser pulse and here it is chosen to be [image: image]. For a sufficiently strong circularly polarized pulse laser, as the electric field increases the ionization model changes from MPI to TI, and finally to OBI within a single laser pulse, as shown in Figure 1. We have performed a series of simulations with the center wavelength of 800 nm, and the peak intensity varying from 1.1 × 1014 W/cm2 to 6.3 × 1015 W/cm2, corresponding electric field strength changing from 0.04 a.u. to 0.3 a.u.
[image: Figure 1]FIGURE 1 | The electric field of a circularly polarized pulse laser with the peak electric field strength of 0.2 a.u. Three insets represent three different kinds of ionization and mark the corresponding electric field strength. The blue arrow represents the instantaneous electric field strength.
We utilize a symmetrically split operator algorithm for advancing the solution of TDSE by an incremental time [image: image]. This can be expressed as
[image: image]
Here, [image: image] is the initial wavefunction of the electron, which can be prepared by imaginary-time propagation [34]. Eq. 4 is equivalent to a free particle propagation over a half time increment, a phase change from the action of the potential over a total time increment, and a free propagation over the remaining half increment. The operator [image: image] applied to [image: image] is difficult to calculate in coordinate space. However, it can be realized by using the band-limited Fourier series representation.
[image: image]
After the electron wavefunction being operated by [image: image], we will have
[image: image]
where [image: image] is the number of grid points, and [image: image] is the length of the computational grid. At the end of the pulse, the wave function is propagated for another three cycles to make sure that the low-energy electrons could travel far enough from the parent ion to be collected in calculation. At each time step [image: image], we extract the ionized part [image: image] from the total wave function,
[image: image]
where [image: image] is a smooth absorbing function, and [image: image] is the boundary to distinguish if the electron is ionized or not. Then the ionized wavefunction would be converted into momentum space.
[image: image]
where [image: image] is the vector potential of the laser field, and analytically propagates under the Volkov Hamiltonian to the end of the simulation,
[image: image]
At last, we obtain the total photoelectron momentum distribution [image: image] by summing the wave packets in momentum space ionized at different [image: image].
Semiclassical model
The physical process of SCM is based on the traditional strong-field ionization model [35–37] with the improvement of the initial momentum distribution and the depletion effect. The initial tunneling coordinates of tunneling electrons are obtained by the saddle-point approximation [38, 39], in which the non-adiabatic effect and phase in the ionization process are included in the SCM [40, 41]. In the saddle-point method, the electron transition amplitude between the ground state and Volkov state is approximated by summing over the quantum orbits [1, 42],
[image: image]
where [image: image] is the classical action and [image: image] is the saddle point of time, given by
[image: image]
The initial momentum and position are given by [image: image], [image: image], where [image: image] is the ionization moment. The motion of released electron is obtained by solving Newton’s motion equations [image: image]. This kind of practice uses for reference from Coulomb-corrected strong-field approximation, which can deal well with the influence of Coulomb potential [43].
Besides, the depletion of ground state wavefunction cannot be ignored because of the high ionization rate in the intense laser field. We can suppose the instantaneous ionization rate can be expressed by the product of static field ionization rate and residual electron probability.
[image: image]
where [image: image] is the cumulative ionization probability in a laser pulse and [image: image] is an empirically-corrected formula for static field ionization rate [21]. Here, since the OBI is driven by the circularly and elliptically polarized laser fields, the rescattering effect of electrons is suppressed.
RESULTS AND DISCUSSION
In Figure 2, we show the two-dimensional photoelectron momentum distributions simulated by TDSE, for a wide range of electronic field strength from [image: image] a.u. to 0.3 a.u., corresponding to the transition from TI to OBI regime. In the TI regime (Figure 2A), the photoelectron momentum spectrum has a donut-shaped distribution sculpted by an obvious ATI structure resulting from inter-cycle interference [11]. With the conversion of the electric field strength from the TI regime to the OBI regime, the photoelectron momentum spectra show characteristic spiral distributions, along with the disappearance of ATI peaks, as shown in Figures 2B–D. The spiral structures are gradually stretched with the increasing electric field strength. These phenomena have been never revealed in previous works. Additionally, one can find these spiral-shaped structures are nearly overlapped with the negative vector potentials of the driving lasers (the red lines in Figure 2).
[image: Figure 2]FIGURE 2 | The photoelectron momentum spectra calculated by TDSE, corresponding electric field strength are (A) 0.04 a.u. (B) 0.13 a.u. (C) 0.2 a.u. (D) 0.3 a.u. The field-driven momentum [image: image] is shown by the red line.
Within the strong-field approximation, the final momentum of the measured electron is determined by the negative vector potential [image: image], where [image: image] is the ionization instant [44, 45]. In the OBI regime, the field-strength dependent ionization rate is high enough for saturation so that most electrons are ionized in the rising edge of a laser pulse. Because the shape of the negative vector potential is a spiral curve in the rising edge, the photoelectron distributions show a similar spiral structure in momentum space, as shown in Figures 2B–D. Besides, one can note that the electrons ionized at different moments of the same laser cycle would be mapped into different directions, and the electrons ionized in different laser cycles would be mapped into different radii in momentum space. Therefore, the inter-cycle interference patterns have been suppressed in the OBI regime, resulting in the disappearance of ATI peaks. Moreover, the momentum-resolved final states of electrons mean that one can establish the one-to-one correspondence between final momenta and ionization moments via the relation [image: image], which will be helpful to investigate the initial condition of ejected photoelectrons.
To reveal the physical mechanism of OBI, we have further calculated the photoelectron momentum distributions by the SCM including the non-adiabatic effect and the depletion of bound electrons. The simulated results are shown in Figure 3, which agree well with the TDSE simulation. In addition to reproducing the momentum distributions of TDSE, the SCM also offers an intuitive description of the initial condition of the ejected photoelectrons in the OBI regime. In SCM, we can give the instantaneous ionization rate with the depletion effect of bound electrons, as indicated in Figure 4A. In order to compare the ionization rate under the same electric field strength conveniently, we also calculate the ionization rate as a function of the instantaneous electric field, as shown in Figure 4B. The black dotted line represents the threshold to come into the OBI regime for a hydrogen atom ([image: image] a.u.). When the electric field is weaker than the threshold field strength, the instantaneous electric field dominates the process, and the rate increases exponentially as the field strength increases. However, if the electric field is larger than the threshold, the increase of ionization rate gradually slows down and even begins to decline due to the depletion effect of bounded electron wavefunction. In the past, the instantaneous ionization rate is only a function of instantaneous electric field strength. But after considering the depletion effect, the pulse envelope, determined by the peak electric strength [image: image], also plays an important role. One can note the curve with [image: image] a.u. (blue circles in Figure 4B) is shifted to the right than the curve with [image: image] a.u. (purple circles), which means that with higher peak strength, there are more electrons remaining unionized until the laser field reaches a higher intensity. Utilizing the one-to-one correspondence between final momenta and ionization moments, we can extract the ionization rates from the momentum distributions calculated by TDSE, represented by blue and purple lines in Figure 4A,B, which support the conclusions of SCM.
[image: Figure 3]FIGURE 3 | The photoelectron momentum spectra calculated by SCM, corresponding electric field strength are (A) 0.04 a.u. (B) 0.13 a.u. (C) 0.2 a.u. (D) 0.3 a.u. The field-driven momentum [image: image] is shown by the red line.
[image: Figure 4]FIGURE 4 | The comparisons between TDSE and SCM. (A) The ionization rates normalized by the maximum. The blue and purple lines represent the ionization rates given by TDSE with different peak electric field strengths, 0.3 and 0.17 a.u. The blue and purple circles represent the counterparts in SCM. (B) The same as (A) but the horizontal ordinate is the instantaneous electric field strength in rising edge instead of time. The black dotted line represents the threshold of the OBI regime, [image: image] a.u. (C) The red line represents the correction of initial transverse momentum deviation from non-adiabatic effect. The bule and purple lines represent the total momentum correction [image: image] in TDSE, and the blue and purple circles represent the counterparts in SCM.
As seen in SCM, the non-adiabatic ionization coordinates are important ingredients for the simulation. In the next step, we explore the initial transverse momentum deviation, which is included in the difference between the negative vector potential and the most probable final momentum. Taking the non-adiabatic effect into account, one can obtain the correction of initial transverse momentum [46], represented by the red line in Figure 4C. Then it was also influenced by the Coulomb potential in the propagation process after ionized. Therefore, the final momentum can be expressed by [image: image], where [image: image] is the initial transverse momentum deviation and [image: image] is the correction due to the Coulomb potential. Utilizing the correspondence between the final electron momentum and the ionization moment, one can draw the total corrections [image: image] of both SCM and TDSE by calculating [image: image], which are shown in Figure 4C. Although there is no reliable method to directly obtain the initial transverse momentum deviation [image: image] from TDSE, the agreement of total correction [image: image] between SCM and TDSE suggests the correction of initial momentum in SCM is enlightening. Besides, by comparing the results with different peak electric field strengths (0.3 a.u. represented by blue line and circles, and 0.17 a.u. represented by purple line and circles), it is intuitive to find the momentum correction is only dependent on the instantaneous electric field. And as the electric field strength increases, the momentum corrections become smaller. One can see that there is a tiny difference between the results of TDSE and SCM. This discrepancy is caused due to insufficient consideration of the change of barrier width caused by the increase of laser intensity in the SCM.
We further calculate the photoelectron momentum distributions in the OBI regime by using a laser pulse with different ellipticities and CEPs. The results are shown in Figure 5, where the left column is calculated by TDSE and the right column is calculated by SCM. As shown in Figure 5A,B, for an elliptically polarized laser field with [image: image] a.u., [image: image], the shape of electron momentum spectra is squashed along the minor axis due to the change of negative vector potential. There are several extrema of ionization rate because the electric field strength is not monotonous any longer at the rising edge. For a long laser pulse, the CEP is always thought to have no influence. But in the OBI regime, when CEP is varied, the shape of negative vector potential will be rotated and result in a rotated photoelectron momentum spectrum. The results are shown in Figure 5C,D, using a circularly polarized laser with peak electric field strength of 0.2 a.u. and CEP of [image: image]. This suggests that in order to perform a strong-field ionization experiment with a laser intensity in the OBI regime, the CEP of the pulse laser should be stabilized. Otherwise, the final electron momentum distribution will be averaged by the results of different laser CEPs, and thus it reveals an annulus as shown in Figure 5E,F.
[image: Figure 5]FIGURE 5 | The calculated photoelectron momentum distributions for different ellipticities and CEPs. The left column is calculated by TDSE and the right column is calculated by SCM. (A,B) [image: image] a.u., [image: image], [image: image]; (C,D) [image: image] a.u., [image: image], [image: image]; (E,F) the superposition of photoelectron spectra with different CEPs.
CONCLUSION
In conclusion, we have theoretically studied the OBI of hydrogen atoms under the intense circularly and elliptically polarized laser pulses. The simulated photoelectron momentum distributions reveal an interesting spiral structure, and such structure can be reproduced by the modified SCM. It suggests that the non-adiabatic effect and depletion of ground state wavefunction are very important in the OBI regime. Utilizing the corresponding relation between the ionization moment and final momentum, we have analyzed the initial condition of ejected photoelectrons. Moreover, the developed SCM has been used in the calculation for the laser pulse with different ellipticities and CEPs. This work presents an intuitive physical picture of the photoionization process in the OBI regime. Due to the momentum-resolved final states of electrons ionized at different moments in one cycle, one can fully resolve the sub-cycle dynamics of photoelectrons in the OBI.
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We experimentally investigated clean optical emissions from multiple combustion intermediates including free radicals C2, CH, and CN at multiple wavelengths induced by ultrashort 1,030-nm laser pulses. We systematically study the evolution of the fluorescence emissions induced by the femtosecond laser filament in the combustion field with the parameters such as the laser pulse energy, pulse duration, and focal length. Compared with the previous work, we promote that the fluorescence emissions of the combustion product can be manipulated effectively by controlling the femtosecond laser characteristics including pulse energy, duration, and the focusing conditions. This process helps to optimize its signal-to-noise ratio, which provides a further application of the femtosecond laser pulses to sense the combustion intermediates.
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INTRODUCTION
In recent years, the rapid development of the ultrafast laser technology has made it easier to obtain high power femtosecond laser pulses, and novel nonlinear effects triggered by the femtosecond laser filamentation process have attracted widespread attention, such as laser power density clamping in the filament, super-continuous white light, THz generation, and self-steepening effects [1–3]. Based on these unique nonlinear effects, ultrafast strong-field laser filament formation has shown great promise for applications in atmospheric environmental sensing, air lasers, artificial weather control, and other applied research fields [4–9]. In the field of combustion, the ultrafast intense-field laser filament-induced nonlinear spectroscopy can be used for combustion diagnosis. On the one hand, ultrafast strong-field lasers can be used to measure combustion intermediate radical products with ultrashort lifetime in the combustion field and reveal various ultrafast complex physicochemical processes existing in the combustion field [7]. On the other hand, the high clamping intensity of the femtosecond filament can be used for multi-photon excitation of combustion intermediates to achieve simultaneous multi-component measurements and to solve the limitation of tuning the laser wavelength for detecting different combustion components [4, 9].
The combustion process of fuels creates a very complex environment with a large number of intermediate products and many chemical reactions taking place. Although filamentation parameters of ultrafast intense-field laser transmission have been measured in flames and it has been demonstrated that ultrafast intense-field laser filamentation-induced nonlinear spectroscopy can be used for simple flame combustion diagnostics [10–20], this research is still in its infancy. Some of the main current advances in the diagnostic analysis of combustion fields using ultrafast intense-field laser filamentation include the verification of the universality of ultrafast intense-field laser filamentation nonlinear spectroscopy for combustion diagnosis of different fuels, the proposed use of ultrafast intense-field laser filamentation-induced excitation phenomena to solve the fluorescence quenching problem in combustion fields, the viable pump–probe approach to measure ultrafast processes of the soot particles in flames with femtosecond time resolution [21], the demonstration of the minimum ignition energy can decrease to the sub-mJ level using an ultrashort femtosecond laser [22], and ultrafast combustion diagnosis using femtosecond filamentation-induced flame nonlinear spectroscopy. This study is intended to systematically investigate the optimization of the fluorescence emissions of ultrafast strong-field laser filament-induced spectroscopy in ethanol flames using the ultrafast laser at the center wavelength of 1,030 nm with changeable pulse energy, duration, and the focusing conditions, with the aim of better application to remote combustion diagnostics.
EXPERIMENT SETUP
As shown in Figure 1, the experiment was conducted with a Yb: the KGW femtosecond laser system (PHAROS, Light Conversion), which delivers 190 fs (FWHM) pluses with a central wavelength at 1,030 nm and a maximum pulse energy of 2 mJ at 10 kHz repetition frequency. The pulse energy and pulse duration of the laser were adjusted, respectively, by an electrically operated attenuator and pulse chirp modulator installed inside the PHAROS laser. The output beam from the laser system was reflected by a dichroic mirror with high reflectivity of 800–1,200 nm and high transmission for UV and visible light at a 45° incidence angle. The femtosecond laser pulse was focused into the flame on an alcohol burner array by the lens (L1) with different focal lengths to generate a bright filamentation as shown in the inset of Figure 1. The alcohol burner array was set on a stage with an adjustable position to ensure that the filament can pass through the core of the flame when changing different focal lengths. The total length of the alcohol burner array with five burner wicks is approximately 40 mm. The fluorescence generated from the filament was collected and collimated in a backward direction by the same lens. After passing through the two dichroic mirrors, the fluorescence in the UV and visible range was focused into an imaging spectrometer with a grating of 1,200 grooves/mm (Kymera 328i, Andor) by an f = 6 cm lens (L2). A damper was used to collect the pump beam and forward emissions such as third harmonic and white light, which was aligned to prevent the forward radiation scattering back to the spectrometer.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental setup.
RESULT AND DISCUSSION
Figure 2 shows the backward fluorescence spectra of with/without the ethanol/air flame generated by the femtosecond laser pulse filament with laser energy of 2 mJ. The spectra are acquisitioned using the spectrometer and the background noise has been subtracted. In addition, the spectra signal of the flame without the interaction of the femtosecond laser mainly originated from the thermal noise and flame light which is two orders of magnitude weaker compared with the fluorescence signal. As the femtosecond filament transmits through the air without ethanol/air flame, the fluorescence spectra mainly show the spectral lines of [image: image] and [image: image], as indicated by the blue line in Figure 2, while as the femtosecond filament transmits through the ethanol/air flame, the [image: image] and [image: image] fluorescence emissions were quenched, and there exist spectral bands around 388.34, 431.42, and 516.52 nm which correspond to [image: image] transition of the CN radical, [image: image] transition of the CH radical, and [image: image] transition of C2, respectively (red line). Compared with the previous work results in Ref. [17], the emission of CH and C2 radicals became significant in the fluorescence spectrum. In particular, the emission of the C2 radical at the wavelength around 515 nm became dominant, which probably originates from the two-photon resonant enhancement of the insert pump laser pulse with the wavelength of 1,030 nm. By selecting a suitable wavelength of the pump pulse, the clean enhanced fluorescence emission can be achieved, and the signal-to-noise ratio can be improved.
[image: Figure 2]FIGURE 2 | Backward fluorescence spectra obtained when the femtosecond filament transmits through air (blue line) and flame (red line).
In addition, to further optimize the free-radical CN, C2, and CH fluorescence emission in the flame, we measured the intensity of the fluorescence emission at different focal lengths. The laser pulse energy and repetition frequency were fixed at 2 mJ and 10 kHz, respectively. As shown in Figure 3, the intensity of the three free-radical fluorescence emissions decreases with the increasing focal length. The conditions of the focal length mainly affect the interaction length and intensity, that is, the longer focal length, longer interaction length, and lower intensity. The results indicated that the optical intensity plays an important role in fluorescence generation compared to the interaction length. In addition, the 388 nm which corresponds to the CN radical fluorescence emission decay the fastest with an increasing focal length, which shows that the CN molecule fluorescence is more sensitive to the focusing condition. Therefore, as a result, a tighter focus can be used to improve the fluorescence intensity and improve the fluorescence emissions.
[image: Figure 3]FIGURE 3 | Dependence of intensity of the fluorescence from CN (red circle), C2 (green diamond), and CH (blue square) radicals on the focal length. The experimental data are fitted with the power exponential function.
Furthermore, we changed the pulse energy from 0 to 1 mJ by adjusting an electrically operated attenuator installed inside the laser, then the pump laser beam is focused by a spherical lens (f = 75 mm) into the flame. As shown in Figure 4, we measured the intensity of CN radical emission at 388.3 nm (red), that of CH at 431.4 nm (blue), and C2 at 516.5 nm (green) as a function of incident laser energy. It can be seen that the three signals display a superliner dependence on incident laser energy. The experimental data can be well fitted by a power dependence which gives a value of b = 2.078, 2.357, and 3.394, respectively. Obviously, the fluorescence emission of the three free radicals overcomes the quenching effect in combustion diagnosis. In addition, the two-photon effect of the 1,030 nm femtosecond laser pulses can improve the excitation efficiency of C2 radiation emission at 516.5 nm.
[image: Figure 4]FIGURE 4 | Measured (circle) and fitted (solid line) dependence of the emission intensity of CN at 388.3 nm (red), that of CH at 431.4 nm (blue), and C2 at 516.5 nm (green) on the input laser energy.
Last, we changed the chirp of the pump laser pulse by adjusting a pulse chirp modulator installed inside the laser, here; the chirp of the pump laser pulse is defined by the quadratic phase term ϕʺ via the relation [image: image] and [image: image], where [image: image] is the duration (FWHM) of the transform-limited pulse. Then the duration of the chirped pulse τ can be expressed as [image: image], which was measured by the single shot autocorrelator (SSA) before the focusing lens. The fluorescence emission intensity of the CN, CH, and C2 free radicals were plotted as a function of the chirp of the pump pulse, as presented in Figure 5. Here, the signal intensities of the three emissions are normalized. It can be clearly observed that the three fluorescence emissions at 388.3, 431.4, and 516.5 nm reach the maximum when the chirp ϕʺ = 0, and the transition signal of CN seems to be more sensitive to the chirp of the insert pump pulse, indicating that the transform-limited pulse can efficiently generate the fluorescence emissions for combustion diagnosis. Thus, the changes of pulse energy, duration, and the focusing conditions actually can affect the filament characteristics of the femtosecond laser which plays an important role in the fluorescence emission. In short, the intensity of fluorescence emission is strongly dependent on the excited intensity of the pump laser and the interaction length. Longer laser duration and lower pulse energy mean the weaker clamping intensity with the results of weaker fluorescence emission. In addition, with the increase in the focal length, the interaction length becomes longer, however, with a weaker excited intensity, resulting in a weaker fluorescence signal. It means that the excited pump intensity has a greater effect on fluorescence emission than the interaction length.
[image: Figure 5]FIGURE 5 | Measured (circle) and fitted (solid line) dependence of the emission intensity of CN at 388.3 nm (red), that of CH at 431.4 nm (blue), and C2 at 516.5 nm (green) on the chirp of the pump laser pulse.
In conclusion, we systematically investigate generation of the fluorescence emission of the multiple combustion intermediates from the femtosecond filament with the ultrashort laser pulse at the wavelength of 1,030 nm. By studying the evolution of the fluorescence emission with the focusing conditions, pulse energy, and pulse duration, we proposed an optimizing rule to improve the signal-to-noise ratio of the fluorescence emission intensity in the ethanol/air flame using femtosecond laser filament excitation, which will be promoting a further application of the femtosecond laser pulses to simultaneously monitoring the multiple combustion intermediates.
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We theoretically investigate the non-sequential double ionization of Ar atoms in the combined fields of linearly polarized laser and circularly polarized laser through 3D semiclassical simulations. By partially overlapping the two time-delayed multicycle laser pulses, we construct an optical waveform whose polarization ellipticity increase slowly for consecutive optical cycles. This composite laser pulses with the time-dependent ellipticity can tunnel-ionize atoms and steer the first tunneling electron to recollision with the second bound electron through different trajectories, in which the recollision occurs with different return times of the first ionized electron. Through tuning delay time between the two laser pulses, the double ionization yields and recollision trajectories with different return times can be controlled. The time-dependent ellipticity with different delay time can enhance or suppress the probability of different return times. This work provides a scheme exploring electron dynamics in few optical cycle or even subcycle time scale in a multicycle laser field without having to be limited to near-single-cycle laser pulses.
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1 INTRODUCTION
The research on the interaction of atoms and molecules with intense laser pulses plays a key role in a comprehensive understanding of the nonlinear physics. Plenty of ultrafast processes are directly related to photoionization, which is the foundation of many strong field phenomena such as high harmonic generation (HHG), attosecond pulse synthetization [1–5], above threshold ionization (ATI) [6], and non-sequential double ionization (NSDI) [7]. NSDI has drawn much attention because of containing extensive information about collision dynamics and electron-electron correlation [8]. Researchers widely hold the idea that NSDI is described by a three-step model [9]. In this model, one electron tunnel ionizes when the laser field is strong enough and then is driven back to the parent ion as the oscillating electric field reverses its direction. It recollides with the parent ion and transfers a part of energy to it, which enables the second NSDI event. This model is a semiclassical perspective.
In order to achieve deep insight into the collision dynamics in strong field physics, various ionization channels in recollision process have been explored in details, such as electron multiple rescattering processes. The rescattering or recollision with multiple return times is considered to play an important role in the laser-atom interactions, especially driven by the midinfrared laser fields. For example, the finite tunnel distance inherent in strong-field ionization can be extracted from an experimental observable through studying laser-driven electron multiple scattering [10]. The low energy structure of strong field ionization by mid-IR laser pulses is considered to be related to the multiple rescattering [11,12]. Multiple rescattering processes also play an important role in HHG in an intense laser field [13–15]. In addition, multiple-return-collision (MRC) trajectories have been explored in NSDI with linearly [16,17] or elliptically [18–20], polarized laser field in recent years, in which sub-cycle dynamics was investigated and Coulomb-potential effects was considered to play an indispensable role.
In another aspect, it is expected that various recollision channels could be artificially controlled. With the development of the laser technology, more complex combined laser pulses have been employed to investigate the strong field physics, which makes many ultrafast dynamics controllable. For example, controlling the dynamics of double electron emission in non-sequential double ionization by tuning the subcycle shape of the orthogonal laser field [21]. Photoelectron intracycle interference can be controlled by polarization-gated laser pulses [22]. The ionization by two-color counter-rotating and co-rotating circularly polarized fields has been studied experimentally and theoretically [23,24]. Controlling of NSDI dynamics was also explored through this kind of bicircular fields [25–28]. Recently, a new phenomenon of electron vortices has attracted much attention. The vortex structures in the momentum distributions of photoelectron wave packets comes from the photoionization of atoms with sequences of two time-delayed counter-rotating circularly polarized laser pulses [29–35]. The local enhancement of the laser pulse is achieved by superimposing the terahertz field, thereby realizing the control of the electron dynamics [36].
Based on the above analysis, it is believed that the MRC channel should be controlled by shaping the laser pulses. In this paper, we propose and numerically demonstrate a scheme to control return times before recollision in NSDI by the complex field with combining linearly and circularly polarized pulses. This kind of combined laser field has the characteristics of time-dependent ellipticity, in which the polarization gradually transitions from linear polarization to circular polarization. By changing the time delay between the two laser beams, the transition property of the time-dependent ellipticity in the superposition region can be adjusted, and different degrees of lateral effect can be exerted on the first ionized electron for different return times. Therefore, the control mechanism of recollision trajectories with different return times can be realized. Atomic units are used throughout the paper unless stated otherwise.
2 THEORETICAL METHOD
In this work, the semiclassical model [37,38] is used to describe the NSDI process of Ar. One electron (recolliding) tunnel ionizes through the Coulomb barrier. The initial state of the tunnelling electron is defined according to Ammosov-Delone-Krainov theory [39]. The initial exit point is along the laser-field direction and near the barrier. The initial electron momentum is taken to be equal to zero along the laser field while the transverse one is given by a Gaussian distribution. The initially bound electron is described by a microcanonical distribution [40]. The weight of each classical trajectory that we propagate in time is given by
[image: image]
Where t0 is tunnel-ionization time, v0 is initial transverse momentum and Ip is the first ionization potential. Then, the subsequent evolution of the two electrons is governed by classical equations of motion. Hamilton canonical equation is
[image: image]
with the Hamiltonian function
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where qi and pi are the canonical coordinates and canonical momentum of the electron.The form of the composite laser field can be written as
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where ω1 = ω2 = 0.0583 (λ1 = λ2 = 780 nm) is the frequency (wavelength) of the two laser pulses, and E0 is the electric field strength of linearly polarized laser field. The pulse envelope is f(t) = exp[ − 4 ln 2(t2/τ2)], and τ = 18 fs indicates full width at half-maximum (FWHM). The delay time of the circularly polarized laser relative to the linearly polarized laser is expressed as ΔT.
In our model calculation 108 initial points are generated, and the tunnel-ionization time t0 is selected randomly in the time interval [ − τ, τ + ΔT]. The Hamilton canonical equation is solved by using the Runge-Kutta algorithm.
Figure 1 shows the schematic diagram of the composite laser electric field with the time delay ΔT = 8 o.c. The superimposed part makes the polarization of the laser electric field transition from linear polarization to circular polarization. With different delay time, the time-dependent ellipticity has different variation tendency, which provides a controlling mechanism of electron dynamics.
[image: Figure 1]FIGURE 1 | The electric field form of the laser field pulse combined with linearly polarized and circularly polarized laser of the time delay ΔT = 8 o.c.
3 RESULTS AND DISCUSSION
After determining the laser form, we appropriately select three different delay times ΔT = 2 o.c., ΔT = 5 o.c., and ΔT = 8 o.c. (corresponds to 0.3τ, 0.7τ and 1.1τ) to calculate the curve of the double ionization yield with the linearly polarized laser intensity, as shown in Figure 2. It can be seen from the figure that for all the delay times, the area where the field strength is lower than 0.7 PW/cm2 presents a “knee” structure, indicating that the main mechanism of double ionization is NSDI. In the “knee” structure area, the longer the time delay of the two laser pulses, the higher the double ionization yield. This is because the longer time delay makes the two laser pulses farther away from each other, and the respective characteristics of linearly polarized and circularly polarized lasers are prominent. It is can also been seen by blue line in Figure 6. For ΔT = 8 o.c., very small time-dependent ellipticity covers large range of LP, while large time-dependent ellipticity covers most range of CP. The probability of collision of ionized electrons increases under the action of linearly polarized laser pulses. No collision process under circularly polarized laser pulses.
[image: Figure 2]FIGURE 2 | Variation curve of double ionization yield with linearly polarized laser intensity for three different delay times under compound laser field. The vertical pink lines indicate the non-sequential double ionization of Ar atoms in a compound laser field with a field strength of 0.16 PW/cm2.
When the time delay is small, the superposition degree of the linearly polarized laser pulse and the circularly polarized laser pulse is large, the ellipticity of the recombination field is large as well. As shown by the red line in Figure 6, the time-dependent ellipticity with ΔT = 2 o.c. offers a larger lateral effect for almost all of the peak region of laser pulse. Therefore the collision process of ionized electrons is reduced. The NSDI process is suppressed.
In addition, the position of “knee” structures tends to be shifted to the left as decrease of the delay time. Please note that the horizontal axis in Figure 2 is the intensity of linearly polarized laser pulse, which is smaller than the compound laser intensity. As a result, the position of “knee” structures should be shifted to the left relative to the original situation (composed laser intensities) in a way, and the greater the degree of overlap (smaller delay time), the greater the shift to the left.
However, in the high field strength region, that is, the sequential double ionization (SDI) mechanism region, a longer time delay corresponds to a lower double ionization yield. Considering the pulse envelope shape, a longer delay time means a lesser degree of superposition, which in turn leads to a smaller peak field strength of the composite field. The law of smaller time delays is the opposite. In the SDI mechanism, double ionization does not have to undergo a collision process, and the ionization efficiency of two electrons only depends on the magnitude of the field strength.
For different delay times ΔT, the curves of double ionization yield with laser intensity all show the feature of “knee” structure. We calculated the effect of time delay on double ionization yield at the electric field strength of 0.16 PW/cm2. As shown by the pink vertical line in Figure 2.
Overall, the double ionization yield increases with the increase of the time delay ΔT (as shown in Figure 3), which is consistent with the result of the curve of double ionization yield versus laser intensity. In addition, the double ionization yield will stabilize as ΔT tends to increase, because the two laser pulses have been separated, and only the linearly polarized laser pulse influences the NSDI. On the other hand, the double ionization yield is minimal with the time delay ΔT = 0, because the two laser pulses are completely coincident and the combined laser transform into elliptical polarization. NSDI is suppressed to the greatest extent.
[image: Figure 3]FIGURE 3 | Relationship between double ionization yield and time-delay of compound laser field. The electric field strength is 0.16 PW/cm2.
To account for the existence of fixed-form ionization channels in the recombined fields, we calculate the time distributions of ionized electron drift with time delays of 2 o.c. (pink line), 5 o.c. (blue line), and 8 o.c. (green line). As shown in Figure 4, the overall drift time distribution presents a multi-peak structure. The intensity of each peak is different under different delay times, but the peak position does not change much. This shows that there are various fixed forms of collision under the action of the laser field, and at the same time, they change with the change of the superposition degree of the two lasers.
[image: Figure 4]FIGURE 4 | The drift time distribution of ionized electrons with the time delay 2 o.c. (pink line, multiply by 10), 5 o.c. (blue line), and 8 o.c. (green line). The results are calculated with 2 × 108 initial points.
According to the Simpleman theory, driven by the linearly polarized laser field, the electron ionization returns to the origin for the first time at 0.75T (where T is an optical period). However, due to the periodic characteristics of laser oscillation, the time of returning to the origin for the following different times is 0.75T + nT(n = 0, 1, 2, …). According to the symmetry characteristics during the half optical cycle, the return time also satisfies 0.25T + nT(n = 0, 1, 2, …). Different peaks justly correspond to recollision trajectories with different return times.
In order to more intuitively show that different peaks in the drift time distribution correspond to different return times, we plot the collision trajectories of the ionized electrons for the first, second, third, and multiple returns. The first peak in the time distribution (Figure 4) corresponds to the situation where the electrons return to collide for the first time after ionization, and we draw its recollision trajectory, as shown in Figure 5A. The black line in Figure 5A represents the recollision trajectory of the first ionized electron. After the electron is ionized, it returns to the nuclear region for the first time and recollides with the bound state electron. The red line shows the trajectory of bound electrons. This kind of trajectory is the general ionization channel under the first peak if the delay time is large enough (green and blue lines in Figure 4), while it is relatively suppressed at a short time delay (pink line in Figure 4).
[image: Figure 5]FIGURE 5 | Ionized electrons return to collision trajectory for the first time (A), second times (B), third times (C) and many times (D), respectively.
As shown in Figure 5B, the recolliding electron is ionized first, and reaches the vicinity of 40 a.u. in the polarization direction, and then reverses for the first time under the action of the oscillating laser field, and pass by the nuclear region for the first time during the reverse motion. The second reversal occurs near −24 a.u., and finally collides with the second bound state electron with it returns to the nuclear region for the second time, resulting in non-sequential double ionization. The electron trajectory in this process is a typical second-return collision trajectory.
Figure 5C shows the trajectory of the third return collision. The ionized electrons are driven by the laser to pass by the nuclear region two times, and finally recollides with the bound electron at the third return, resulting in double ionization. The influence of these two MRC trajectories (Figures 5B,C) cannot be neglected when the delay time is large (the green line in Figure 4).
The complex trajectories of the ionized electrons with more return times are shown in Figure 5D. This NSDI channel is prominent when delay time is small due to the larger lateral influence of combined laser with near-elliptical polarization [41]. The collision trajectories of this multi-period motion are highly chaotic, and the electron wave packet dispersion effect is obvious. Therefore, diverse MRC trajectories all work but the ionization yields are lower (the pink line in Figure 4).
In the MRC trajectories, the ionized electrons pass through the nuclear region, at a distance from the ion nucleus in the y-direction. This lateral distance shrinks again with the electrons return to the nuclear region a certain number of times. This electron lateral drift process is closely related to the initial lateral velocity of electrons under the action of linearly polarized laser and is influenced by the Coulomb attraction of ion nuclei. This Coulomb attraction causes the electron wave packet to shrink laterally to a certain extent with passing near the nuclear region, which is the Coulomb focusing effect [42–46].
The ellipticity of the composite laser field changes with time. The effect of the laser electric field in the lateral direction and the Coulomb focusing effect will occur to different degrees from the lateral drift caused by the initial lateral velocity of the electrons. The electrons return to the parent nucleus ions after different drift times and undergo a collision process, and their flight trajectories show collision trajectories with multiple returns. In our simulations, the superposition of the two laser beams to different degrees makes the ellipticity change with time to different degrees, which in turn controls the electrons to recollide with trajectories with different return times in a higher degree of freedom to generate the NSDI process.
From Eqs. 5, 6, the time-dependent ellipticity can be expressed as
[image: image]
Taking the peak position of the linearly polarized laser as time zero, the variation of ϵ(t) represents the correction of the electric field properties of the linearly polarized laser. Therefore, we compare the time curve of the electric field of the linearly polarized laser along the x-direction with the curve ϵ(t). The lines are drawn in the same figure as the solid black line in Figure 6. The delay time is selected as ΔT = 2 o.c., 5 o.c., and 8 o.c. are shown by the red, green, and blue lines in Figure 6. The three curves reflect the change of the composite laser field from linear polarization to circular polarization with time. The longer the delay time, the faster ϵ(t) increases, and the more lag the area swept over.
[image: Figure 6]FIGURE 6 | Variation of ellipsometry in laser field with different time delays. The solid black line shows the time-dependent electric field of the linearly polarized laser in the x-direction. The red, green, and blue lines show the ellipticity versus time curves for delay times ΔT = 2 o.c., 5 o.c., and 8 o.c., respectively.
The rising transition region of the red line covers the region of several larger peaks of the linearly polarized laser in a relatively larger range with ΔT = 2 o.c. Most of the electrons ionized near the laser peak are driven by the recombination field with higher ellipticity, which causes the lateral drift of the ionized electrons due to the lateral laser drive to be stronger than that caused by the initial lateral velocity. The first ionized electron prefers to stay away from the nuclear region. Therefore, most of the electrons will return to the parent nucleus in multi-period chaotic trajectories with longer drift times to collide with ions to induce NSDI [as shown in Figure 5D]. This is the reason why the ionized electron drift time is distributed over a larger range (the pink line in Figure 4).
The rising region of the blue line representing the time-dependent ellipticity overlaps the electric field of the linearly polarized laser to a small extent with ΔT = 8 o.c., which means that the changing ellipticity has less influence on the linearly polarized laser. The collision is mainly determined by several electric field peaks in the linearly polarized laser platform region. The number of electron returns is greatly affected by the initial lateral velocity and Coulomb focusing effect. The subsequent circularly polarized laser is ineffective. Therefore, as shown by the green line in Figure 4, the peak intensity of the drift time corresponding to the collision trajectories of the first three returns is stronger, and the peaks corresponding to the trajectories of other drift times are relatively suppressed.
The time-dependent ellipticity curve is shown by the green dotted line with ΔT = 5 o.c. in Figure 6. The control effect of electrons is between the above two cases. Compared with the case of ΔT = 8 o.c., the rising region of ϵ(t) only affects part of the region of the linearly polarized laser platform. The effect of the laser electric field in the lateral direction excludes the MRC trajectories. Therefore, compared with green line in Figure 4, more peaks corresponding to long drift times are suppressed, making the first peak relatively prominent (blue line in Figure 4). On the other hand, the enhancement of the first isolated peak indicates that the first return to the collision trajectory reaches the maximum. This is because compared to the case of ΔT = 2 o.c., the lateral effect of the laser electric field compensates the initial lateral velocity of the ionized electrons with the electrons return for the first time so that this channel reaches the maximum enhancement.
4 CONCLUSION
In summary, the NSDI of Ar in a superimposed linearly and circularly polarized compound field is investigated. The waveform change of the composite laser field is controlled by adjusting the time delay. The double ionization yield increases with the electric field strength in the electric field with different time delays. The electric field strength is chosen as 0.16 PW/cm2 according to the relationship between time delay and double ionization yield. We plot the drift time distribution of ionized electrons for different delay times. By analyzing the drift time distribution of ionized electrons and electron ionization trajectories, the movement of ionized electrons in the electric field has different collision trajectories. The shape of the electric field determines the dominant trajectories of electron double ionization. the regulation of the NSDI ionization recollision trajectory form can be achieved by adjusting the delay time of the composite laser field. The MRC controlling mechanism is expected to shed more light on laser-induced electron diffraction (LIED) [47–49] or laser-induced inelastic diffraction (LIID) [50], in which electrons with different return times are considered to play different and key role in laser-induced ultrafast imaging. Our study shows that the electron dynamics in one or few optical cycle can be controlled in a multicycle laser fields, which do not have to be limited to few-cycle laser pulses.
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We study resonant two-photon ionization of helium atoms via the 1s3p, 1s4p and 1s5p1P1 states using the 15th harmonic of a titanium-sapphire laser for the excitation and a weak fraction of the laser field for the ionization. The phase of the photoelectron wavepackets is measured by an attosecond interferometric technique, using the 17th harmonic. We perform experiments with angular resolution using a velocity map imaging spectrometer and with high energy resolution using a magnetic bottle electron spectrometer. Our results are compared to calculations using the two-photon random phase approximation with exchange to account for electron correlation effects. We give an interpretation for the multiple π-rad phase jumps observed, both at and away from resonance, as well as their dependence on the emission angle.
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1 INTRODUCTION
Attosecond techniques using single pulses [1, 2] or pulse trains [3, 4] combined with a synchronized laser field have become essential tools for the study of photoionization processes in atoms and molecules. The phase information provided by techniques such as streaking [5] or RABBIT (Reconstruction of Attosecond Beating By Interference of Two-photon transitions) [3] complements cross-section measurements, giving insight into the photoionization temporal dynamics [2, 4]. Experiments have been performed in different atomic [6–8] and molecular [9–11] systems, and in broad photon energy regions, typically between 20 and 100 eV [6, 12]. When atoms or molecules are ionized into “flat”, structureless continua, the phase does not vary much with energy, apart from the threshold region, which may be affected by the variation of the so-called Coulomb phase and a laser-induced “continuum-continuum” phase [13, 14]. In contrast, pronounced phase variations are observed in the vicinity of Cooper minima [4, 8] and broad shape resonances in atomic or molecular systems [7, 11].
These studies require broadband radiation, single attosecond pulses or attosecond pulse trains, typically spanning a few tens of eV in energy, in order to resolve ultrafast dynamics with time scales in the attosecond regime. Attosecond techniques may also be applied to the study of two-photon resonant processes, where the first, extreme ultraviolet (XUV) photon comes into resonance with a bound [15–18] or quasi-bound autoionizing state [9, 19]. The study of resonant two-photon ionization usually demands a higher spectral resolution than that of non-resonant processes, and the time scales are in the femtosecond range. In the early measurements [15, 20], the XUV frequency was tuned the across the resonance. Recently, powerful energy-resolved methods like “rainbow” RABBIT have been developed [21]. In particular, the nontrivial phase variation around the 2s2p doubly excited state in helium [21, 22], and the 3s−14p window resonance in argon [23] have been extensively studied. In simple cases like helium, the temporal dynamics of the wavepacket created by resonant photoionization can be recovered [21, 22].
Angle detection brings a new dimension, momentum, to this type of measurement, allowing the reconstruction of coherent electron wavepackets in time and space. This has been beautifully shown for two-photon resonant ionization of Ne via the 3p53d1P1 state [16], and recently of He via the 1s3p and 1s4p1P1 states [18]. Photoionization studies with angular resolution [18, 24–26] have pointed out that additional phase jumps as a function of emission angle appear due to the interference of angular channels, beside the phase jumps as a function of energy.
Here, we study two-photon resonant ionization of helium through intermediate states in the 1snp 1P1 Rydberg series with n = 3–5. We generate odd high-order harmonics of an infrared (IR) laser field, and tune the IR laser frequency in order to reach the 1s3p, 1s4p or a coherent superposition of 1s4p and 1s5p states with the 15th harmonic. We further ionize by absorption of an additional IR photon. We analyze the phase of the created wavepacket by interferometry using another, non-resonant two-photon process leading to the same final state, namely, absorption of the 17th harmonic and emission of an IR photon. We perform two series of experiments, one with angular resolution and moderate energy resolution using a velocity map imaging spectrometer (VMIS) and one with high energy resolution and no angular resolution using a magnetic bottle electron spectrometer (MBES). In the latter case, we also rotate the polarization of the probe field in order to eliminate one of the angular channels. We discuss the theory of “below-threshold” interferometry in the angle-integrated and angle-resolved cases and we compare our experimental results with simulations using the two-photon random phase approximation with exchange (RPAE) [27] to account for electron correlation effects. This allows us to interpret the multiple phase jumps observed both as a function of energy and emission angle.
2 PRINCIPLE OF THE EXPERIMENT
Our experiment is based on the RABBIT technique, with a focus on a narrow spectral region just below the ionization threshold (Ip) of helium, as illustrated in Figure 1. The 15th harmonic (H15) of the fundamental laser field is tuned into resonance with one or several Rydberg states. Harmonics of order 17 and above have enough energy to ionize the system and generate a comb of photoelectron peaks spaced by 2ℏω. In the presence of a dressing field with photon energy ℏω, two quantum paths lead to the same final state in the continuum, resulting in the formation of sidebands (SBs). Varying the relative time-delay between the XUV and IR pulses causes periodic modulations in the SB16 signal, which can generally be written as
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where A± denotes the amplitude of the absorption (+) and emission (−) paths. The oscillation phase can be decomposed as Δφ = ΔφXUV + ΔφA, where ΔφXUV is the group delay of the attosecond pulses and ΔφA originates from the two-photon ionization process. SB16 differs from the other sidebands as the absorption path is below the ionization threshold. In a first set of experiments, we record the SB16 signal as a function of energy and angle. In a second one, we perform an angle-integrated measurement with high spectral resolution. In both cases, we extract both the amplitude of the signal oscillating at frequency 2ω and the phase of the oscillation by applying a spectrally resolved RABBIT analysis [3, 21, 28]. In this implementation of the RABBIT technique, sometimes called “below-threshold RABBIT” [15, 17, 18, 29], the interesting information is the phase change due to resonant two-photon ionization, which is “read” by interferometry with the emission path (absorption of the 17th harmonic and emission of an IR photon).
[image: Figure 1]FIGURE 1 | Energy levels and excitation processes involved in the present study. The violet (red) arrows denote excitation by the 15th and 17th harmonics (fundamental). The spherical harmonics corresponding to the different angular momentum channels are indicated in cyan.
3 EXPERIMENTAL METHOD
A Ti:Sa-based laser operating at 1 kHz provided 3 mJ pulses with a central wavelength tunable from 780 to 820 nm and a FWHM bandwidth of approximately 40 nm. The pulses were split using a 70–30 beamsplitter, so that the intense fraction could be used as the pump beam and the weaker one as the probe, as illustrated in Figure 2A. The pump was focused into an 8 mm long pulsed gas cell containing a rare gas, thereby generating odd harmonics of the fundamental IR field. The resulting spectrum was filtered with a 200 nm thick aluminium filter so as to suppress the transmission of the pump beam into the detection region. The probe pulses were directed onto a piezomotor-driven delay stage and recombined with the XUV pulses in a helium jet. The intensity of the probe in the interaction region was reduced in order to avoid two-IR-photon absorption.
[image: Figure 2]FIGURE 2 | Experimental setup: (A) Optical interferometer allowing us to create an attosecond pulse train and a delayed dressing field; (B) Velocity map imaging spectrometer; (C) Magnetic bottle electron spectrometer. We use the following abbreviations: BS, beam splitter; A, aperture; FM, focusing mirror; GC, gas cell; RTS, rough translation stage; PTS, piezo-driven translation stage; HM, holey mirror; F, filter; TM, toroidal mirror; ELV, Even-Lavie valve; MCP, microchannel plates.
Two complementary experimental measurements were performed, as indicated in Figures 2B,C. In the angle-resolved experiment (b), a velocity map imaging spectrometer [30, 31] was installed for the electron detection and the helium atoms were provided by an Even-Lavie valve pulsed at 500 Hz [32]. To optimize the 15th and 17th harmonic signal, the gas target was chosen to be xenon or krypton in the VMIS measurements. The photoelectrons were detected with a microchannel plate leading to a phosphor screen, recorded by a camera. The resulting images captured the projection of the momentum of electrons in the plane perpendicular to their travel. The momentum maps were recorded as a function of the delay between the pump and probe pulses, in steps of 250 as. The photoelectron momentum distribution was obtained at each delay by performing an inverse Abel transform on the VMIS images [33]. In order to minimize the appearance of mathematical artefacts in the centre of the inverted images, a well-known problem of inversion methods based on Legendre polynomial decomposition, an iterative inversion algorithm based on [34] was applied. The oscillation phase for each energy and angle bin was extracted by fitting a cosine function to the recorded time-delay signal.
The high spectral resolution measurements were carried out using an MBES for the electron detection, with a 2 m long flight tube and a 4π sr collection angle [see Figure 2C]. The energy resolution was better than 80 meV at low kinetic energies. He atoms were provided by an effusive gas jet. The delay between the two beams was stabilized with an RMS error of less than 20 as. In the MBES measurements, high-order harmonics were generated in argon. The laser central wavelength was chosen to be 782 nm and the bandwidth 30 nm, so that the spectral region covered by the 15th harmonic included the 1s4p1P1 resonance. The relative contributions of s and d angular channels to the two-photon transition amplitude were varied by rotating the polarization of the probe in a direction either parallel or perpendicular to the polarization of the pump pulse.
4 THEORETICAL METHOD
4.1 Two-photon matrix element
The two-photon transition matrix element connecting the initial state |a⟩ with the continuum state |q⟩ via all dipole-allowed intermediate states can be written in the lowest order of perturbation theory as
[image: image]
Here ϵa and ϵp represent the energies of the initial and intermediate states, Eq, [image: image] the qth harmonic and laser fields, with frequencies Ω and ω, respectively. In this expression, electron correlation is neglected and lowest-order perturbation theory for the interaction with the radiation fields is assumed. In addition, both fields are described as monochromatic and linearly polarized along the same direction (z). Energy conservation implies that ϵq = ϵa + ℏΩ ± ℏω, where the sign ± refers to absorption or emission of the IR photon. Note that in the latter case, [image: image] is the complex conjugate of [image: image]. Since the IR laser field is delayed by τ relative to the XUV field, [image: image]. When the second photon absorption or emission is above the threshold (ℏΩ > Ip), the two-photon matrix element is intrinsically complex. When ℏΩ < Ip, which is the case when the 15th harmonic is absorbed, the lowest-order contribution can be chosen to be real, but if electron correlation is accounted for, as discussed in Section 4.3, the matrix element is again intrinsically complex.
4.2 Angular momentum channels
The next step consists in using spherical coordinates and introducing the different angular momentum channels (see Figure 1). Two-photon ionization of He leads to s- or d-final states, and the angle-resolved two-photon amplitude can be written as
[image: image]
Here L = 0, 2 is the angular momentum of the final state, ηL the energy-dependent scattering phase, sum of the Coulomb phase and a contribution from the short-range potential. The phase Lπ/2 describes the effect of the centrifugal potential. YL,0 denotes a spherical harmonic, and [image: image] is the reduced two-photon matrix element [35], which depends on the photon energies. The amplitude varies with the polar angle θ, but due to the cylindrical symmetry, not with the azimuth. Since the ionization is from an s-orbital, the photoelectron can only occupy an m = 0 state with respect to the XUV-field polarization.
If the polarization of the laser field is turned 90° with respect to the XUV field, the interaction with the IR field will change the magnetic quantum number, as defined with respect to the XUV field, by Δm = ±1. Since the ionization is from an s-orbital, only one angular momentum channel, the d-channel, survives.
[image: image]
In this case, the angular dependence will be that of a d-wave.
4.3 Electron correlation
The two-color two-photon RPAE approach [27] is used to calculate correlated two-photon matrix elements that include channel coupling, after both one- and two-photon interaction, as well as ground state correlation. The method, which is described in detail in Ref. [27], is gauge-independent and was originally developed for above-threshold ionization, but is here used in a scenario where, in the absorption path, no individual photon is able to ionize the atom by itself. To facilitate the comparison with experimental results, experimental energies are used for the bound excited states that are encountered in the sum over intermediate states p: 1s3p1P1, 1s4p1P1, and 1s5p1P1. Both time orders of the photon interaction are considered, but the result is completely dominated by the time order where the XUV photon is absorbed in the first step, as described by Eq. 2. The emission path of the RABBIT scan is over a smooth spectral region in the continuum and the phase change over the small energy interval discussed here is small. In the absorption path, the situation is very different. The bound state resonances are narrow, with only light-induced broadening possible (see below). If monochromatic XUV light is tuned over such an excited state resonance, the denominator in Eq. 2 abruptly changes sign and a sharp π-rad jump of the phase is expected at the resonance energy. Phase jumps are also to be expected when (and if) the matrix elements in the numerator change sign.
Figure 3 presents the real and imaginary parts of the two-photon transition amplitudes in the absorption path for the s and the d channels without (a) and with (b) electron correlation. The transition matrix elements from the ground state to the bound excited states and from these states to the continuum can be chosen to be real. Therefore, the amplitudes are real-valued in (a). At resonance, where the amplitude diverges, the phase variation is simply due to a sign change, while the one in between resonances, referred to as anti-resonant, it happens because the amplitude goes to zero. The phase jump in between the resonances happens at approximately the same energy for both the s and the d channel.
[image: Figure 3]FIGURE 3 | Absorption matrix elements to the s (red) and d (blue) continuum. The real and imaginary parts are shown respectively in the solid and dashed lines. The matrix elements in (A) do not include electron correlation while the matrix elements in (B) are obtained using RPAE.
Through the introduction of electron correlation into the ionization process, the matrix elements acquire an imaginary part leading to a phase shift of the outgoing photoelectron. The phase variation at resonance is slightly smoother, while the energy where the anti-resonant phase jump takes place is now different for the s and the d channels. When incoherently adding the contributions from the two channels, this leads to a smoother phase variation at anti-resonances. On the other hand, when these contributions are added coherently, the resulting phase jump depends on the angle of emission, as discussed more in detail below.
4.4 Ionization-induced broadening and finite pulse effects
It is possible to go beyond lowest-order perturbation theory for the dressing field close to resonance in a simple way, by adding an intensity-dependent AC-Stark shift (δp) and ionization-induced width (γp) to the resonance energy (ϵp → ϵp + δp + iγp). The added complex term in the denominator will induce a change in the phase dependence across the resonance. Changing ϵp into ϵp + δp + iγp in the denominator of Eq. 2 leads to an additional phase term,
[image: image]
Close to the resonance, the phase varies as arctg (γp/δϵ), where δϵ goes through zero. The derivative of this function close to zero (and hence the slope of the phase variation with energy) is equal to −1/γp. Since γp is proportional to the probe intensity, the absolute value of the slope of the phase variation across the resonance is expected to decrease as the intensity increases. In some of the simulations presented below, we include an ionization-induced width equal to 10 meV, corresponding to a probe intensity of 6 × 1011 W/cm2. We do not include any Stark shift, however, since the origin of the energy axis in the experiment is not precisely known. Our experimental data are adjusted to the unshifted position of the resonant states.
To compare with experimental results, we also include bandwidth effects through convolution with appropriate line profiles. Using Gaussian profiles defined by the central frequencies Ω0, ω0 and bandwidths σq, σ1 for the XUV and IR fields respectively, the matrix elements leading to the same final energy ϵq are summed up as
[image: image]
where ℏωqa = ϵq − ϵa.
THEORY OF BELOW-THRESHOLD RABBIT IN HELIUM
We now generalize the theory of RABBIT to the particular case where absorption of the lowest harmonic takes place in the discrete spectrum [29]. We consider two-photon ionization of He, with only a single angular channel for the first XUV photon absorption. In the angle-resolved case, the sideband signal is
[image: image]
where τ denotes the delay between the XUV and the IR fields, and θ is the emission angle. The amplitudes for the absorption and emission paths are defined as
[image: image]
The coherent addition of the four terms included in Eqs 7 and 8 depends on the phases [image: image]. For the emission path, as in the ordinary RABBIT description with the intermediate state of the two-photon transition in the continuum, in the asymptotic limit, we have [14],
[image: image]
Here [image: image] denotes the scattering phase in the p-continuum, at the energy corresponding to the absorption of the 17th harmonic, [image: image] is the additional phase due to the continuum-continuum emission process, which slightly depends on the angular momentum [36, 37], [image: image] is the phase of the 17th harmonic and τ is the delay between the XUV and IR fields. For the absorption path,
[image: image]
ηL is here the scattering phase of the final state (s or d), ϕL reflects the sign changes of the two-photon matrix element at resonance or anti-resonance, as well as the effect of electron correlation (see Figure 3) and [image: image] is the phase of the 15th harmonic. In contrast to the case where both paths are above the threshold, the asymmetry between the two paths does not allow us to eliminate the scattering phase of the final state and extract the Wigner time delay [14]. A RABBIT measurement allows, however, the study of the phase variation (ϕL) of the two-photon matrix element across the resonance.
5.1 Angle-integrated below-threshold RABBIT
In an angle-integrated measurement, the θ-integration of ISB(θ, τ) eliminates the cross-products between different angular momentum channels (due to the orthogonality of the spherical harmonics) which now add incoherently,
[image: image]
where
[image: image]
In ordinary (above-threshold) RABBIT,
[image: image]
where [image: image], [image: image] and [image: image]. Neglecting the small L-dependence of Δϕcc [37], the two oscillatory terms in Eq. 11 are in phase, meaning that RABBIT measurement allows to unambiguously determine the phase Δη1 [4, 14] and the Wigner delay approximated by Δη1/2ω. When one path is below threshold, however,
[image: image]
with [image: image]. Eq. 11 describes the incoherent addition of two terms oscillating with the same frequency 2ω, but with a different phase variation as a function of energy (ϕL) and different reference phase [image: image], complicating the interpretation of the extracted phase. Although both ηL and [image: image] vary significantly close to the threshold due to the influence of the Coulomb potential, as shown in Figure 4A, the reference phase [image: image] does not depend much on the energy or on L in the range investigated in the present work (Figure 4B). This implies that when ϕ0 ≃ ϕ2, for example at resonance, both terms in Eq. 11 vary with a similar phase offset. However, when ϕL changes sign because the L-dependent matrix element goes to zero, which happens at different energies for the s and d channels, the interpretation of the phase extracted from the experimental measurement is not clear. This is where angle-resolved measurements or the use of different polarizations for the excitation fields become useful.
[image: Figure 4]FIGURE 4 | (A) Phase ηL − Lπ/2 (blue) and [image: image] (red) as a function of energy for L = 0 (solid) and L = 2 (dashed); (B) Reference phase [image: image] for L = 0 (solid) and L = 2 (dashed).
5.2 Angle-resolved below-threshold RABBIT
We first rewrite Eq. 8 as
[image: image]
where we have introduced P2, the Legendre polynomial of order 2, equal to (3x2 − 1)/2. Using Eqs 9 and 10, we have
[image: image]
We define χ±(θ) as the argument of the quantities inside the brackets. The angle-resolved RABBIT signal can be written as
[image: image]
where Δχ(θ) = χ−(θ) − χ+(θ). In contrast to the angle-integrated result, we now have a single oscillatory signal. The price to pay is that the phase depends not only on the energy but also on the emission angle θ. Eq. 17 can be expanded into a Legendre polynomial decomposition as in [36, 37]. We will not do that in the present work, but concentrate on the understanding of the phase variation with emission angle.
5.3 Angular phase jumps
In contrast to what we have discussed so far, which is the phase difference between the absorption and the emission paths [Eqs. 14 and 17], we now consider the phase difference between the angular channels for the absorption and the emission paths individually,
[image: image]
[image: image]
Factorizing the phase terms, the quantities inside the bracket in Eq. 16 are proportional to [image: image]. There will be a phase jump in the path considered (emission or absorption) as a function of the emission angle whenever the real part of this expression changes sign. Introducing
[image: image]
a phase jump will happen at an angle θ such that
[image: image]
This equation has a solution only if
[image: image]
These two inequalities set conditions for a sign change as a function of angle, and hence a phase jump, in the absorption or emission paths. We also note that when [image: image], or when Δφ± ≈ ± π/2, a phase jump will happen at an angle such that P2 (cos θ) is close to zero, i.e. at a node of Y20, 54.7° or 125.3° (often referred to as “magic” angles). In contrast, if [image: image] and Δφ± ≠ ± π/2, the inequality (22) is not fulfilled, leading to an absence of a phase jump as a function of angle. Δφ− is positive and, in general, small, increasing close to the threshold [36]. We find that ϒ− ≥ 1/2 so that no phase jump can be found in the emission path. The absorption path will in contrast exhibit different energy regions with or without a phase jump, depending on whether Eq. 22 is fulfilled or not. Because of the non-zero imaginary part of [image: image], the phase jump as a function of angle is smaller than π rad. The direction of the phase jump depends on the sign of Δφ+. This is illustrated in Figure 5, showing both ϒ± as a function of energy, and the phase variation of the absorption path as a function of angle (vertical axis) and energy (horizontal axis). The black dashed lines indicate the different energy regions, where a phase jump as a function of angle is to be or not be expected.
[image: Figure 5]FIGURE 5 | Phase variation of the absorption path as a function of angle and energy. The top figure shows the variation of ϒ± with energy together with the limits of the inequality in Eq. 22 (dashed horizontal black lines). The absorption path is shown in blue and the emission path, which does not lead to any phase jump, in magenta. The black vertical dotted lines indicate the energies at which ϒ+ intersects the black dashed lines. This indicates the limits of the spectral region displaying phase jumps in angle. The vertical red dotted lines indicate the energies at which ϒ+ changes sign, leading to a change in the direction of the phase jump in angle. At these energies, the phase jump occurs at the magic angle. The cyclic color bar is shown in the top left corner of the bottom figure.
5.4 Delay-integrated asymmetry parameters
The sideband signal can be expressed using the angle-integrated signal, ISB(τ), and two delay-dependent asymmetry parameters (βi(τ), i = 2, 4) as [26, 38, 39]
[image: image]
Another way to parameterize the sideband angular dependence [35] is to extract the angle-integrated signal and asymmetry parameters, [image: image] and [image: image] for the absorption and emission processes separately, and then similar quantities for the oscillating cross term [image: image] (or its complex conjugate). The delay-integrated angular βi-parameters [39] can be simply obtained as [35]
[image: image]
They are the sum of the ordinary β-parameters for the absorption and emission paths, weighted with the relative strength of each path.
6 EXPERIMENTAL RESULTS
6.1 Angle-integrated measurements
Figure 6 presents results obtained with the velocity map imaging spectrometer. We show the angle-integrated intensity (A) and phase (B) for sideband 16, as a function of the total energy absorbed in the two-photon ionization process. Several measurements have been performed, such that the 15th harmonic spans a large energy region across the 1snp1P1 (n = 3–5) series. Figure 6A presents three broad maxima, approximately centered at the position of the resonances. The relative intensities of the maxima are arbitrary, since the three measurements have been performed with different central laser frequencies. Therefore, we normalize the maxima in Figure 6A. The broadening is partly due to the XUV and IR bandwidths leading to a convolution of the amplitudes (see Eq. (6)), to the ionization-induced additional width, as well as to the spectrometer resolution. The first peak corresponding to the 1s3p1P1 resonance exhibits a double structure, that could be due to a continuum structure induced by the interference between direct non-resonant two-photon ionization and ionization from the 1s3p1P1 bound state [40]. Such a feature has been previously observed in photoelectron spectroscopy [18], transient absorption measurements [41], as well in numerical simulations [15].
[image: Figure 6]FIGURE 6 | Two-photon ionization via 1snp states with n = 3, 4, 5. (A) Angle-integrated intensity. Red line: measurement, black line: RPAE-based simulations. Relative heights of individual peaks are not to scale. (B) Angle-integrated phase. Red solid line: measured data, shaded areas: error of the weighted average. RPAE-based simulations excluding (grey dashed line) and including (black solid line) the effect of the pulse bandwidth and power-induced broadening (γp = 10 meV). Vertical grey lines indicate the energies corresponding to the 1snp1P1 resonances with n = 3, 4, 5.
Figure 6B shows the phase variation of the angle-integrated sideband 16 intensity. The presented curves are obtained by performing a weighted averaging over a few measurements, as detailed in the SM. Phase jumps of approximately − π rad can be observed when the 15th harmonic energy becomes equal to that of the np1P1 states. Likewise, anti-resonant phase jumps of opposite sign and similar magnitude can be seen in between each two successive resonant jumps [17, 18]. The splitting of the 1s3p1P1 state is also accompanied by a phase variation.
Figure 6 further shows the results of a two-photon RPAE calculation, not including (dotted black curve, only shown in (b)) and including (black curve) bandwidth effects, with σ1 = 25 meV, σq = 150 meV, as well as an additional width due to ionization from the Rydberg state (γp = 10 meV). These simulations reproduce the behavior of the intensity and phase variation across the resonances.
6.2 Parallel and perpendicular polarizations
High-spectral-resolution angle-integrated RABBIT measurements were performed in the energy region around the 1s4p1P1 resonance. Figure 7A shows a zoom-in on SB16 and H17. As expected [17], their oscillations are out of phase and both exhibit a π-rad variation across the photoelectron peak width.
[image: Figure 7]FIGURE 7 | Angle-integrated measurements with the MBES. (A) Zoom-in on the oscillations of SB16 and H17. The extracted phase variation is indicated by the white lineouts. (B) Phase of SB16. Data points: phase measured with parallel (red) and perpendicular (black) XUV and IR polarizations; solid curves: calculated total phase for parallel XUV and IR polarizations (red) and d-wave only phase (black).
In this measurement, our aim is to compare measurements with the dressing field polarization parallel (0°) and perpendicular (90°) to that of the XUV, while keeping the probe intensity at the same value. Both s and d channels coexist in the parallel configuration, while only the d channel is allowed when the probe polarization is perpendicular to that of the pump, since only Δm = ±1 transitions are possible. In these measurements, we normalize the phase variation to that of the non-resonant sideband 18, which exhibits a flat phase. A comparison between parallel and perpendicular IR polarizations is shown in Figure 7B. The black and red symbols and solid curves correspond to the parallel and perpendicular case, respectively. We observe a smooth phase variation across the resonance rather than a sudden π-rad jump, in agreement with the results shown in Figure 6. In order to reproduce this behavior in theoretical calculations, it is necessary to include both ionization broadening and folding due to finite pulse effects. In the region investigated, close to the 1s4p resonance, the phase variations of the s and d channels are very similar, so that the parallel or perpendicular configurations do not yield very different phase measurements.
6.3 Delay-integrated photolectron angular distributions
Figure 8 presents the variation of the β2 and β4 parameters for the delay-integrated signal. These coefficients vary significantly across the observed energy range, with maxima close to the 1s3p1P1, 1s4p1P1 and 1s5p1P1 resonances. The experimental behavior is reproduced by the calculations, here shown without including any folding, i.e. assuming a monochromatic dressing field, at a wavelength of 782 nm. The strong variation of the β2 and β4 parameters between two resonances indicates a varying angular distribution, due to a change in the relative amplitude and phase of the s and d angular channels.
[image: Figure 8]FIGURE 8 | Energy variation of the delay-integrated asymmetry parameters β2 (blue) and β4 (red); (A) Experimental results; (B) Theoretical calculations obtained at a given dressing field wavelength, equal to 782 nm. The grey lines indicate the energies corresponding to the 1snp1P1 resonances with n = 4,5.
6.4 Angle-resolved phase measurements
We here concentrate on the spectral region around the 1s4p1P1 resonance. Figure 9 displays the phase variation as a function of angle and energy. The phase is indicated in color, following a cyclic representation, thus avoiding unwrapping issues. The phase decreases (increases) when moving clockwise (anti-clockwise) in the cyclic color bar. Figure 9A, right shows the measured values in the angle and energy region, delimited by a dashed contour, where the signal is sufficiently high for a reliable phase and amplitude retrieval. Figure 9A, left shows the results of the two-photon-RPAE calculation. The two results agree quite well. The angular modulations of the experimental signal in the region 0–57°, 21.15–25.3 eV are comparable to the experimental error bar ([image: image] rad). In the following, we focus on the interpretation of the theoretical results, which give a more complete picture of the phase variation as a function of both energy and angle. In order to gain a deeper insight into the interplay of the different angular channels, we show the sideband variation where we selectively suppress the resonant path to the s continuum (Figure 9B, left) or to the d continuum (Figure 9B, right).
[image: Figure 9]FIGURE 9 | Angle-and-energy-resolved relative phase of SB16 around the 4p resonance. (A) Comparison between experiment (right) and theory (left). Only the experimental results with significant signal-over-noise ratio are presented. This region is indicated by the black dashed line. The radial coordinate is the total energy, while the polar angle is the electron emission angle relative to the polarization axis. The cyclic color bar is shown in the top right of the figure. In (B), we present the contribution of the s (right) and d (left) waves in the absorption path to the total phase variation.
Overall, the phase variation observed in Figure 9A, left is more similar to that of a pure d wave (Figure 9B, left) than that of a pure s wave (Figure 9B, right). Nonetheless, as shown in the following, a detailed analysis of the sideband angle- and energy-resolved phase variation shows that it is the result of a complex interplay of the two partial waves. In the following, we focus on interpreting the phase variation in the vicinity of three spectral regions, indicated with coloured half-circles in Figure 9A.
First, at the position of the 4p resonance, indicated by a red half-circle close to 25.31 eV, a sharp π-rad phase jump along the energy axis is observed at all emission angles. In this region both the s and d channels experience a π-rad jump due to the resonance such that the angle-resolved measurements do not provide additional information compared to the angle-integrated ones.
An anti-resonant phase jump along the energy axis can observed in the vicinity of the green half-circle. In this region, the matrix element [image: image] crosses 0 and changes sign such that the relative weight of the s and d resonant paths varies very fast as a function of energy. As a result, a strong angular dependence of the position of the phase jump can be observed in Figure 9A, left: at angle above 54.7° the phase jump appears above the green line, while at angles below the magic angle, the phase jump appears at energies below the green line. This is consistent with the fact that [image: image] and Y20 should have opposite signs in order for the real part of [image: image] to cancel.
At 54.7°, where Y20 has a node, the phase variation as a function of energy is fully dominated by the s channel as can be observed by comparing Figure 9A, left with Figure 9B, right. In addition, in the close vicinity of the spectral region where [image: image] cancels no phase variation as a function of emission angle is observed in (Figure 9A, left), since the s channel dominates. This corresponds to the spectral region shown in Figure 5 where the inequalities in Eq. (22) are not fulfilled.
In contrast to the region close to the 4p resonance, here angle-resolved measurements provide a lot of information on the competition between the s and d resonant channels that cannot be obtained from angle-integrated measurements.
Finally, over a large energy range, from 25 to 25.3 eV, a sharp phase jump can be observed as a function of angle close to 54.7°. In this spectral region the d resonant channel strongly dominates and the phase jump as a function of angle reflects the change of sign of Y20. The exact angle at which the phase jumps and the magnitude of the phase jump depends on the relative weight between s and d. When [image: image] (blue circle), the phase exhibits a sharp π-rad jump exactly at the magic angle, while the phase jumps occurs at lower (higher) angles below (above) the blue line. Interestingly, although the d channel dominates, the change of sign of [image: image] across the blue line manifests as a change of direction of the angular phase jump.
This analysis shows that by examining the positions of the phase jumps as a function of angle and energy, it is possible to infer not only the position of the resonance, but also the positions of the sign changes of [image: image], even in the case where two-photon ionization is very much dominated by one contribution, the d channel. This also shows that phase measurements as a function of angle and energy give a lot of information about the relative contributions of the two angular channels.
7 CONCLUSION
In conclusion, we have studied the phase and intensity of two-photon ionization through the 1s3p1P1, 1s4p1P1 and 1s5p1P1 resonance series, using an interferometric method. While the intensity variation presents a series of peaks at the positions of the resonance, the phase undergoes π-rad phase changes both at and in between the resonances. Going through the resonance, the phase decreases linearly with energy with a total phase variation of π rad at all emission angles. The smaller the ionization induced by the dressing field, the more rapid this linear decrease in phase is. The phase variation remains similar when varying the relative polarization of the XUV and dressing fields. A second sharp phase variation of π rad is observed between two resonances. This anti-resonant phase variation is strongly dependent on the emission angle and reflects the angle- and polarization-dependent interplay between the two angular channels contributing to the two-photon ionization process.
We have shown both experimentally and theoretically that, even for a simple atomic system like helium, angle-resolved measurements, as well as measurements with different polarizations, provide invaluable insight to the physics of resonant two-photon ionization. They should become an essential tool to the investigation of more complex atoms or molecules.
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Based on the time-dependent density functional theory, we theoretically investigate the influence of mechanical strains on the high-order harmonic generation (HHG) in the monolayer hexagonal boron nitride (hBN) crystal. We show that mechanical strains can largely modify the band structure and facilitate the harmonic emission. Compared to uniaxial strains, we find that biaxial strains may enhance the HHG yield significantly, and the HHG spectroscopy generated by a linearly polarized laser is closely related to the symmetry of the deformed hBN. Moreover, when driven by a circularly polarized laser, we find that the appearance of the 3n-order harmonics manifests the restoration of the three-fold rotational symmetry. Our results will be useful in controlling the HHG spectroscopy and probing lattice deformations in crystals.
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1 INTRODUCTION
Since the high-order harmonic generation (HHG) from the bulk ZnO was first observed in 2010 [1], much attention has been paid to the HHG from crystalline solids, which may provide a direct access to high-efficiency and high-stability light sources [2]. State-of-the-art experiments have recorded HHG in various condensed-matter systems [3–7], providing a great opportunity to all-optically image the electronic structure and ultrafast processes [5], such as valance charge imaging [4], energy band reconstruction [3, 8], Berry curvature measurement [6, 9], lattice symmetry probe [9–11] and transition moment visualization [12]. Due to the complicated interaction between solids and the intense laser field, the HHG mechanism from solids can not be sufficiently explained by the atomic three-step model [13]. At a basic level, interband and intraband transitions were demonstrated to be critical for solid HHG [14]. Up-to-now, the coupling mechanism between interband and intraband processes has not been fully understood, and more importantly, a general rule to manipulate the solid-state harmonics has not yet been proposed.
Among various solid-state materials, the ability to continuously tune the electronic structure is one of the most attractive properties of two-dimensional (2D) materials. The atomic thickness of 2D materials makes their electronic and optical properties very sensitive to external perturbations [15]. The HHG from 2D materials brings some distinctive features. For example, it has been demonstrated both experimentally [6] and theoretically [16] that the HHG from the isolated monolayer MoS2 is more efficient than that from its bulk forms. Also, it is found that the even-order HHG in the monolayer MoS2 is predominantly polarized perpendicular to the pump field, which is caused by the intraband anomalous transverse current arising from the Berry curvature of the material [6]. The HHG in the monolayer graphene shows an anomalous dependence on the laser ellipticity [7]. The monolayer hBN can generate bulk-like harmonics when it is driven by an in-plane polarized laser field, and atomic-like harmonics when driven by an out-of-plane polarized pulse [15–17]. In addition, Yu et al. [17] investigated the double-plateau structure of the HHG spectrum in the bilayer hBN crystal with the driven laser pulse at grazing incidence. They found that the photon energy of the second plateau far beyond atomic-like harmonics can be well explained by the inclusion of backscattering of ionized electrons.
In addition to modulate laser parameters, tailoring the electronic structure of solid-state materials has also been proven to be a powerful way to control the HHG. For example, this can be achieved by doping [18, 19] or growing nanostructures on the surface [20, 21], lowering the dimensionality of the material [6, 16], and changing the layer stack [16, 22, 23]. It is worth mentioning that the mechanical engineering is one of the most commonly used methods to tune the lattice deformation, band gap and the carrier effective mass, providing an effective way to change the transition temperature of the ferromagnetic-paramagnetic [24, 25], metal-insulator [26] and superconductor [27, 28]. Interestingly, the semiconductor-metal transition in the thin film MoTe2 can be realized at room temperature by applying tensile strains [29, 30].
Strain engineering, as a traditional low-cost route to manipulate the electronic structure, has been widely used in material sciences. By imposing strains, e.g., stretching or compressing the lattice structure, the device performance as well as optical properties can be effectively regulated [31, 32]. Therefore, it does stand to reason that tailoring the HHG from solid-state materials can also be achieved by applying strains. So far, to the best of our knowledge, controlling the HHG from 2D materials via strains remains seldom explored. Recently, Guan et al. demonstrated the high sensitivity of HHG by applying uniaxial strains in the monolayer MoS2 and showed strong correlations between intraband and interband contributions [33]. Generally speaking, by exerting biaxial stretching strains, the harmonic efficiency can be facilitated due to the downshifting energy level of the conduction band [34]. Besides, Qin et al. [35] showed that, under biaxial and uniaxial strains, the harmonic intensity in the zero-gap monolayer silicene can be significantly enhanced up to an order of magnitude.
As a prototype of 2D materials, the hBN attracts great interest due to its outstanding optical and structural performances, e.g., a wide band gap, excellent structrual stability [36], hardly damaged under radiations [15], and strong exciton coincidences [37]. The hBN relevant materials have been demonstrated to be a promising candidate for the HHG, such as Graphene/hBN heterostructures [22], hBN stacking forms [16] and hole-defect hBN structures [19]. More importantly, ab initio calculations showed that the exertion of strains can effectively tune the bandgap structure of the monolayer hBN, and with a certain large lateral deformation, the single-layer hBN may be turned from insulator to semiconductor [38].
In this paper, we focus on the stretching effect on the HHG. As an example, we theoretically investigate the HHG from the monolayer hBN crystal within the time-dependent density functional theory (TDDFT). Compared to the previous research, we systematically study the influence of uniaxial and biaxial strains along the zigzag direction and the armchair direction on HHG from the monolayer hBN crystal. To launch a more convincing dynamics, we compute the initial ground-state density for each stretching geometry. For the nonlinear HHG response, we consider two kinds of laser fields, i.e., the linearly polarized and the counter-rotating bicircular pulses.
This paper is organized as follows: In Section 2, we introduce the framework of the TDDFT method and numerical details. In Section 3, we discuss the strained band structure and the HHG in the monolayer hBN. Finally, in Section 4, we summarize and discuss the prospects of our results.
2 METHOD
The electron dynamics of the monolayer hBN is investigated by solving the following time-dependent Kohn–Sham (KS) equations (atomic units is adopted and the spin notation is omitted hereafter) [39, 40],
[image: image]
where ψi are KS orbitals and the subscript i corresponds to both a band and a k-point index. The KS effective potential consists of three parts: the classical Hartree potential VH, the electronic exchange-correlation (xc) potential Vxc, and the external potential Vext that contains the incident laser field and the electron-ion Coulomb potential. The total density ρ(r, t) is defined by summing up all the orbital densities,
[image: image]
The microscopic electric current density j(r, t) is computed from time-evolved KS orbitals:
[image: image]
Then, the HHG spectrum is obtained from the total time-dependent electronic current j(r, t) by the following Fourier transform,
[image: image]
where Ω is the volume of the computational box.
In the present work, we consider both uniaxial and biaxial stretching strains applied to the monolayer hBN crystal. For strained geometries, we optimize lattice parameters of the monolayer hBN by using the Vienna ab intio Software Package (VASP) [41, 42]. The projected augmented wave [43, 44] pseudopotentials are employed with a cutoff energy of 500 eV for the plane-wave basis, and the xc functional is treated with the generalized gradient approximation of the Perdew–Burke–Ernzerhof (PBE) functional. The ground-state structural optimizations are carried out using a cubic cell which contains four atoms, i.e., two boron atoms and two nitrogen atoms, as shown in Figure 1A. The corresponding Brillouin zone (BZ) integrations are approximated by adopting the special k-point sampling of the Monhkorst-Pack scheme with a size of 28 × 16 points. The uniaxial deformations are imposed by stretching the crystal lattice on either the x [ɛuni.(x)] or the y [ɛuni.(y)] direction, and the biaxial deformations are applied in both the x and the y directions (ɛbi.). Due to the Poisson effect [45, 46], the lattice tends to be compressed along the direction perpendicular to the uniaxial stretching direction. Therefore, during the optimization, when the uniaxial strain [ɛuni.(x) or ɛuni.(y)] is applied, the x (or y)-direction lattice parameter Lx (or Ly) in the cubic cell is fixed, and the Ly (or Lx) is obtained by the minimum process that the system relaxes to its lowest energy state. For the symmetric strain distribution (ɛbi.), we scale both the Lx and Ly by the same ratio. Here, stretching percents in the range from 0 to 6% are considered, where ɛ = 0 manifests a strain-free operation, and ɛ > 0 corresponds to a stretching operation.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the strain-free monolayer hBN. The primitive (hexagonal) cell and cubic unit cell are framed by solid and dashed lines. (B) The first Brillouin zone of the strain-free monolayer hBN and the corresponding high symmetric points Γ, K, M, R, and S in the reciprocal space. (C) The band structure of the strain-free monolayer hBN.
After the lattice parameter optimization, the corresponding simplified two-atom primitive cell framed by the thin black solid lines in Figure 1A is used for ground-state calculations and time-dependent propagations, which is performed within OCTOPUS package [47, 48]. In all the calculations, nuclei are fixed, so that the energy transfer from electrons to ions is not considered. The lattice parameter of the primitive cell for the unstrained monolayer hBN is 4.73 a0. The length of the simulation box in the out-of-plane direction is 66 a0. A complex absorbing boundary condition [49] is employed to prevent the possible electronic wave-packet reflection, and the width of the absorbing boundary is 3 a0 laying on the edges of the computational box. All the physical quantities are discretized in a three-dimensional box with a uniform grid size of 0.33 a0. We employ a local-density approximation (LDA) [50] for the electronic exchange-correlation, and Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials [51] for core-electron potentials. The 2D BZ is sampled by a 44 × 44 Monkhorst–Pack k-point mesh for self-consistent converged calculations. The monolayer hBN is exposed to a linearly or a counter-rotating bichromatic circularly polarized mid-infrared laser field, polarized along the in-plane direction. The laser-matter interaction is described in the velocity gauge with the vector potential A(t) given by,
[image: image]
where Ai0 is the peak vector potential. ϵi and ωi are the ellipticity and the frequency of the ith pulse, respectively. The laser pulse envelope f(t) is a sin-square profile. For the linearly polarized laser, A20 and ϵi are set to be zero. For the bichromatic circularly polarized field, A10 = A20, ϵi = 1 and ω2 = 2ω1. The “±” in Eq. 5 is used to distinguish a circularly polarized field with the left-handed ( + ) or the right-handed ( − ) rotation. Both kinds of laser pulses share the same pulse length, and contain 8 cycles of the fundamental pulse. The electric field E(t) relates to the A(t) by [image: image]. The total energy of the incident laser field in the current work always remains the same as the fundamental linearly polarized pulse with a peak laser intensity of 1012 W/cm2.
3 RESULTS AND DISCUSSION
The strain-free monolayer hBN is a direct-gap insulator with a hexagonal lattice. The top view of the crystal structure is shown in Figure 1A. Figures 1B,C show the first BZ and the band structure, respectively. The minimum direct band gap is located at K point with a magnitude of [image: image] eV, in good agreement with other calculations [38, 52]. For the strain-free hBN, the energy at the high symmetry points of S and M in the band structure is degenerate, as well as the R and K points.
By taking the lattice structure of the strain-free monolayer hBN as a reference, the symmetry of the reciprocal space will be changed under different strain strengths. In Figures 2A–C, we show electronic band structures of the monolayer hBN that under different stretching percents. We find that the band structure strongly depends on the strength and direction of the applied strains, and the band energies shift when strains are applied. For the cases of ɛuni.(x) and ɛbi., the top of the valence band (VB) and the bottom of the conduction band (CB) locate at K point, and the increase of the stretching percent always results in the decrease of the direct bandgap. For the ɛuni.(y) case, the monolayer hBN has a direct bandgap under small strains. However, its bandgap turns into indirect for larger stretching magnitude. Biaxial strains usually modify the bandgap more seriously than uniaxial strains. For instance, when ɛuni.(x) = 6% (or ɛuni.(y) = 6%), the direct bandgap at K point decreases to [image: image] eV, while when ɛbi. = 6%, the direct band gap decreases to 4.1 eV. The shifting trend of the bandgap under strains in this work agrees with that in Ref. [38].
[image: Figure 2]FIGURE 2 | The band structures of the monolayer hBN with the uniaxial strain along (A) the x direction, (B) the y direction, and (C) the biaxial strain along both the x and y directions. The blue and magenta curves are for ɛ = 0 and ɛ = 6%, respectively. ɛ = 0 is the strain-free case. The corresponding strain-dependent direct and indirect band gap in the monolayer hBN are shown in (D) − (F).
To explain the strain effect on the HHG, we first study the HHG spectra of the monolayer hBN crystal under different strains, driven by a linearly polarized laser pulse. Our results show that the distortion of the band structure alters significantly the in-plane harmonic emission. Since the phonon effect is not considered in the present work, the electronic indirect transition may not contribute to the harmonic generation. Figure 3A shows the total HHG intensity in the monolayer hBN under stretching strain values of ɛ = 0 and ɛ = 6%. Compared with the strain-free case, both uniaxial and biaxial strains lead to the enhancement of the HHG intensity. The strain-dependent excited electron number (Nexc) of the monolayer hBN after the laser field ends is shown in Figure 3B. The Nexc is larger under the biaxial stretching, and the corresponding HHG intensity is slightly stronger than that in the uniaxial strain cases. This may be attributed to the fact that reducing the bandgap makes electrons easier transfer from the VB to the CB. This finding is in consistent with the strain-controlled HHG mechanism in silicene, in which both the intraband and the interband HHG can be enhanced due to the increase of electronic population in the CB [35].
[image: Figure 3]FIGURE 3 | (A) The total HHG spectra in the monolayer hBN with the stretching percent of ɛ = 6% under the linear pulse polarized along the x direction. The laser wavelength is 1,600 nm with a peak intensity of 1012 W/cm2. The gray solid line is for the HHG spectra in the strain-free case. (B) The strain-dependent excited electron number after the laser ends for different strains strengths.
To explain the strained HHG mechanism, we plotted the time-frequency HHG with stretching strains in Figure 4. We find that the strained HHG mechanism is closely related to the symmetry of the monolayer hBN. For the strain-free hBN, it has the reflection symmetry with respect to the B-N bond, and the three-fold rotation symmetry with respective to the center of the hexagonal lattice [53]. However, when applied stretching strains, some symmetries are destroyed, resulting in a concert change in the HHG spectra. Specifically, under uniaxial stretching along the x or the y direction, the three-fold rotation symmetry is broken, while the reflection symmetry in the x direction is preserved. This gives rise to different HHG mechanisms that only odd harmonics are found in the x direction and only even harmonics are found in the y direction. Besides, we demonstrate that high harmonics are emitted as discrete bursts in phase concerted with the change of vector potentials, and magenta lines in Figure 4 stand for the absolute value of the vector potentials. This suggests that the electronic interband transition is the dominant mechanism for the stretching-strained harmonic emission [54].
[image: Figure 4]FIGURE 4 | The time-frequency logarithmic intensity of x-polarized harmonics under different stretching percents, radiated by a linear polarized laser pulse along the x direction: (A) strain-free; only uniaxial stretching imposed along (B) the x direction with ɛuni.(x) = 6% and (C) the y direction with ɛuni.(y) = 6%; (D) biaxial stretching with ɛbi. = 6%.
To further investigate the energy transfer from the laser field to the strained monolayer hBN, Figure 5A shows the energy absorption per atom at different laser rotation angles that defined as the angle between the laser polarization and the x direction. The laser field is initially polarized in the x direction, and then rotates counterclockwise, as shown in the insert in Figure 5A.
[image: Figure 5]FIGURE 5 | (A) The calculated energy absorption per atom of the monolayer hBN as a function of the laser rotation angle under stretching percents of ɛ = 0 and ɛuni.(y) = 6%. The inset shows the angle of the laser in-plane polarization. The laser field is first polarized in the x direction and then rotated counterclockwise. The harmonic yield as a function of the laser rotation for cases of ɛ = 0 (B) and ɛuni.(y) = 6% (C). The HHG yield component that parallel or perpendicular to the linearly polarized field is denoted by circle and triangle symbols, respectively. Cubic symbols are the total harmonic yield.
The energy absorption is an effective representation to clarify the laser-matter energy connection. The energy transfer function W in the unit cell volume of Ω can be defined as
[image: image]
where tend is the moment that the laser pulse ends. In Figure 5A, for the strain-free case, W vibrates with a period of [image: image] degrees, indicating a high anisotropy of the monolayer hBN. Maximum values of W are found when the laser polarization is parallel to the B-N bond (30°, 90°, 150°), and minimal values are identified when the laser polarization is paralled to either the B-B or the N-N bond (0°, 60°, 120°, 180°). When the lattice structure is stretched along the y direction, the original hexagonal geometry is lost. Therefore, the B-B (or N-N) distance in the x direction is slightly compressed and the B-N bond in the y direction is stretched. Interestingly, we find that W is larger under ɛuni.(y) = 6% than the strain-free case when the laser is polarized around the 0° angle, and becomes smaller when the laser is polarized around the 90° angle. This demonstrates that the anisotropy is greatly enhanced in the stretching case. Neufeld et al. also found that the harmonic yield in the plateau region oscillates periodically in accordance with the instantaneous structural changes in the lattice, and the dominant HHG contribution arises when the laser polarization is parallel to the compressed B-N bond [55].
The high-energy harmonics around the cutoff region are sensitive to the interatomic distance and electronegativity [4], in other words, it can be used to reconstruct the geometric symmetry of the material. To this end, we study the (15th-22nd)-integrated HHG yield. As shown in Figures 5B,C, triangle symbols represent the composed HHG yield parallel to the polarization direction and circle symbols represent the yield component perpendicular to the polarization direction. It can be seen that the total harmonic yield is in consistent with the change of the energy absorption in Figure 5A. For both the ɛ = 0 and ɛuni.(y) = 6%, the parallel contribution to the total HHG yield is dominant. The weak perpendicular component of HHG is generally attributed to the Berry curvature. In addition, contributions of orientation-dependent HHG yield from the parallel and the perpendicular configuration are opposite to each other. A more detailed analysis of the selection rule for the strain-free monolayer hBN can be found in our previous paper [53].
Figure 6 shows the non-perturbative anisotropy map of the HHG from the monolayer hBN obtained via rotating the polarization of the linearly polarized driving field. We analyze the two polarization components of the harmonics, i.e., perpendicular and parallel to the linearly polarized laser field. For the ɛ = 0 and the ɛuni.(y) = 6% cases, the crystal symmetry is quite different. The parallel and the perpendicular HHG components reflect the symmetry of the hexagonal layered structure. Compared with the parallel component, the weak HHG perpendicular component is dominated by the even harmonics, as shown in Figure 6B. When the laser polarization is in the B-B (or N-N) direction, pure odd harmonics are embodied in the parallel component and pure even harmonics in the perpendicular component. The perpendicular harmonic component is forbidden when the laser is polarized along the B-N bond. For the ɛuni.(y) = 6% case, the breaking of the three-fold rotation symmetry is reflected by the perpendicular HHG spectrogram, e.g., the mirror symmetry with respect to the B-N bond is broken at 30° and 150°. Therefore, the HHG perpendicular component is strictly forbidden when the laser is polarized in the y direction, and the odd harmonic yield in Figure 6D is higher than that in Figure 6B. One has demonstrated that the polarization properties of the solid-state HHG are largely governed by the crystal symmetry by comparing the experimental measurements with the theoretical results [56]. The similar odd/even order contrast has been reported for many other crystals, such as the monolayer MoS2 [6], the bulk ZnO [56], α-quartz crystals [9, 57], etc. These results show that the polarization-dependent harmonics provide a powerful way to probe the crystal spatial symmetry.
[image: Figure 6]FIGURE 6 | Logarithmic colormap for the polarization-dependent harmonic intensity in the monolayer hBN. Left panels: the HHG in the strain-free monolayer hBN for the (A) parallel and (B) the perpendicular components. Right panels: The HHG in the stretching monolayer hBN with ɛuni.(y) = 6% for the (C) parallel and (D) the perpendicular components.
For the HHG selection rule, it has been proven that the HHG emission must obey the same symmetry owned by the target system and the driving field [58, 59]. Therefore, if the incident laser field has the three-fold rotation symmetry as same as the monolayer hBN lattice, the 3n-order harmonics should be missing. According to this, we investigate the harmonic generation in the monolayer hBN under ɛuni.(y) stretching driven by a bichromatic counter-rotating circularly polarized laser pulse. Such a laser pulse is a combination of a circularly polarized fundamental field of frequency ω1 (1,600 nm) and its counter-rotating second harmonic ω2 (800 nm), which exhibits a three-fold rosette pattern as shown in the insert of Figure 7. The intensity of both two single circularly polarized pluses is set to be I1 = I2 = 5 × 1011 W/cm2. For the strain-free case, governed by the selection rule, it is obvious that the 3nth harmonics are forbidden. However, as the uniaxial stretching percent increases, the forbidden 3nth harmonics gradually restore. In this case, the uniaxial stretching breaks the three-fold rotation symmetry, and the selection rule is replaced by selection deviations [60]. Comparing with the results of ɛuni.(y) = 3% and ɛuni.(y) = 6%, one can find that a larger stretching percent gives rise to a stronger 3nth harmonic signal. This suggests that exerting a stronger external perturbation may result in a larger deviation, and such a signal is useful to reconstruct the lattice deformation.
[image: Figure 7]FIGURE 7 |  The HHG in the stretching and strain-free monolayer hBN driven by a two-color counter-rotated circularly polarized laser pulse. The insert is the Lissajous curve of the applied laser field.
4 CONCLUSION
In conclusion, we have studied the strain-dependent HHG in the monolayer hBN crystal within the TDDFT. The monolayer hBN is exposed to an intense linearly polarized or a counter-rotating bichromatic circularly polarized mid-infrared laser field. To ensure the structural stability of the hBN crystal, stretching percents are limited in the range of 0–6%. Using the strain-free monolayer hBN as a reference, we studied band structures and the resulting HHG under two typical kinds of strains, i.e., the uniaxial and the biaxial stretching strains. We find the band structure is sensitive to the structural deformation modulated by strains. For both the uniaxial and biaxial cases, the interband dynamics is the dominant mechanism in the strained monolayer hBN. By rotating the laser polarization direction, the HHG spectra from the strained monolayer hBN exhibit some special features compared with that from the strain-free case. The results show that the anisotropy of HHG spectra is closely related to the structural symmetry of the strained hBN. Furthermore, when exposed to a bichromatic counter-rotating circularly polarized laser pulse, the restoration of 3nth harmonics is a potential probe to reconstruct the lattice deformation. Therefore, our work provides a useful way to control the HHG by applying mechanical strains, and the results may be heuristic to enhance the optoelectronic efficiency of solid-state nano-devices.
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Substantial neutral atoms can tunnel to excited states in an intense laser field and subsequently generate coherent emission through free induction decay. We experimentally observe an enhanced coherent emission in the harmonic slightly below the threshold, which is consistent with the free induction decay of Rydberg states produced by the frustrated tunnelling ionization (FTI) process. We further find that the intensity of the coherent emission significantly depends on the chirp of laser pulses. The simulations based on the strong field approximation model show that laser chirp affects the probability that the returned electrons recombine to the Rydberg states. Our result shows that coherent emission can be controlled by laser chirp, which facilitates understanding the dynamics of the Rydberg atom and coupling mechanism between the below-threshold harmonics and atomic energy level. In addition, the coherent below-threshold FTI emission we observed has small divergence which is good for EUV light source applications.
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1 INTRODUCTION
The investigations of high-order harmonic generation (HHG) [1, 2] in atomic and molecular systems promote the development of non-linear optics. A bound-state electron can be released from parent ion through the tunnelling ionization process when the instantaneous intense laser external field becomes comparable to the binding Coulomb field. Then, the released electron obtains kinetic energy in the laser field and recollides with the parent ion; subsequently, the kinetic energy of the collision is converted into radiation energy. This widely accepted physical picture called the three-step model [3, 4] has attracted extensive research interest such as atomic and molecular dynamics [5, 6], attosecond science [7–9], and coherent extreme-ultraviolet source [10].
In the previous reports, the above-threshold HHG has been extensively studied, and recent works show that the below (or near)-threshold harmonics (BTH) present complex and interesting phenomena. When the BTH spectrally overlap with the atomic energy levels, resonance-enhanced vacuum ultraviolet (VUV) emission [10] can be generated with phase-matching and high-efficiency. Although BTH generation [11–15] is largely incompatible with the three-step model of HHG, the surprising result is that these harmonics still arise from a non-perturbative process [16]. The cross-correlation frequency resolved optical gating (XFROG) [17] characterization shows that the BTH has a clear non-perturbative negative group delay dispersion (GDD), and the mechanism for BTH generation is similar to the semi-classical re-scattering process responsible for plateau harmonics. It is also found that the effects induced by the Coulomb potential also have a critical impact on these harmonics [11].
Near the threshold of the atomic or molecular ionization, some new coherent extreme-ultraviolet emissions [18, 19] through frustrated tunnelling ionization (FTI) process [20–24] called “FTI emission” have been reported. In the case of FTI, an electron is released from the parent ion by tunnelling ionization and oscillates in the superposition of the Coulomb field and the laser field, which is similar to the first two steps of the three-step model. Nevertheless, when the laser pulse is turned off, the released electrons return to the vicinity of the parent ion with zero kinetic energy, where the wave packets overlap spatially with the Rydberg states [25–27], rather than direct recombination to the ground state as described in the three-step model. Also, even at extreme high-laser intensities, atoms or molecules are not fully ionized and a fraction of them will appear as high-Rydberg states at the end of the laser pulse [28]. In this way, atoms or molecules can be coherently excited and obtain energy by surviving the laser pulse [29] in the Rydberg states and subsequently generate coherent EUV emission through free-induction decay (FID) [30–33]. The FTI emission is generated in the transition between the Rydberg states and the ground state, where the energy difference determines the frequency of emission. The FTI emission can be spatially controlled by adjusting the spatial chirp of driving pulses [18, 19], but the effect of temporal chirp of laser pulses on FTI emission has not been reported.
In this work, we investigate the FTI emission overlapping with HHG around the ionization potential of Kr atoms, Ip, excited by the chirp-controlled laser. The results show that behavior of the spectra can be strongly affected by the temporal chirp of the laser field and totally different for the parts above and below the ionization potential. The part above the Ip always presents the absorption, while the part below the Ip presents the emission which can be tuned by the laser chirp. By solving a one-dimensional time-dependent Schrödinger equation (1D TDSE), it is found that after the ground-state electron is excited, the probability of electron recombination to the Rydberg states is different under the positive and negative chirps. The positive chirp is conducive to electron recombination to the Rydberg states, in which case the probability of the electron returning to the vicinity of the parent ion with zero kinetic energy is higher. The excited state population at chirp coefficient b = 0.03 is about 5 times that of the unchirped laser field and 10 times that of the b = 0.03 laser field. We can control the emission intensity through chirp; furthermore, the FTI emission below the Ip we observed exhibits a small divergence. Our findings provide a new way to observe the complex electron behavior around the ionization potential Ip and to manipulate the FTI emission, contribute to the mechanism of the BTH, and open up the possibility of EUV light source applications such as lithography [34, 35] and EUV spectroscopy.
2 EXPERIMENTAL RESULTS
The BTH are driven by a commercial titanium–sapphire laser system (Coherent LEGEND-HE-Cyro, 800 nm, 1 kHz, 40 fs, 10 mJ pulse energy), which can be tuned to generate pulses with different chirps measured 40–300 fs duration (full width at half maxima, FWHM). The laser pulses were focused by a lens with 500 mm focal length to a 2 mm-length cell filled with Kr atoms under constant pressure to generate harmonics. The energy before the focal lens is 0.5 mJ, and the peak laser intensity of the chirp-free 42 fs pulse is about 1.34 × 1014Wcm−2. The transmitted beams from the gas cell are filtered by a 300 nm-thick indium (In) foil, and the filtered HHG is collected in a reflection geometry by a spherical mirror which focuses the emissions onto the slit of the VUV spectrometer (McPherson, 234/302) which is located 950 mm away from the gas cell. The spectrometer has been calibrated with a xenon lamp and a mercury vapor lamp. In this experiment, the wavelength of 9th-order harmonic is 88.89 nm, and the corresponding photon energy is 13.9483 eV which is almost equal to the ionization energy of krypton (Ip = 13.9996 eV), which means 9th harmonic can cover many Rydberg states around the ionization potential Ip of Kr atom. Unless otherwise specified, the following experimental conditions are the same.
The existence of the Rydberg states implies differences between the 9th and other harmonics, and we compare different harmonics with the same experimental parameters. Figure 1 shows experimentally measured spectra of the 9th-order harmonic (A) and higher order harmonics (B) from Kr. The upper figures of Figures 1A,B show the harmonic spectra measured by the CCD. The horizontal axis represents the photon energy and the vertical axis is the divergence of the harmonic, which is calculated according to the distance from the gas cell to the CCD. The red line marks the coherence line emissions (4p6 → 4p5ns) near the Kr ionization energy, and the energy levels for coherence line emissions refer to the NIST Atomic Spectra Database, ASD [36]. The figures below represent the vertical integration of the upper figures, and the horizontal axis is converted to the corresponding wavelength. When acquiring 13th–17th spectra, the indium foil filter is replaced with aluminum foil with the same thickness because of low-transmittance. Compared with the higher order harmonics, the 9th harmonic spectrum exhibits both absorption [labelled as [image: image], 87.95 nm] and enhanced emission [labelled as [image: image], 89.96 nm] due to the Kr levels. The photon energy of enhanced emission is lower than the ionization energy Ip (corresponding to the Kr [image: image] limit). It can also be seen from these figures that the divergence of the enhanced emission is ∼1 mrad, close to that of the 9th harmonic, indicating that this is a radiation with good coherence. Comparatively, there is no such structure in the higher order harmonic (13th, 15th, and 17th) spectra. So, the enhancement part of below-threshold 9th harmonic that differs from higher order harmonics is what we care about.
[image: Figure 1]FIGURE 1 | Comparison of the 9th-harmonic (A) and higher order harmonic (13th, 15th, and 17th) (B) spectra from krypton. The upper figures show the harmonic spectra measured by the CCD. The horizontal axis represents the photon energy, and the vertical axis is the divergence of the harmonic, which is calculated according to the distance from the gas cell to the CCD. The red line marks the coherence line emissions (4p6 → 4p5ns) near the Kr ionization energy. The figures below represent the vertical integration of the upper figures, and the horizontal axis is converted to the corresponding wavelength. The indium foil filter was replaced with aluminum foil with the same thickness when acquiring 13th, 15th, and 17th spectra because of low-transmittance.
Typically, the HHG process can be coherently controlled by using a chirped laser [37]. Figure 2 shows the variation of spectrum with the laser chirp, corresponding to the FWHM pulse duration τ from −42 fs to +100 fs, the corresponding laser intensity ranging from 1.34 × 1014Wcm−2 to 5.51 × 1013Wcm−2, where “+” and “−” signs indicate the positive and negative chirp, respectively. Apparently, Figure 2 shows that the shape and position of the FTI emission are controlled by the chirp. When the laser pulse is positively chirped, the wavelength position of FTI is fixed, as marked by black dotted circle, depending on the energy level of Kr and the intensity of emission changes with the value of chirp. However, the harmonic will shift with the change of chirp. When the pulse is positively chirped or negatively chirped, the variation range of the intensity is symmetric about the zero-chirp line (dashed line in Figure 2), and the FTI emission does not exhibit this symmetry; the FTI emission can only be observed when the pulse is positively chirped (pulse duration measured +42.8 to +74.1 fs). Despite the same intensity, no FTI radiation was observed under negatively chirped pulse (pulse duration measured −54.2 to −76.2 fs). As can be seen from Figure 2, chirp plays a key role in the spectral intensity of FTI emission.
[image: Figure 2]FIGURE 2 | Variation of spectrum with laser chirp. The corresponding FWHM pulse duration τ shown as the y-axis varies from −100 fs to +100 fs, where “+” and “−” signs indicate the positive and negative chirp, respectively. The FTI emission is marked by black dotted circles.
To verify whether the enhanced signal is induced by the atomic level, we compare the 9th-harmonic spectra from krypton and argon. In our experimental scheme, the 9th harmonic overlaps the ionization energy and Rydberg-state levels of krypton. But for argon atoms, the photon energy of the 9th harmonic is far below ionization energy. Therefore, when krypton is replaced by argon, the FTI coherent emission will not be observed in the 9th harmonic. Figure 3 displays the comparison of the 9th-harmonic spectra of Kr and Ar under different chirps. In Figure 3A, the levels of Kr near ionization energy are marked above the spectra as red lines, and the FTI coherent emission coincide well with the energy level [image: image]. Moreover, there are notable absorptions corresponding to the levels [image: image] (87.95 nm) and [image: image] (86.86 nm), implying the transitions from the ground state. The three levels aforementioned are highlighted in a long red line for comparison purposes. The spectral width of the FTI emission at [image: image] is ∼0.03 eV, which is comparable to the spectral width of absorption peak at [image: image]. As seen from the comparison, the 9th harmonic shows a frequency shift, but wavelengths of the absorption and FTI emission are fixed and coincide well with the Kr levels. This suggests that the mechanism of emission at the krypton level is different from that of the 9th-order harmonic generation. For absorption peaks above the threshold, the atom absorbs the 9th harmonic and is excited to the autoionizing state [12, 38], which ionizes almost immediately [39]. The radiation of autoionization propagates at solid angle of 4π, is rarely collected in the spectrometer, and appears as spectral absorption. Figure 3B shows the experimental below-threshold 9th-harmonic spectra generated from Ar, there are only absorptions of the Ar level [image: image] (blue line). In addition, the enhanced structure from the Kr level is chirp-dependent.
[image: Figure 3]FIGURE 3 | Comparison of the 9th-harmonic spectra of Kr (A) and Ar (B) under different chirps. (A) The peak laser intensity of the chirp-free 42-fs pulse was 1.34 × 1014Wcm−2. The long red lines are used to highlight absorption and emission under different chirps. (B) There is no fixed structure in the argon harmonic expect absorption of the level Ar [image: image] (blue line). The peak laser intensity of the chirp-free 42-fs pulse was 1.88 × 1014Wcm−2.
In brief, there are several characteristics of the enhanced coherent emission observed in our experiments. First, the frequency of the enhanced coherent emission is determined by the energy level. So, when we change the chirp of driven pulses, the center wavelength of the enhanced coherent emission remains unchanged, while the 9th-harmonic spectrum drifts a little. Also, there is no enhanced coherent emission from Ar since the 9th harmonic does not cover the levels of Ar atoms. Second, the intensity of the enhanced coherent emission depends on the chirp of driven laser. The chirp is reflected in the temporal shape of the driven photoelectric field. We will analyze how the chirp of driven laser affects the enhanced coherent emission next.
3 SIMULATION AND DISCUSSION
As seen in experimental results, the enhanced coherent emission exhibits a small divergence (Figure 1) close to harmonics and its intensity could be controlled by adjusting the temporal chirp of a driving laser pulse, which can be explained by the FTI emission through FID progress [18, 22, 26, 30]. By introducing the concept of electron trajectories, the electron dynamics of FTI progress in the strong laser field could be explained with the strong field approximation theory. In the framework of strong field approximation, the Coulomb field is neglected after the ionization compared to the laser field. In the case of well-known HHG, the wave packet tunnels turn out to be the electron wave packet in the continuum, whose trajectory depends on the ionization time. The electron that tunnels out after the peak of the laser electronic field can be captured to the ground state and lead to harmonic generation. As for FTI progress, we focus on the trajectories of the released electron whose wave packet remains near the parent ion with zero kinetic energy after the laser field. Therefore, only electrons ionized at the appropriate ionization time can recombine to the Rydberg states eventually. The electron that tunnels out near the peak of the laser electric field during every half optical cycle has near-zero kinetic energy after the driving pulse, which is also located near the parent ion and has a high-probability of recombination to the Rydberg states. The chirp dependence of the FTI emission in Figure 2 implies that the probability is also chirp-dependent, causes the temporal shape of driven laser to differ with different chirps, which affect the ionization time of electrons that eventually bind to the Rydberg states. Therefore, the transition probability to the Rydberg state can be expressed as the superposition of ionization rate at the ionization time at every half optical cycle. To simplify the analysis, we assume that Kr atoms are in the ground state before the driving laser (Gaussian beam). The field of linearly polarized pulse with a Gaussian amplitude can be expressed as
[image: image]
where b is the chirp coefficient; I0 = 6 × 1013Wcm−2 and ω0 are the peak intensity and frequency of driving laser, respectively; τ = 53fs is the FWHM duration; and ϵ0 is the vacuum dielectric constant. The parameters of simulation are those when FTI signals can be evidently observed experimentally. The parameter b is used to change the laser chirp. The ionized electron oscillates in the intense laser field after ionization whose trajectory is significantly dependent on the ionization time.
We verify this explanation by solving the 1D TDSE. The soft-core Coulomb potential is given as [image: image], the constant 1.873 is used for the ionization potential (Ip = 0.5147 a.u.) of a Kr atom. The Schrödinger equation in a.u. is
[image: image]
where ψ is the wavefunction. The half-length of the absorbing boundary Rabs = 15.9 nm is sufficiently wide to reveal component of the high-lying Rydberg states. Figure 4A shows the temporal evolution of the ground-state krypton atomic populations. The evolution of the wavefunction is shown by |ψ|0.2, where the value of 0.2 is taken for visualization. It can be seen that the ground state evolves into the superposition of the ground state and excited states when the driving laser is turned off. There is a notable electron population in the vicinity of the ion (±10 nm) where it is overlapped with the Rydberg states. Apparently, some of the electrons are released from the parent ion during the laser field and then are captured to the Rydberg states, which is consistent with FTI as discussed in the previous work [18].
[image: Figure 4]FIGURE 4 | (A) Temporal population evolution of a krypton atom exposed to external laser fields in the strong-field tunnelling regime. The top curve is the time domain shape of the laser electric field, and the curve on the right is the populations of krypton when driving laser is off. (B) One-dimensional populations of excited states surviving in different chirped intense laser field. The horizontal axis of the coordinate is the chirp coefficient b in Eq. 1. The curve below shows the integral of populations under different chirp coefficient b. (C) Chirp dependence of the harmonic near threshold (9th, red triangle) and the FTI emission (blue square) observed in experiments. The abscissa is the pulse duration of driven laser which represent different chirps.
The progress of FID [30] suggests that the intensity of FID radiation is related to populations of excited states, which is the high-lying Rydberg states in our study. Previous works have shown that neutrally excited atoms can survive intense laser fields for a long time [20, 29], suggesting that it is possible to accumulate sufficient excited state populations to generate FID radiation under appropriate laser conditions. For qualitative representation, we calculate the one-dimensional population of the first excited state with differently chirped pulses. The chirp coefficient b (Eq. 1) varies in the range of [−0.06, 0.06], which is similar to experimental conditions. Figure 4B displays one-dimensional populations of the first excited state under action of laser with different chirp coefficient b; the curve below displays the integrations of populations under different laser chirps which shows the asymmetric dependence of populations on chirps of driven laser. Our results show that a higher population survived in the positively chirped driving laser than the negative chirped laser. The excited state population at chirp coefficient b = 0.03 is about 5 times that of the unchirped laser field and 10 times that of b = −0.03 laser field. The final position of tunnel-out electron is ∼2.4 nm or ∼10.0 nm away from the parent ion where it is overlapped spatially with the Rydberg states. To confirm the assumption of FID radiation, we compared the chirp dependences of population and experimentally measured the FTI emission. As seen in Figure 4C, normalized intensity of the harmonic generation near threshold (9th, red triangle) indicates a higher efficiency using chirp-free laser, while the FTI emission from the level [image: image] (blue square) is significantly enhanced with small positive chirped lasers, showing the same asymmetry changing with chirp to populations in Figure 4B. The consistency of the calculated population and experimentally measured FTI emission suggests that radiation comes from the FID progress of long-lifetime excited states. In other words, the FTI process can be controlled by adjusting the temporal chirp of a driving laser pulse, including the yield of Rydberg atoms and FID radiation. Although the strong field approximation model could reproduce the FTI emission well, there are still many limitations. First, the effect of chirp is associated with the coefficient b; however, the actual laser pulse duration changes with the chirp. The model does not take into account the possible effect of pulse duration. Second, the recombination process of different excited states was not considered. The model can be improved if different excited states and their phase relation were considered.
4 CONCLUSION
To conclude, in this work we have investigated the enhanced coherent EUV emission from Rydberg atoms. The emission can be generated using a properly and positively chirped driving laser, under which the excited state population is higher than that of the chirp-free or the negative chirped laser. We have achieved the control of the emission intensity by adjusting the temporal chirp of driving laser. By scanning the chirp, we can identify harmonic spectra drifting at wavelength axis and the emission from the Kr level. In addition, the coherent below-threshold FTI emission we observed has a small divergence which is good for EUV light source applications. These findings suggest a possible support to the progress of extreme-ultraviolet emission summarized as four steps: ionization, oscillation in light field, captured to excited states or autoionizing state, and emission of photon. These results enrich the study of atomic spectroscopy and also give some new ideas with the control of extreme-ultraviolet source.
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We use a numerically solved time-dependent Schrödinger equation for calculating the photoelectron momentum distribution of ground-state hydrogen atoms in the presence of superintense ultrashort high-frequency pulses. It is demonstrated that the dynamic interference effect within a superintense XUV laser beam has the ability to significantly alter the photoelectron momentum distribution. In our work, a clearly visible dynamic interference pattern is observed when hydrogen atoms are exposed to a superintense circularly polarized laser pulse with a photon energy of ℏω = 53.605 eV, which has previously been found for linearly polarized pulses or the weakly bounded model H− system for circularly polarized pulses. Angular-distorted interference arises for linear superintense XUV pulses of similar intensity. The significant differences in photoelectron momentum distributions that have been seen by linearly and circularly polarized XUV pulses are caused by the Coulomb rescattering phenomenon.
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1 INTRODUCTION
On account of the fast improvement of strong-pulsed-laser innovation, people are now focusing on a new research region, which uses laser pulses to explore the light and matter interaction in atoms and molecules (Krausz and Ivanov [1]; Sansone et al. [2]). The first characteristic phenomenon of the intense laser-atom interaction, above-threshold ionization (ATI), has been experimentally observed and extensively studied. Free-electron laser (FEL) light sources, such as the Extreme Light Infrastructure (ELI) Kühn et al. [3], have been designed in recent years to generate superintense laser pulses of the order of 1020 W/cm2 or stronger. Numerous new physical sciences and incredible phenomena are expected with such extreme intensity Kühn et al. [3] and high frequency Young et al. [4]. When the laser intensity surpasses 3.51 × 1016 W/cm2 (corresponding to 1 atomic unit of laser intensity), the ionization process is stifled until the laser electric field is diminished to a lower intensity, which is the supposed atomic stabilization effect Eberly and Kulander [5].
In an intense polarized linearly high-frequency laser field, the atoms would be at the same ac Stark shift energy level Sussman [6] at a specific time during the rising edge and falling edge of the laser pulse. Thus, the photoelectrons that are delivered by these atoms have frequencies of the same values. Simultaneously, the phase differences between these wave packets that are produced at various moments (say the time − t1 and t1 as in the study by Jiang and Burgdörfer [7]) under the effect of atomic stabilization Toyota et al. [8]; Baghery et al. [9]; Jiang and Burgdörfer [7]; Demekhin and Cederbaum [10,11] could remain stable. Then, dynamic interference will appear when the two-electron wave packets superimpose, and the photoelectron spectrum will show an obvious multifringe structure in its ATI peaks Jiang and Burgdörfer [7]; Guo et al. [12].
Theoretically, a simplified model has anticipated the dynamic interference from hydrogen atoms in the ground state Demekhin and Cederbaum [10]; Baghery et al. [9]. Unfortunately, there are minor faults or typos in their models Demekhin et al. [13], and Demekhin and Cederbaum [10] and Baghery et al. [9] gave contradicting conclusions. However, the time-dependent Schrödinger equation (TDSE) fully numerical solution corroborated some predictions of dynamic interference in photoemission by powerful extreme ultraviolet (XUV) linearly polarized pulses Guo et al. [12]; Jiang and Burgdörfer [7]; Wang et al. [14]; Wang and Liu [15].
Scientific research and applications utilize the circularly polarized field in contrast to the linearly polarized field Fu et al. [16]; Bauer and Rzazewski [17]; Toyota et al. [18]. In a linearly polarized field, an electron can get back to its core numerous times; yet in a circularly polarized field, there is no returning event. Such discrepancies can fundamentally affect the electronic dynamics of atoms. Aside from some particular elements, for instance, magnesium Ben et al. [19]; Wang et al. [20], there will be no nonsequential double ionization, and it is difficult to see high harmonic generations with atoms in a circularly polarized field Christov et al. [21].
Despite the fact that the energy spectrum and momentum distribution of photoelectrons produced in strong laser fields with arbitrary polarization have already been documented, such as H− with model potential Toyota et al. [18], the weakly bounded H− system (the model H− has an Ip = 0.76 eV, whose Ip ≤ 1 eV.) differs significantly from the tightly bounded H atom system (H atom has an Ip = 13.6 eV, whose Ip > 10 eV). With the same laser intensity (e.g., 1017W/cm2) and potential curve, the dynamic interference is readily visible in the weakly bounded excited states (n ≥2, |En| ≤ 3.4 eV ≪10 eV) of hydrogen atoms Baghery et al. [9], but it is hardly ever seen in the tightly bounded ground state Baghery et al. [9]; Jiang and Burgdörfer [7].
The current study has looked closely at how a circularly polarized pulse affects dynamic interference and how it differs from a linearly polarized pulse. The explicit demonstration of dynamic interference in the basic photoionization phenomena uses the hydrogen atom, which is unaffected by multiple-electron correlation.
The format of this article is as follows. The theoretical foundation for investigating the ionization of ground-state hydrogen atoms is described in the second part. The impact of different circularly polarized laser pulse strengths on the dynamic interference of photoelectron spectra and momentum distributions is covered in Section 3. The conclusion is found in Section 4. Unless stated differently, the atomic units (a.u.) ℏ = m = e = 1 are used throughout this article.
2 THEORY AND MODELS
2.1 2D time-dependent Schrödinger equation and 3D time-dependent Schrödinger equation
To describe the ionization of ground-state hydrogen atoms, we will solve the TDSE precisely. The hydrogen atoms’ TDSE when exposed to a laser field is as follows:
[image: image]
The hydrogen atom in the circularly polarized laser field is investigated in the current work using the reduced two-dimensional (2D) TDSE. In the momentum distributions with laser intensity in the perturbation regime (I0 = 1012 W/cm2) and stabilization regime (I0 = 1018 W/cm2), respectively, we have compared the corresponding results of 2D TDSE with those of 3D TDSE Patchkovskii and Muller [22], as shown in Figure 1.
[image: Figure 1]FIGURE 1 | (Color online) Numerical results are compared from solving two- and three-dimensional TDSEs. We take the laser parameters as follow: carrier frequency ℏω0 = 53.605 eV and peak intensities are (A,B) I0 = 1012 W/cm2, and (C,D) I0 = 1018 W/cm2, corresponding to the perturbation regime and the stabilization regime. Laser pulse duration τ = 1.5 fs.
All of these findings demonstrate excellent agreement between the perturbation (weak field) and stabilization (strong field) regimes of the 2D (a, c) and 3D (b, d) simulations. Both 2D (Figure 1C) and 3D (Figure 1D) simulations of the stabilization regime show the interference fringes, which have been previously proven Jiang and Burgdörfer [7]; Wang et al. [14].
The 2D TDSE with dipole approximation can be given by:
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whose hamiltonian can be written as
[image: image]
where the kinetic energy operator [image: image] with pi = −i∂/∂i (i = x, y) and potential [image: image] is the soft-core potential function of hydrogen atoms, and a = 0.64 is the soft-core parameter to avoid the singularity at origin r = 0 and to obtain the correct ground-state energy Eg = −0.5. In our simulation, the polarized driving laser field is denoted by the variables Ex(t) and Ey(t) for the x-axis and y-axis, respectively. We can write the total time-dependent potential as:
[image: image]
We use the splitting operator combined with the fast Fourier transform (FFT) method to solve the TDSE and obtain the initial wave packet by the imaginary time propagation method. The wave function time propagation from t to t + Δt can be expressed as
[image: image]
The box sizes are up to 1200 for each dimension, and the step size of time propagation Δt is 0.01. A mask function of the form cos1/8 was employed to avoid spurious reflections from the boundaries. When the wave function completes the final step of time propagation, we record the ionization part as [1 − M(r)]ψ(x, y; tf). Here, ψ(x, y; tf) is the wave function at the last time step. The function expression M(r) for the absorption mask is
[image: image]
where α = 1, [image: image], and the rb = 30 (rb corresponds to the bounded wave function boundary) He et al. [23]. Then, using the fast Fourier transform of the outer wave function, we obtained the photoelectron momentum distribution. Moreover,20 optical cycles make up the pulse duration, while 10 optical cycles can relax due to free field propagation.
2.2 Perturbative superposition model
The laser field is polarized in the xy-plane, as shown in Eq. 4. The associated electric field information of laser pulses is schematically shown in Figure 2. The blue curve represents the electric field of the circularly polarized laser pulse E(t), while the red and golden curves, respectively, depict its projections on the x-axis and y-axis. To put it another way, the E(t) can be split into the two linearly polarized pulses Ex(t) and Ey(t):
[image: image]
where [image: image] is the polarization direction and the ϕ is the relative phase of y-component. When ϕ = ±π/2 and [image: image], we obtain circular pulses, when either [image: image] or [image: image] vanishes, we obtain linear pulses. The pulse profile f(t) is the sine-squared profile, and ω is the central frequency of the laser pulse.
[image: Figure 2]FIGURE 2 | (Color online) Schematic electric field of circularly polarized laser pulse E(t) (blue curve) and its projections on the x-axis (red curve) and y-axis (golden curve). In this schematics, we take the laser parameter as follows: carrier frequency ℏω0 = 53.605 eV, peak intensity I0 = 1018 W/cm2, and pulse duration τ = 1.5 fs.
The first-order transition amplitudes (in the electric dipole approximation) from an initial bound state ψ0 is given by Pronin et al. [24]
[image: image]
Here, ψp describes a final continuum state with electron momentum p and energy Ek = p2/2.
On substituting the electric field E of Eq. 8 with Eq. 7, Eq. 8 is rewritten as Yuan et al. [25]
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where
[image: image]
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which means that the total photoelectron momentum distribution P(p) can be decomposed into two components which are related to the independent Ex and Ey, respectively. The interference terms vanish due to the π/2 phase between them Yuan et al. [25],
[image: image]
For circularly polarized pulses, ϕ= ± π/2; thus, the interference term vanishes. Then, we have
[image: image]
The following section of this article will examine how the aforementioned decomposition of the photoelectron momentum distribution is destructed when a sufficiently strong laser field is applied, even for this single-photon ionization.
The photoelectron momentum distribution of hydrogen atoms exposed to a laser pulse with a peak intensity of 1014 W/cm2 is shown in Figure 3. Since atomic stabilization does not take place in this situation with such a high laser frequency and low laser intensity, the dynamic interference effect cannot be observed Gavrila [26]. The photoelectron momentum distribution for hydrogen atoms subjected to the laser with polarization parallel to the x-axis is shown in Figure 3A. The electron momentum distribution is primarily in the x-direction since the laser is polarized along that path. This is an example of a single-photon ionization distribution using the dipole approximation Remetter et al. [27]. In Figure 3B, we display the results for rotating the laser polarization direction to the y-axis (by adding a π/2 phase difference in the carrier of laser electric field): the photoelectron momentum distribution is again mainly in the laser polarization direction, y-direction. When the circularly polarized laser is utilized, as shown in Figure 3C, the momentum distribution only shows one ring. A similar distribution can be achieved in Figure 3D by superposing ψx(ɛ) and ψy(ɛ) coherently (or adding Figures 3A,B incoherently). The photoelectron energy spectra of the aforementioned four panels are shown in Figure 3E, and these four lines act coincidentally. It is well established, both theoretically and experimentally, that the ponderomotive energy is [image: image] eV for the parameters of the present laser field. The photoelectron spectra show an isolated Gaussian profile in Figure 3E for weak-field single-photon ionization, where the ionization process can be explained by the lowest-order perturbation theory (LOPT), and the profile has its peak at the energy E = ℏω − Ip − Up ≈ 40 eV (Ip is the atomic binding energy).
[image: Figure 3]FIGURE 3 | (Color online) Photoelectron momentum distribution of hydrogen atoms in the presence of laser pulse with τ0 = 1.5 fs, carrier frequency ℏω0 = 53.605 eV, and the peak intensities I0 = 1014 W/cm2. Graphs (A) and (B) reveal the momentum distributions from the linear polarized x- and y-direction, respectively. Graph (C) shows the result from a circularly polarized laser pulse, while (D) is the momentum distribution from the superposition of (A) and (B) two perpendicular linearly polarized pulses. Panel (E) is the photoelectron spectra of (A) the red solid line, (B) the blue dashed line, (C) the green dashed–dotted line, and (D) the black dotted line.
In the LOPT, the single-photon ionization of hydrogen atoms from the ground state (l = 0 s-wave) by linearly polarized (say along the x-axis) laser pulses can be described by H(1s) + hν → ϵp. The final p-state partial wave (l = 1) has the distribution P‖(θ) ∝ cos2θ, as shown in Figure 3A. If we rotate the laser polarized direction to the perpendicular direction (along the y-axis), the final momentum distribution is now [image: image]. The photoelectron angular distribution of single-photon ionization by circularly polarized laser pulses is depicted in the superposition model mentioned earlier as Pcp(θ) ∝ cos2θ + sin2θ = 1, which is constant for all angles and is in excellent agreement with our TDSE simulation of Figure 3C.
3 RESULTS AND DISCUSSION
We explored the dynamic interference effect in the photoionization of ground-state hydrogen atoms in the presence of superintense linearly and circularly polarized laser pulses based on our ab initio numerical solution of the TDSE. We used the central carrier frequency of the laser pulse at 5 eV. The driving laser pulse has a pulse width of 20 optical cycles and a wavelength of 23 nm. These variables ensure the production of dynamic interference and prevent the complete depletion of the ground state population Guo et al. [12]; Jiang and Burgdörfer [7]; Wang et al. [14].
A straightforward temporal two-path interference scenario can explain this dynamic interference. When the instantaneous ac Stark shift of the initial state coincides at two different times, electron wave packets ejected on the rising and falling edges of the linearly polarized laser pulse can interfere with one another and reach the same final energy. They are temporally separated by a time interval of intense-field stabilization against photoemission Eberly and Kulander [5]; Guo et al. [12]; Jiang and Burgdörfer [7].
In a circularly polarized field, the pulled-out laser-dressed electron cannot move back and forth by the driving laser field, and the atomic stabilization effect is anticipated to be more pronounced Protopapas et al. [28]. In Figure 4, we display the density of wave function in the middle (a) and at the end (b) of the laser pulse and the ionization rate of the ground-state hydrogen. We can see the inner and outer rings, which are probabilities of the photoelectron wave packets produced by the laser pulse in the rising and falling ramp of the pulse, from the spatial distribution for the probability of wave function displayed in Figure 4. Between the inner and outer rings, the vanishing gap indicates the atomic stabilization caused by the ultraintense laser field. Such an effect can be also shown in the ionization rate of the ground state, which has been displayed in Figure 4C. In the rising edge, the ionization rate starts to climb swiftly at t ≈ − 22, the ionization speed reaches its maximum at about t ≈ -18, and then the speed decreases. When the laser electric field profile is near its peak from t = −10 to 10, the ionization process is almost completely stopped. This time zone can be referred to as a stability zone. The gaps between inner and outer wave function rings in Figures 4A,B are produced due to the stabilization time zone. Then on the falling edge of the field profile, the ionization restarts, and finally ionization rate reaches the maximum at the end of a laser pulse.
[image: Figure 4]FIGURE 4 | (Color online) Probability density of electron in the middle (t = 0) and at the end (t = 32) of a circularly polarized laser pulse in panels (A,B). The initial ground state is plotted as the inset of panel (A). Panel (C) is the time-dependent instantaneous ionization probability (red dashed line) of the ground state of hydrogen atoms in the presence of a laser pulse. The electrical envelope of the laser pulse and the blue solid line are plotted. All parameters are the same as those in Figure 3C, except the peak intensity I0 = 5 × 1018 W/cm2.
The dynamic interference of photoelectrons can also be anticipated in the ionization induced by circularly polarized laser pulses since the ac Stark shift for energy in a circularly polarized field is similar to that in a linearly polarized field. Additionally, because the ac Stark shift is a cycle-average effect, when the peak intensities of linearly and circularly polarized pulses are equal (e.g., [image: image]), the cycle-averaged intensity of the circularly polarized field (⟨E⟩ = E0) is almost twice that of the linearly polarized field (⟨E⟩ = 0.707E0). We could expect a circularly polarized field to produce a larger ac Stark shift of energy than a linearly polarized pulse. However, the ionization in the weak-intensity laser field does not exhibit the blue shift between the findings of the linearly and circularly polarized fields, as seen in Figure 5. As shown in Figure 5, we increase the laser intensity from 5 × 1016 to 5 × 1018W/cm2. In Figure 5A, there is no obvious modulation in the ATI peak of the momentum spectrum when the laser intensity is relatively low (with I0 = 5 × 1016W/cm2).
[image: Figure 5]FIGURE 5 | (Color online) Normalized photoelectron momentum distribution of hydrogen atoms in the presence of a circularly polarized laser pulse with different intensities: (A) 5 × 1016, (B) 5 × 1017, (C) 1 × 1018, and (D) 5 × 1018 W/cm2. The other parameters are the same as those in Figure 3C.
While the laser intensity is increased to 5 × 1017 or 1 × 1018 W/cm2 as shown in Figures 5B,C, the multiring structure is found in its momentum distribution. On continuing to increase the laser intensity to 5 × 1018 W/cm2, in Figure 5D, we can observe two bright rings and strongly modulated fringes in the first ATI peak.
Because of the stronger laser field, atomic stabilization occurs sooner and later, resulting in a longer time-delay gap between the wave packet produced on the rising edge of the laser pulse and the one launched on the falling edge of the laser pulse. Furthermore, additional interference fringes are produced as a result of increased phase difference accumulation between rising and falling wave packets due to increased laser intensity. This impact is noticeable in a linearly polarized field Jiang and Burgdörfer [7]. It also implies that the same result can be obtained by decomposing the circularly polarized field into two linearly polarized fields. We will explain how these superposition results coincide with real simulation results in the next two figures (Figures 6, 7).
[image: Figure 6]FIGURE 6 | Normalized photoelectron momentum distribution of hydrogen atoms in the presence of a circularly polarized laser pulse with different polarization. (A) Linearly alone $x$, (B) Linearly alone $y$, (C) Circularly and (D) superposition of (A,B). Curves in the panel (E) are the photoelectron spectra of (A) the red solid line, (B) the blue dashed line, (C) the green dashed–dotted line, and (D) the black dotted line. Laser intensity is $I_0∼⁼1\times10{18}$ W/cm$2$. The rest of laser parameters are the same as those in Figures 3A.
[image: Figure 7]FIGURE 7 | Normalized photoelectron momentum distribution of hydrogen atoms in the presence of a circularly polarized laser pulse with different polarization. (A) Linearly alone $x$, (B) Linearly alone $y$, (C) Circularly and (D) superposition of (A,B). Curves in the panel (E) are the photoelectron spectra of (A) the red solid line, (B) the blue dashed line, (C) the green dashed–dotted line, and (D) the black dotted line. Laser intensity is $I＿0～=5\times10{18}$ W/cm$2$. The rest of laser parameters are the same as those in Figure 3A.
When the peak intensity of the laser pulse is 1 × 1018 W/cm2, Figure 6 shows the same consequence as Figure 3 illustrates. Although the spectrum is still almost symmetrical, the maximum is constantly moving to higher energies. It has a solitary Gaussian profile, with the peak located at an energy greater than 40 eV. Demekhin et al. have discovered and clarified the underlying physics Demekhin and Cederbaum [10,11]. As usual, this shift follows the intensity envelope of the field Sussman [6]. The circularly polarized field can be decomposed into two perpendicular linearly polarized fields; therefore, each linearly polarized field takes half of the intensity of the circularly polarized field. Compared Figure 6C with Figure 6D, the first-order ATI ring in the circularly polarized laser can be qualitatively in agreement with a model for the superposition of ionization by two linearly polarized pulses, respectively.
As seen in Figure 6E, the peak of the green dashed–dotted curve has larger energy than the peaks of the other curves. This blue shift implies that the atom’s ac Stark shift in a circularly polarized field is greater than the atom’s ac Stark shift in a linearly polarized pulse. This similar blue shift was also discovered in the research by Liang et al. [29]. As the ac Stark shift for energy in a circularly polarized field is similar to that in the linearly polarized field, the dynamic interference of photoelectrons can also be expected in ionization caused by circularly polarized laser pulses. In addition, according to the fact that the ac Stark shift is a cycle-average effect, the cycle-averaged intensity of circularly polarized field (⟨E⟩ = E0) is about twice that of the linearly polarized field (⟨E⟩ = 0.707E0) when the peak intensities in linearly and circularly polarized pulses take the same value(e.g., [image: image]). Therefore, we may anticipate that an energy Stark shift induced by a circularly polarized field will be greater than one caused by a linearly polarized pulse. In contrast to the ionization in weak intensity laser field, the blue shift between the data of a linearly polarized field and those of a circularly polarized field, as depicted in Figure 4, is hard to be detected. But as the laser intensity becomes strong (e.g., higher than I0 = 1 × 1018 W/cm2), such a blue shift is clearly visible.
When the peak intensity is increased to 5 × 1018W/cm2 in Figure 7, the multipeak structure of photoelectron momentum distribution and photoelectron spectra of hydrogen atoms exposed to laser pulses are seen clearly and intuitively. Higher laser intensities lead to a reduction in the energy difference between nearby interference fringes and an increase in the phase difference between the two electron wave packets, which results in significantly more dynamic interference fringes being recorded. In actuality, two elements are involved in the growing phase difference. First, the time interval between the emission timings t1 and tf increases because the atomic stabilizing effect in a high-intensity laser field has earlier beginning and later ending times than what is required for that in a low-intensity laser field. Second, the phase difference increases with the increasing vector potential of the field when a stronger laser field is applied. This effect can be observed in the increased fringes both in momentum distribution shown in Figures 7A,B, and the photoelectron spectrum is shown in Figure 7E.
To further understand the origin of differences among the photoelectron spectra induced by a laser pulse with different kinds of polarization, in Figure 8 we plot the probability densities of the wave function at the middle and the end of the interaction with the laser field at low and high intensity, respectively. When the laser intensity is relatively low, as seen in the top panels (a,b), the probability density shows electrons leave the nuclear core in a dipole pattern. However, at high laser intensity, the electron distribution at the end of the pulse displays two hallows, which denotes an electron scattering from the nuclear center. In order to find the reason for the scattering process occurring at such high laser intensity, we compare the ponderomotive energies (Up) of two cases. For ℏω = 53.605 eV laser pulses, Up= 25 eV for I0 = 5 × 1017 W/cm2 and Up= 250 eV for I0 = 5 × 1018 W/cm2. In the low-intensity case, Up is only 25 eV, which is less than the photoelectron energy ℏω = 40 eV. Therefore, the laser-driven photoelectron is hard to hit the nuclear center. But in the high-intensity case, the Up, which is up to 250 eV, is much higher than the first-order ATI photoelectron energy. As a result, the photoelectrons will scatter from the hydrogen atom’s Coulomb center and follow and oscillate with the electric field. In other words, the nondipole distribution of photoelectron momentum for the hydrogen atoms in a superintense laser field is mostly caused by Coulomb scattering.
[image: Figure 8]FIGURE 8 | (Color online) Probability density of wave function in the middle and at the end of laser pulses. All parameters are the same as those in Figure 3A, except for the peak intensities: (A,B) I0 = 5 × 1017 W/cm2 and (C,D) I0 = 5 × 1018 W/cm2.
4 CONCLUSION
By solving the TDSE of ground-state hydrogen atoms in the presence of superintense laser pulses numerically, the photoelectron momentum distribution with dynamic interference effect is investigated. It has been demonstrated in this study that we can observe dynamic interference effects even in a tightly bounded system when there are circularly polarized pulses present in addition to the linearly polarized laser field. The coherent superposition of two perpendicular, linearly polarized laser pulses with an intensity no higher than I0 = 1018 W/cm2 can provide a qualitative explanation for the dynamic interference pattern in momentum distribution caused by circularly polarized pulses. However, when the dynamic interference fringes are well separated, such as at I0 = 5 × 1018 W/cm2, the superposition of the LOPT momentum distribution by linearly polarized pulses and that by a circularly polarized field do not match. This discrepancy results from high-order corrections, including the Coulomb effect, during the photoemission process of linearly polarized laser pulses.
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Strong-field induced valence electron excitation is a common process in strong field interaction with atoms and molecules. In the case of polyatomic molecules, the effects of ionization from low-lying molecular orbitals and nuclear dynamics during the interaction can play critical roles for electron excitation. In this work, we investigate the involved molecular orbitals in the electron excitation of singly ionized acetylene in a strong laser field using alignment dependence and laser intensity dependence. Additionally, the involved nuclear dynamics during the electron excitation are identified from the difference in the kinetic energy release and the angular distribution of laser-induced dissociation with different pulse durations and intensities. The laser intensity dependence clearly shows the relative strength change of two excitation pathways in the measured momentum and angle-resolved distributions.
Keywords: electron excitation, strong laser field, molecular dissociation, nuclear dynamics, strong-field ionization, tunneling ionization
INTRODUCTION
The ultrafast dynamics of valence electrons play essential roles in the properties and reaction behaviors of atoms and molecules [1]. In general, the valence electron dynamics happens on a time scale of sub-femtosecond or attosecond. Therefore, laser-induced molecular dynamics involving valence electron excitation is of general interest in strong field and attosecond sciences [2]. In a strong laser field, its electric field strength can be equivalent to the Coulomb potential field of valence electrons. When a molecule is exposed to such a laser field, valence electrons can be released through strong-field ionization [3]. After ionization, the electron density of the molecules will be redistributed on a time scale of femtoseconds or sub-femtoseconds and the geometry of the molecule will change to find a new equilibrium accordingly. In many cases, the molecule will become unstable, which leads to the breakage of chemical bonds through molecular dissociation, or the formation of new chemical bonds through molecular isomerization [4–7]. Most of such laser-induced molecular reactions involve electronically excited states. Therefore, valence electron excitation is critical for studies of laser-induced molecular reactions.
Previous experiments demonstrated that there exist several different mechanisms for strong-field electron excitation connected with strong-field ionization. In general, in these experiments, the driving laser field is a non-resonant field with respect to the molecular energy level structure. The four most common processes are 1) electron excitation through laser-induced strong-field ionization from low-lying molecular orbitals [5, 8–13]; 2) electron excitation through laser-induced electron rescattering after strong-field ionization [14–17]; 3) laser-induced electron excitation through single- or multi-photon transitions after strong-field ionization (so-called bond softening process) [18–21]; and 4) laser-induced electron recapture to electron excited states after strong-field ionization [22–25]. All four electron excitation processes start with strong-field ionization.
One important feature of molecular strong-field ionization in a strong laser field is that the ionization rate depends on the angle between the molecular axis and the laser polarization direction [5, 13, 26–29]. The angular ionization probability of a molecule is determined by the shape and symmetry of the involved molecular orbitals [30]. For example, strong-field ionization of electrons from the HOMO of C2H2, a π-orbital, reaches a maximum when the laser is polarized perpendicular to the molecular axis, while for the ionization from a σ-orbital, the maximum ionization probability appears when the laser polarization direction is parallel to the molecular axis [5]. Therefore, using the angular dependence of strong-field ionization, we could determine the contributions from certain molecular orbitals in experiments [13].
The laser pulse duration is one of the critical parameters in strong field interaction [21, 31–33]. In the case of molecules, nuclear dynamics can be involved during the interaction. Previous studies showed that the so-called bond-softening process in H2 can be strongly suppressed when using laser pulses with a pulse duration of shorter than 10 fs [21]. Within a short pulse, the effect of nuclear motion can be minimized because nuclear dynamics is much slower than electron dynamics. Therefore, using the dependence on pulse duration, we can possibly identify the effect from nuclear dynamics.
In this work, using C2H2 as an example, we investigate the electron excitation of polyatomic molecules in a strong laser field. We exploit the ionization and dissociation signals of pre-aligned C2H2 in a strong laser field with two different pulse durations to reveal the involved molecular orbitals and nuclear dynamics in electron excitation processes.
EXPERIMENT
In the experiment, we use a Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) apparatus to measure charged particles (electrons and ions) from the laser-molecule interaction [16, 34, 35] with 800 nm and 25 fs laser pulses from a Ti:Sapphire amplifier. From the measurements, we identify non-dissociative and dissociative processes after single and double ionization of C2H2 . In this work, we focus on electron excitation after single ionization. Figure 1A shows the measured ion signal distribution over the time-of-flight and x position on the detector. In the distribution, non-dissociative ionization signals ([image: image]  and its isotopic species) appear as sharp spots, while ion signals (C2H+) from dissociation exhibit a broader ring-like or plate-like distribution due to the energy released from the chemical bond breakage. As marked in the figure, we can distinguish the [image: image]  signal from non-dissociative and dissociative single ionization. It is to be noted that large ring-like signals belong to the dissociation of doubly ionized [image: image], which is confirmed using two-body coincidence detection of C2H+ and H+.
[image: Figure 1]FIGURE 1 | (A) Measured ion count distribution over the time-of-flight and x position on the detector. The peak intensity of the laser field is 4 × 1014 W/cm2, and the pulse duration is 25 fs. (B) Measured [image: image]  signal and simulated [image: image] as a function of the time delay between the alignment and the ionization pulse. For the simulation, the gas temperature of 200 K and the peak intensity of 1 × 1013 W/cm2  of the alignment pulse are used.
The molecular axes of molecules in the gas phase are, in general, randomly aligned. When the molecules are exposed to a strong and short laser pulse, they can be aligned through so-called impulsive laser alignment [36]. For the alignment measurements, we split the laser beam into an ionization beam and an alignment beam with a beam splitter. Both beams are linearly polarized along the same direction. The peak intensity of the alignment beam at the focus is below 1 × 1013 W/cm2  to excite a rotational wave packet in the molecule [36], while the ionization beam with a peak intensity of 4 × 1014 W/cm2  arrives at the target with a certain time delay controlled by a motorized linear stage. The laser peak intensity is calibrated with the time-of-flight spectrum of H2 [37]. As shown in Figure 1B, the rotational revival structures are presented in the measured [image: image]  signal over the time delay between the alignment and the ionization pulse. In the same figure, we also plot the calculated the alignment quality of C2H2, the expectation value to cos2θ with θ the angle between the molecule axis and the laser polarization direction [5]. The measured ion signals overall follow the structures in the simulated data, except for a phase-flip which is introduced by the ionization process from the HOMO of C2H2  [5].
To achieve 4.5 fs laser pulses for the short pulse measurement, the ionization beam is focused into a gas-filled hollow capillary in which its spectrum is broadened [38]. After re-collimation, the beam is compressed with chirped mirrors, and a wedge pairs down to 4.5 fs[39]. The pulse duration of the ionization pulses is characterized by a stereo-ATI device [39, 40].
RESULTS AND DISCUSSIONS
KER distributions
Since the ground state of [image: image]  is metastable and the excited states of [image: image]  are mostly dissociative [5], in the experiment, we used the dissociation from single ionization to study the electron excitation of [image: image]. In this work, we focus on the dissociation of the C-H bond breakage after single ionization, in which the nuclear dynamics is faster than that of the C-C bond breakage. Using momentum conservation, we calculate the kinetic energy released (KER) with the measured momentum of C2H+ through [image: image]. In Figure 2, we depict the KER distributions for the two pulse durations with all C2H+ signals. The KER distributions show one peak close to zero and another at about 3.8 eV. In the figure, we include also the KER distributions of the two-body fragmentation (C2H+/H+) from double ionization, which exhibit a peak at 3.8 eV. It is clear that the high energy peak of the measured KER with dominant C2H+ signals comes from the dissociation of doubly ionized molecules, while the lower energy signals with energy lower than 2 eV are dominantly from the dissociation after single ionization. Thus, we can separate the dissociation signal of single ionization from double ionization. The discrepancies at large energies between the KER distributions from two-body coincidence selection and those from one ion selection are due to the overlap with background water (H2O+) signals which are excluded in the coincidence selection. The relative strength of the background signal is sensitive to the gas density and the laser focusing conditions.
[image: Figure 2]FIGURE 2 | Measured KER distributions of laser-induced C-H dissociation for the pulse duration of 4.5 fs and 25 fs, selected with a single C2H+ ion and with the two-body coincidence detection of C2H+ and H+.
Alignment dependence
Comparing the results between 4.5 fs and 25 fs for the dissociation after single ionization in Figure 2, we find that the KER distribution of the measurement with 4.5 fs pulses is broader, which means more high-energy signals than those with 25 fs Since 4.5 fs pulses have a much broader bandwidth than 25 fs laser pulses, an intuitive explanation for the width difference in the KER distributions could be the bandwidths of the driven laser pulses. However, due to the momentum conservation for the ejected electron and the rest of the molecule, the energy gained from the laser field will be mostly carried by the electron due to the significant mass difference between the electron and the ion. Therefore, the kinetic energy release of laser-induced molecular dissociation has minor influence from the laser bandwidth but is rather determined by the initial distribution of the nuclear wave packet and the slope of the involved potential energy surfaces. The difference in KER implies involving of different nuclear dynamics during the dissociation process. To understand the beneath physical mechanism, we further analyze the data of alignment measurements with the selection of KER less than 2 eV for the dissociation of C2H2 after single ionization.
For the alignment dependence, we focus on signals around the half-rotational revival, during which the molecules are first aligned parallely at a delay time of 6.8 ps and afterward perpendicular to the laser polarization direction at a delay time of 7.2 ps. Figures 3A,B show the ion signals of non-dissociative and dissociative single ionization of C2H2 around the half-rotation revival for the measurement with 4.5 fs ionization pulses. As has been reported previously, for 4.5 fs laser pulses, the [image: image]  signal has a maximum at the perpendicular alignment because of ionization from the HOMO, while the C2H+ signal shows an opposite dependence on the alignment with the major contribution to ionization from HOMO-2 [5].
[image: Figure 3]FIGURE 3 | Measured ion signals as a function of the time delay between the alignment and the ionization pulse around the half rotational revival. Panels (A,C) are for the signals of non-dissociative [image: image], while (B,D) are those for the dissociative of [image: image]  to C2H+/H. The measurements with pulse durations of 4.5 fs and 25 fs are shown in (A,B) and (C,D), respectively. The laser peak intensity is 4 × 1014 W/cm2 for both measurements.
Figures 3C,D depict the ion signals for the measurement with 25 fs ionization pulses. The [image: image]  signal over the pump-probe delay is similar to that with 4.5 fs laser pulses, which indicates dominant ionization from HOMO as well. However, the C2H+ signal with 25 fs exhibits an opposite dependence on the alignment from that with 4.5 fs: the peak signal appears at the perpendicular alignment of the molecular axis to the direction of the laser polarization. Such dependence is the same as the [image: image]  and infers that the strong-field ionization is dominantly from HOMO.
Laser-induced electron excitation mechanics
To understand the dependence on laser pulse duration, we draw the potential energy curves of C2H2 over the C-H coordination in Figure 4. The removal of a HOMO electron brings the molecule into the ground state of the cation (X state), and the removal of a HOMO-2 electron directly prompts the molecule into the lowest electronic excited state (A state) of the cation, which is dissociative over the C-H coordination. There are two possible pathways to reach the A state from a neutral C2H2. The first one is strong-field ionization directly from HOMO-2. The second one happens sequentially through first reaching the X-state through the removal of a HOMO electron and then a HOMO-2 electron being excited to the hole in the HOMO formed through ionization. The measured signal of [image: image]  over alignment pump-probe delays show a clear signature of strong-field ionization of a HOMO electron for both laser pulse durations. On the other hand, the dissociative single ionization shows opposite behavior on the molecular alignment, which refers that the involved ionization and excitation processes are not the same.
[image: Figure 4]FIGURE 4 | Schematic view of electron excitation of C2H2 in a strong laser field. Two pathways are represented with arrows of different colors. The HOMO-2 pathway: for the interaction with a short laser pulse with a pulse duration shorter than the C-H vibrational period, strong field ionization (SFI) of a HOMO-2 electron directly leads to the electronically excited and dissociative A state. The HOMO pathway: for the interaction with a long laser pulse with a pulse duration longer than the C-H vibrational period, first, an electron is removed from the HOMO which launches a vibrational wave packet on the potential surface of the [image: image]  ground state. The vibrational wave packet moves toward a larger C-H distance and resonant three-photon transition (TPT) occurs once the energy gap fits the energy of three 800-nm photons. The potential energy curves are adapted from Ref. [5].
In the case of 4.5 fs laser pulses, the C-H coordinate can be treated as frozen during the laser interaction, and therefore, the ionization happens dominantly at the Franck–Condon region. The measured results, shown in Figure 3B, indicate that the population of the dissociative channel is dominated by direct ionization from HOMO-2, which exhibits a peak signal at the parallel alignment. However, the scenario of the dissociation with 25 fs laser pulses is different. The measured results in Figure 3 D show dependence on the alignment from the ionization of a HOMO electron. As we mentioned, with the ionization of a HOMO electron, the molecule ends at the stable X state of the cation. Therefore, to reach the A state, further actions are necessary to excite the cation. After the strong-field ionization at around the peak of the laser field, the tail of the laser pulse can still have actions on the molecule. There are several possible ways to excite an electron from the HOMO-2 to HOMO to reach the A state. The first one is excitation through electron rescattering: the removed HOMO electron is accelerated in the laser field and can be driven back and scattered with its parent. Such electron rescattering can either kick out or excite a second electron, depending on the rescattering energy. In our experimental condition with a peak intensity of 4 × 1014 W/cm2, the rescattering energy can be as high as 76 eV, which is sufficient to excite [image: image]  from the X state to the A state. This energy difference in the distribution also rules out the major contribution from electron rescattering. For an electron rescattering process, the scattering mainly happens within one optical cycle of the laser field which is 2.7 fs. In such a short time scale, the stretching of the C-H bond is minor. Therefore, the nuclear wave packet populated on the A state is still approximately the Franck–Condon region, which shall lead to a similar energy distribution as the direct ionization from HOMO-2.
The second possible pathway is molecular dissociation involving nuclear dynamics, similar to the bond softening in the dissociation of [image: image] in a strong laser field [18]. In the first step, one electron is released from HOMO at the Franck–Condon region, and the ion ends at the X state with vibrational excitation. The C-H stretching of [image: image]  can occur on a fast time scale with a vibrational period of 10.3 fs for asymmetric stretching and 10.6 fs for symmetric stretching [41]. Therefore, when the laser pulse has pulse duration longer than the vibrational period, the nuclear wave packet on the X state can move toward the new equilibrium geometry through the stretching of the C-H bond within the laser pulse. The energy gap between the X and A states is about 5.4 eV which is away from the multi-photon resonance of 800 nm [42, 43]. Along the stretching, the energy gap between the X state and the A state changes as well. The transition from the X state to the A state occurs once the energy gap becomes the three-photon resonance (4.65 eV) of 800-nm photons. After the transition, dissociation from the A state happens with a slightly lower dissociation energy, as shown in Figure 4. Comparing the distribution in the low energy between measurements with the two pulse durations, we notice that the energy edge shifted to the higher value by about 0.5 eV for the 4.5 fs at the half maximum. This observation is direct evidence that the initial nuclear wave packet is at a different position on the potential energy surface, and it supports the bond-softening scenario for the 25 fs case.
On the other side, when the laser pulse duration is 4.5 fs, it is much shorter than the C-H vibrational period. After single ionization, the laser field drops off rapidly before significant stretching of the C-H bond, which prevents the multiphoton transition at a large C-H distance. Therefore, the excitation to the A state is dominant by direct ionization from HOMO-2, and the dissociation ends with a higher KER than that of a bond-softening pathway.
As mentioned, there is one more possible way for valence electron excitation, which is electron recapture after strong-field ionization [22, 24, 25]. Electron recapture after double ionization will lead to singly ionized C2H2. It will lead to either stable high-lying Rydberg states of [image: image]  or dissociation of [image: image]. In case of dissociation, the KER will be similar to that from doubly ionized due to the weak screening effect from the high-lying Rydberg electron to the molecular dissociation of C2H2  [23, 44]. Therefore, the signals induced by electron recapture have no contribution to the measured dissociation signals of single ionization with a KER less than 2 eV.
Dependence on laser intensity
Strong laser field-induced molecular ionization and dissociation are highly non-linear processes; therefore, laser intensity is a critical parameter for these processes. For the electron excitation process of singly ionized C2H2, both the strong-field ionization and possible transition between two electronic states are sensitive to the laser intensity which shall lead to laser intensity dependence. To demonstrate such dependence, we perform measurements with different laser peak intensities in the range from 8.8 × 1013 to 5.4 × 1014 W/cm2 with a pulse duration of 25 fs. In the data analysis for the dependence on laser intensity, we integrate signals with all delays between the alignment and the ionizing pulses, with, therefore, no preferential alignment of the molecules. Figure 5H presents the normalized KER distributions for six laser peak intensities. With the increase of the laser peak intensity, the dissociative double ionization signals peaking at 3.8 eV increase monotonically, and the signals around 2 eV increase as well. From the experiment, we obtain three-dimensional momentum vectors of ions. Therefore, in addition to the KER (or momentum) distribution, angular distributions of ions can be derived from the momentum vectors. In Figures 5A–G, we plot the two-dimensional ion (C2H+) signal distributions over the momentum [image: image] and the angle to the laser polarization direction (θ = tan−1 (py/pz)) for different intensities.
[image: Figure 5]FIGURE 5 | Measured ion signal distributions over the momentum and the angle to the laser polarization direction for different laser peak intensities with the pulse duration of 25 fs(A–F) and 4.5 fs (G). (H) Normalized kinetic energy distributions of the molecular dissociation for different laser peak intensities with the pulse duration of 25 fs. (I) Ion yields for different ionization and dissociation channels over laser intensity normalized to the non-dissociative single ionization signal ([image: image]). (J) The ion yield ratio between the direct (HOMO-2) and indirect (HOMO) dissociative single ionization over laser intensity.
First, let us focus on the distribution at one certain intensity. For instant, in Figure 5B, with the laser peak intensity of 4 × 1014 W/cm2 and the pulse duration of 25 fs, we can identify three different regions from the distribution: the first region with momentum less than 9 a.u. (KER[image: image]0.6 eV), the second region with momentum larger than 9 a.u. but less than 19 a.u. (0.6[image: image]KER[image: image]2.8 eV), and the third region with momentum larger than 19 a.u. (KER[image: image]2.8 eV). We know that the first and second regions are dissociation signals after single ionization, while the third region originates from double ionization, according to Figure 2. Since the ion ejected along the molecular axis, the measured angle θ represents the molecular axis to the laser polarization direction. For the first region, the angular distribution exhibits a minimum at 0° (parallel to the laser polarization direction) and maxima at ±90° (perpendicular to the laser polarization direction). Such angular distribution indicates strong-field ionization from a π orbital (HOMO) has peak ionization probability when the molecular axis is perpendicular to the laser polarization direction, which is consistent with the findings from the alignment dependence. On the other hand, the angular distribution for the third region (C2H+/H+) shows an opposite behavior, maximum at 0° and minima at ±90°, which indicates at least one electron removed from HOMO-2 σ orbital [5]. We notice that the angular distribution for the second region (9[image: image]19 a.u.) is different from the first and third regions. The distribution displays maximum at 0° and minima at ±90°, which is opposite to that of the first region and similar to that of the third region but with a narrower distribution. Such distribution implies single ionization from the HOMO-2 which has a maximum ionization probability when the molecular axis is parallel to the laser polarization direction. One previous study on the dissociation from double ionization [5] demonstrated double ionization leading to the C2H+/H+ channel involves one HOMO and one HOMO-2 electron. The convolution of the ionization probability from the HOMO and HOMO-2 broadens the angular distribution and, therefore, yields broader distribution than that of single ionization with one HOMO-2 electron (the second region).
Figure 5G shows the two-dimensional angle-momentum distribution for the same peak intensity but with a pulse duration of 4.5 fs. To compare with the distribution of 25 fs in Figure 5B, the overall structures are similar but the relative signal strength in the three regions are different and with broader angular distributions for the second and third regions. This observation also explains the difference in the KER distributions shown in Figure 2. More signals in the second region for the measurement with 4.5 fs pulses lead to a broader KER distribution for the dissociation of singly ionized C2H2 . As discussed previously, for the case of 4.5 fs, the dissociation from single ionization happens dominantly from the direct removal of a HOMO-2 electron, which agrees with maximum signals at 0° in the angular distribution for the second region. The narrower angular distributions in the second and third regions for the pulse duration of 25 fs can be explained by the laser-induced alignment after strong-field ionization [45], which has been previously observed in C2H4 experiments [6].
In the angle–momentum distributions, we can explicitly identify two pathways with different momentum and angular distributions for the molecular dissociation after single ionization from HOMO and HOMO-2: ionization from HOMO leads to dominant signals at the perpendicular direction with momentum less than 9 a.u. (KER[image: image]0.6 eV) and ionization from HOMO-2 yields dominant signals at the parallel direction with momentum larger than 9 a.u. and less than 19 a.u. ((0.6[image: image]KER[image: image]2.8 eV)). Such behaviors agree well with the findings in the alignment experiments and support the proposed direct (ionization from HOMO-2) and indirect (bond-softening after ionization from HOMO) electron excitation mechanisms.
Now, let us continue to the dependence of the laser-induced dissociation on the laser intensities with the pulse duration of 25 fs. Figures 5A–F reveal that the dominant dissociation signals from single ionization shift from the first region to the second region with the increasing of the peak intensity from 8.8 × 1013 to 5.4 × 1014 W/cm2, while the dissociation signals from double ionization increase monotonically. To quantify the dependence on the laser peak intensity, we integrate the signals in the three regions and compare them with the yields of non-dissociative single ([image: image]) and double ([image: image]) ionization. Figure 5I illustrates the ion yields which are normalized to that of non-dissociative single ionization ([image: image]). In the plot, we note that the dissociative (C2H+/H+) and non-dissociative ([image: image]) double ionization yields monotonically increase along the increasing of the laser peak intensity and approach saturation at the peak intensity of 5.4 × 1014 W/cm2. On the other hand, the two pathways of dissociation from single ionization (C2H+/H) exhibit different intensity dependence. The signals from the ionization of HOMO (π orbital) first decrease in the low-intensity regime and increase again in the high-intensity regime. This behavior can be explained by the interplay between the depletion of the single ionization to higher charge states with the increasing of laser intensities and the focal volume effect. The signals from the ionization of HOMO-2 (σ orbital) stay on a low level when the peak intensity is below 2 × 1014 W/cm2, and when the intensity is above this level, the signals start to increase. The ratio between the yield of the two pathways is depicted in Figure 5J, which represents the increase of the HOMO-2 (σ orbital) pathway with respect to the HOMO (π orbital) pathway with a significant increase from 0.2 to 1.5. The HOMO pathway is dominant in the low-intensity regime, but when the intensity increases to above 5 × 1014 W/cm2, the HOMO-2 pathway becomes stronger.
These results show that not only the absolute yields but also the relative yields of molecular dissociation between different pathways strongly depend on the laser intensity. Therefore, together with the pulse duration and the molecular alignment, the laser intensity can be used as an effective knob to control the laser-induced electron excitation and following molecular dissociation.
CONCLUSION
In conclusion, we experimentally distinguished the two dominant electron excitation pathways in single ionization of C2H2 by strong laser fields. With the alignment dependence of the dissociation signal, we could determine the involved molecular orbitals in the electron excitation. Additionally, the influence of nuclear dynamics after ionization can be identified from the dependence of the dissociation KER on the pulse duration and the intensity of the ionizing laser pulse. The observed electron excitation processes in C2H2 can be general in polyatomic molecules since strong-field ionization from low-lying molecular orbital is not a rare process, and nuclear dynamics on the 10 femtosecond timescale, within the duration of laser pulses used in many experiments, takes place in many molecules, in particular those containing C-H bonds. Moreover, the momentum and angle-resolved distributions contain information on both the orbital from which an electron is released and the nuclear dynamics happening during strong-field interaction. In turn, these distributions provide information on the ultrafast electron and nuclear dynamics in polyatomic molecules taking place during and after strong-field ionization.
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In this work, we theoretically investigate the ellipticity dependence of the Rydberg state excitation (RSE) and ionization of noble gas atoms subject to strong laser fields at a series of intensities and wavelengthes by a semiclassical model, where the nonadiabtic effect is considered or ignored. Our results demonstrate that, if the nonadiabatic effect has been ignored, the ratio between RSE and ionization yields exhibits an anomalous maximum at a nonzero ellipticity. On the other hand, if the nonadiabatic effect has been considered, this anomalous behavior disappears. The analysis indicates that the absence of this anomalous behavior can be attributed to the nonadiabatic corrections of instantaneous ionization rate and the initial photoelectron momentum distribution at the tunnel exit.
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1 INTRODUCTION
For an atom or molecule subject to a strong laser field, the valence electron can be released via tunneling [1, 2] if the electric field strength of the laser pulse is comparable to that of the Coulomb field of the ionic core. The ionization dynamics may be comprehended with either multiphoton ionization (MPI) or tunneling ionizaiton (TI) [3, 4]. To indicate the transition between these two limits, a pivotal role is given to the Keldysh parameter [image: image] [2, 5–7], where Ip is the ionization potential, [image: image] the pondermotive potential, E0 the field amplitude, and ω the field frequency. For γ ≫ 1, MPI dominates and the ionization rate can be calculated by the perturbation theory. In the case of high laser intensity and long laser wavelength, when the Keldysh parameter γ will be much less than 1 [4, 8], the optical oscillation of laser electric field is so slow that the laser field can be taken as a quasi-static field and the tunneling process is similar to the case of DC field. For γ ∼ 1, which is typical for most current intense field experiments, it is well-accepted that TI still dominates and the nonadiabatic effects are expected to be important [9–11]. As documented [9, 12, 13], the nonadiabatic effect could make the instantaneous tunneling rate less sensitive to the laser electric field phase, if compared to the adiabatic case. Moreover, the tunneling exit may become closer to the ionic core because of the nonadiabatic effect. In an elliptically polarized laser field, the nonadiabatic effect could induce a transversal momentum shift of the tunneled electron wavepacket at the tunnel exit.
After tunneling of the electron, the electron motion in a strong laser field can be described by a semiclassical model [14]. In this model, driven by the oscillating laser field, part of the tunneled electron wavepacket may return to the ionic core, resulting in a variety of interesting physical phenomena, such as high-order harmonic generation (HHG) [15, 16], nonsequential double ionization (NSDI) [17], and high-order above-threshold ionization (HATI) [18], etc. In contrast to the phenomena mentioned above, if the electron does not gain enough drift energy from the laser pulse, it will eventually be captured by the Coulomb field, leading to Rydberg state excitation (RSE) of neutral atoms. This process can be comprehended by the mechanism of frustrated tunneling ionization (FTI) [19]. The application of Rydberg atoms is very attractive in many fields [20].
In addition to the works on RSE process in linearly polarized strong laser fields (see, e.g. [21–27]), studies on the ellipticity dependence of RSE have attracted attention. Experimentally, Nubbemmeyer et al. demonstrated a dramatic decrease of RSE yields for He with increasing laser ellipticity, as expected with a rescattering picture [19]. An experimental investigation of high-lying Rydberg state excitation of diatomic atoms and their companion atoms with comparable ionization potentials shows a similar trend [28]. Theoretically, Landsman et al. well reproduced the results in [19] by the semiclassical model [29]. Zhao et al. found that the decline of the RSE yields with increasing ellipticity can be attributed to a decrease of low-energy electrons that could be captured in the Rydberg states by the Coulomb potential [30]. Recently, an astonishing maximum of the ratio between the RSE and the ionization yields at a nonzero ellipticity was found, based on a 2-dimensional semiclassical calculation [31]. Note that the results in [31] are inconsistent to a more recent time-dependent Schr[image: image]dinger equation (TDSE) calculations of Pauly et al. [32], where the astonishing maximum of the ratio disappears. Thus, the consensus on the ellipticity dependence of RSE has not been reached yet.
Except for RSE and ionization, the high-order harmonic generation (HHG) of atoms and molecules in elliptically polarized laser field has also been studied intensively [33–36]. Although many interesting phenomena, e.g., HHG from N2 can be strongly elliptically polarized even when driven by linearly polarized laser fields [35], the polarization of HHG depends strongly on the molcular alignment and laser ellipticity [36], have been documented, technically, it is very difficult to measure the HHG and ionization yields with the same spectrometer simultaneously because the sample pressure in the HHG experiments is usually much higher [35]. On the contrary, the ionization yields can be measured easily along with the RSE yields by the identical spectrometer simultaneously [19]. Thus, the investigation of correlation of RSE and ionization yields could be more significant due to the possibility of comparison with experimental results.
In this work, we study the RSE and ionization processes for atoms subject to elliptically polarized laser fields by a semiclassical model, where the nonadiabatic effect can be considered or ignored. Our results demonstrate that, if the nonadiabatic effect has been ignored, the ratio between RSE and ionization yields exhibits an anomalous maximum at a nonzero ellipticity, which is consistent to the results of Ref. [31]. On the other hand, if the nonadiabatic effect has been considered, this anomalous behavior disappears, which matches the results of Ref. [32]. By tracing back the initial photoelectron momenta and the coordinates of the photoelectron trajectories based on the semiclassical calculations, we found that the absence of this anomalous behavior can be attributed to the nonadiabatic corrections of the instantaneous ionization rate and the initial photoelectron momentum distribution at the tunnel exit.
2 ADIABATIC MODEL
The excitation and ionization dynamics are numerically simulated by a semiclassical model, which is shown to be invaluable and efficient in providing intuitive understanding and predictive power for the ultrafast dynamics of atoms and molecules subject to strong laser field [37–41]. In this model, it can be chosen to include the nonadiabatic effect or not. According to the documented works (see, e.g., [2, 12]), the nonadiabatic effect can be safely ignored if the Keldysh parameter is much less than unity [2], i.e., the laser intensity is strong enough or the laser wavelength is long enough. In these cases, the semiclassical model ignoring the nonadiabatic effect can be termed the classical-trajectory Monte Carlo (CTMC) model, which has already been widely applied in studying RSE based on the FTI mechanism [19, 29–32]. In contrast, if the above conditions cannot be well satisfied and the Keldysh parameter is close to unity, the nonadiabatic effect [9, 12, 42, 43] of electron tunneling could be too strong to be ignored. In these cases, the semiclassical model including the nonadiabatic effect will be coined the nonadiabatic model in this work.
In the CTMC model, the RSE and ionization processes in elliptically polarized laser field include two steps, i.e., tunneling ionization and classical evolution of the tunneled electron in a combination of the laser field and ionic Coulomb field. In the first step, it is assumed that the electron is adiabatically released from the groundstate to a continuum state through tunneling [44, 45]. The elliptically polarized laser electric field employed in this work can be given by F(t) = (Ex(t), 0, Ez(t)) (atomic units are used unless stated otherwise),
[image: image]
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where [image: image], E0 is the peak electric field amplitude, ɛ the laser ellipticity, ω the laser angular frequency, and [image: image] the envelope function of the laser pulse,
[image: image]
where N is the number of the laser cycles. In this work, N = 30 corresponds to the pulse duration (full width at half maximum) of around 30 fs, which is a typical parameter of the multi-cycle laser pulses generated by the commercial Ti:Sapphire laser system.
In the case of elliptical polarization, in the x-z plane, the laser electric field rotates successively with a period of [image: image]. Here we introduce a rotating coordinate system (x′, y′, z′), where the direction of the laser electric field keeps unchanged (in z′ axis). In this coordinate system, the initial spatial coordinates of the tunneled electron are [image: image] and [image: image], where η0 = −Ip/F(t0) indicates the tunneling exit and t0 the tunneling instant of the photoelectron. The initial photoelectron momenta are given by px′0 = p⊥ cos(θ), py′0 = p⊥ sin(θ), and pz′0 = 0, where p⊥ is initial photoelectron transverse momentum and given randomly in the range of (0, 1.0 a. u.), θ is a random angle between p⊥ and the x′ axis in the plane of x′-y′.
In the laboratory coordinate system, the initial spatial coordinates of the tunneled electron are given by x0 = −η0 cos[arctan[ɛ tan(ωt0)]], y0 = 0, z0 = −η0 sin[arctan[ɛ tan(ωt0)]] and the initial momenta are given by px0 = p⊥ cos θ cos[arctan[ɛ tan(ωt0)]], py0 = p⊥ sin θ, pz0 = −p⊥ cos θ sin[arctan[ɛ tan(ωt0)]], where t0 is photoelectron tunneling instant. The weight of the trajectory can be determined by [44, 46].
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In the second step, the dynamics after tunneling can be described by a classical Newtonian equation [47–52],
[image: image]
where the effective potential, V(r), exerted on the tunneled electron is given by
[image: image]
where [image: image] is the effective charge of the ionic core, Ip the ionization potential of the atom in question and r the distance between the tunneled electron and the parent ionic core.
To numerically identify the electron trajectories contributed to RSE yields, along which the electrons will be captured by the Coulomb potential after the laser pulse ends, we search for the electron trajectories with the energies of Ef = P2/2 − Zeff/r < 0, where [image: image] is the final photoelectron sum momentum, Ef indicates the sum of kinetic energy and potential energy of the electron after the laser pulse ends. While the trajectories with energies of Ef > 0 will contribute to ionization yields. The weights of the corresponding photoelectron trajectories are summed up to calculate the yields of the RSE and ionization processes, respectively.
3 NONADIABATIC MODEL
Compared to the CTMC model described above, in our nonadiabatic model, the initial photoelectron momenta, tunnel exit, and instantaneous ionization rate have been further corrected by the nonadiabatic effect [9, 12, 42, 43]. Based on the S-Matrix theory [53, 54], the transition probability from the groundstate to a continuum state can be described by [image: image], where [image: image], P = (Px, Py, Pz) is the final photoelectron momentum after the laser pulse ends in the laboratory coordinate systems, A(t) the laser vector potential, and ts = t0 + iti the complex transition point, which can be obtained by the numerical solution of the saddle-point equation [image: image]. The real part (t0) of ts is the above-mentioned photoelectron tunneling instant and the imaginary part (ti) of ts denotes the imaginary time spent by the electron in the sub-barrier process. The saddle-point equation can be rewritten by,
[image: image]
The initial photoelectron momentum, p = (px, py, pz), satisfies p = P + A(t0). Thus, one can obtain
[image: image]
In the plane of the polarization ellipse, pz and px relate to the initial photoelectron longitudinal (p‖) and transverse (p⊥) momentum, where the subscript ‖ (⊥) indicates the direction parallel (perpendicular) to the transient laser polarization direction, in the rotating coordinate system by
[image: image]
where [image: image] is the angle between the transient laser polarization direction and the z axis in the x-z plane. Substituting Eqs 10, 11 into Eq. 9, one obtains
[image: image]
[image: image]
where [image: image] is the normalized instantaneous laser field and the effective Keldysh parameter [image: image].
In the SFA theory, the electron sub-barrier trajectory can be described by [image: image], and the tunnel exit is obtained with the real part of the sub-barrier trajectory at t0, i.e., [image: image]. Thus, the coordinates of the tunnel exit r0 = (x0, y0, z0) can be given by,
[image: image]
The ionization probability can be obtained by,
[image: image]
where [image: image] is the ponderomotive energy.
In our calculations, the tunneling time t0 and the initial transverse momentum p⊥ are given randomly in their corresponding parameter spaces. While, the initial longitudinal momentum, ti, tunnel exit and instantaneous ionization probability rate can be obtained with Eqs 12–15, respectively. The following evolution of the photoelectron can be achieved by numerically solving the Newtonian equation Eq 7. The electron trajectories relevant to the RSE and ionization processes are found by the identical procedures described in the last section.
4 RESULTS AND DISCUSSION
The typical CTMC calculation results for Ar subject to strong elliptically polarized laser fields at a series of laser wavelengthes and intensities are presented in Figure 1A, where a maximum of the ratio between RSE and ionization yields at ɛ = 0.3 can be identified in the case of the laser pulse with an intensity of 0.4 × 1014W/cm2 and a wavelength of 800 nm. Moreover, the ratio maximum at a nonzero ellipticity disappears at the higher laser intensity or the longer wavelength in Figure 1A. The result is similar to the adiabatic semiclassical calculations in [31], except that the anomalous ratio maximum at a nonzero ellipticity persists at a higher intensity of 0.8 × 1014W/cm2 at 800 nm in [31]. The difference can be attributed to the fact that, compared to the 2-dimensional adiabatic semiclassical model employed in [31], where the influence of Coulomb potential has been overestimated, a 3-dimensional adiabatic semiclassical model, which could be closer to the real physical scenario, is employed in this work. The numerical results in [31] can be well reproduced if the photoelectron dynamics in our model are confined in the 2-dimensional polarization ellipse plane at y = 0.
[image: Figure 1]FIGURE 1 | (A) The calculated ratio between the yields of RSE and ionization processes as a function of the ellipticity by the adiabatic semiclassical model. The laser intensities are indicated in the unit of 1014W/cm2. The laser wavelengthes are 800 nm (black squares and blue triangles) and 1,600 nm (red circles). (B–F) The calculations by the nonadiabatic semiclassical model. The calculated normalized yields of RSE (black squares), ionization (red circles) and the ratio between them (blue triangles) as a function of the ellipticity at the intensities of (D) 0.4, (B) 0.8 and (C) 1.6 (in the unit of 1014W/cm2) at 800 nm. The ellipticity dependence of the corresponding normalized yields at the wavelengthes of 800 nm (D), 1300 nm (E), 1600 nm (F) at 0.4×1014W/cm2 have also been presented.
In order to comprehend the ellipticity dependence of the ratio between the RSE and the ionization yields, based on the calculations of adiabatic model, we present the laser phase dependence of the initial photoelectron transverse momentum distributions at ɛ = 0, ɛ = 0.1, ɛ = 0.3 for tunneling (including the contributions of both ionization and RSE processes) (Figures 2A–C), ionization (Figures 2F–H) and RSE (Figures 2K–M), respectively. In addition, the distributions of the RSE process with V(r) = 0 applied in Eq. 7 except in the calculation of the final energy of the electron are depicted in Figures 2P–T. In this case, since the final kinetic energy of the tunneled electron is solely determined by the initial transverse momentum and tunneling phase which gives the acceleration p = −A(ti), the distribution shows a symmetric filled circle in Figure 2P) for ɛ = 0. When the ellipticity increases, the initial transverse momentum shifts toward positive direction to compensate the additional acceleration due to the increasing minor axis of the laser field. The distribution becomes asymmetric with respect to p⊥ considering the Guassian distribution Eq. 6 (see Figures 2P, Q)). If the Coulomb potential is included in the calculation, comparing Figure 2P) with Figure 2K, the distribution is modified significantly. Firstly, the distribution region is enlarged prominently due to attraction of the Coulomb potential which reduces the final kinetic energy of the electron. Secondly, different regions inside the circle are modified in different manner due to influence of the Coulomb potential. The regions denoted by A and C, which possess large initial transverse momentum and tunneling moment near the crest of the field, are affected by the Coulomb potential most slightly because of relatively large initial transverse momentum which makes the electron move far away from the core during evolution after tunneling. When the tunneling phase moves away from the crest of the laser field, i. e., entering region B, the electron will move closer to the core due to relatively small initial transverse momentum and hence interact strongly with the Coulomb potential, resulting in decreased capture probability. Especially, according to the simple-man picture, electron tunneled out with positive phase (ωt0 > 0) will return to the core or return to re-cross the x-y plane if the initial transverse momentum of the electron is considered in the 3-dimensional case [55]. Rescattering of the electron upon the core, or in other words, strong interaction between the electron and the core, will significantly increase the kinetic energy that the electron gains in the field. This effect leads to missing upper part of the circle, especially for the small initial transverse momentum region, resulting in two symmetric hook-like structures shown in Figure 2K. For the region of negative tunneling phase (ωt0 < 0) considered here, the electron will also return to re-cross the x-y plane due to attraction of the Coulomb potential though it should directly move out without return according to the simple-man picture which does not take into account the Coulomb potential. Depending on the initial condition, some of the tunneled electrons will interact with the core strongly, gains large kinetic energy and escapes. It is noteworthy that the overall shape of the RSE region is very similar to that obtain by the 2-dimensional simulation in Ref. [31], the distribution inside the RSE region possesses more structures for the 3-dimensional calculation while it is almost empty for the 2-dimensional simulation. This difference can be attributed to that, in 2-dimensional case, the electron will interact with the core much strongly and then gains enough energy to escape, resulting in two symmetric crescent-like structures, while, in the 3-dimensional case, the situation is much more complicated. Note that there are even more structures near the center of the RSE region which can be ascribed to chaotic behavior of the electron moving in the combined Coulomb potential and external laser field. Many electrons will experience multiple returns and some may even circle around the core many time before they move away from the core [56], giving rise to complex structures in the region. When the ellipticity increases, the RSE region shifts to the positive direction of the initial transverse momentum for the same reason as that in the calculation without considering Coulomb potential (Figures 2P–R). To show the ellipticity dependent probabilities more clearly, we plot the distributions of initial transverse momentum (integral over tunneling phase) and tunneling phase (integral over initial transverse momentum) in the right two columns in Figure 2. One can find that all the distributions of tunneling phase are symmetric with respect to the crest of the laser field and hardly change with increasing ellipticity while the distributions of initial transverse momentum change noticeably with ellipticity. For the calculation without taking into account the Coulomb potential in evolution, the distribution of RSE shifts toward positive momentum but the shape keeps unchanged (see Figure 2S). When the Coulomb potential is fully considered, the distribution of RSE becomes much broader and possesses multi-peak structure for ɛ = 0. It shifts toward positive momentum and changes to a single-peak distribution with increasing ellipticity. This can be understood that since the distribution of the tunneling hardly changes with ellipticity, the regions B and C drop fast when the distribution of RSE shifts, so only the peak in region A remains. In addition, when the ellipticity increases, the peak in the region A shift toward the peak of the distribution of tunneling and coincides with the peak of tunneling at ɛ = 0.3, thus the ratio between RSE and ionization yields increases and reaches maximum at ɛ = 0.3. If the ellipticity increases further, the peak in the region A shifts away from the peak of tunneling distribution and thus drops quickly (see black squares in Figure 1A).
[image: Figure 2]FIGURE 2 | The laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling (A–C), ionization (F–H) and RSE (K–M), (P–R) processes at the ellipticities of ɛ =0 (A, F, K, P), ɛ =0.1 (B, G, L, Q), ɛ =0.3 (C, H, M, R). The initial photoelectron transverse momentum distributions in (D, I, N,S) and laser phase distributions in (E, J, O, T) are extracted from the data of (A–C), (F–H), (K–M) and (P–R), respectively. These data are calculated by the CTMC model with the laser intensity of 4×1013W/cm2 and the wavelength of 800 nm. For the data in (P–R), the Coulomb potential corrections of the photoelectron trajectories are ignored. Please find more details in the text.
To understand the laser intensity and wavelength dependence of the ratio between the RSE yields and the ionization yields in Figure 1A, the laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling, ionization and RSE processes at the ellipticities of 0.1 and 0.3 at a higher intensity of 1.6 × 1013W/cm2 (at 800 nm) and a longer wavelength of 1,600 nm (at 0.4 × 1014W/cm2) are given in Figure 3. Firstly, we concentrate on the laser intensity dependence of the ratio between RSE and ionization yields. When the intensity increases, the tunneling exit shifts toward the core and hence leads to stronger rescattering effect of the tunneled electron. Moreover, considering that the kinetic energy of the electron gained from the laser field is proportional to the intensity, the tunneling phase will be reduced significantly in the positive direction for the initial phase distribution of RSE. In the negative direction of the tunneling phase, since these electrons interact with the core softly, the distribution also shrinks but not so prominently as that in the positive direction. Therefore, the maximum of the RSE distribution shifts to negative tunneling phase as can be seen in Figures 3I–L) which show clear asymmetry with respect to the crest of the laser field. In this case, when the ellipticity increases, the RSE distribution shifts toward positive momentum but the maximum will miss the peak of the tunneling phase distribution (see Figures 3I, J), resulting in decreasing ratio of RSE/Ion as shown in Figure 1A (blue triangles) for high intensity. The same analysis given above can also be applied to the case of longer wavelength (1,600 nm) depicted in Figure 3. It should be noted that, since the intensity of the laser field is the same as that used in Figure 2, the tunneling exit does not shift but the kinetic energy gained by the electron, which is proportional to Up ∝ Iλ2, is the same as that of the high intensity case for 800 nm, so the asymmetry in the tunneling phase direction is less pronounced than that of the former case (comparing Figure 3X) with Figure 3L)). However, the maximum is still in the negative tunneling phase and it will also miss the peak of the tunneling phase distribution with increasing ellipticity, giving rise to decreasing ratio of RSE/Ion shown in Figure 1A (red circles).
[image: Figure 3]FIGURE 3 | The laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling (A, B, M, N), ionization (E, F, Q, R) and RSE (I, J, U, V) processes at the ellipticities of ɛ =0.1 (A, E, I, M, Q, U), ɛ =0.3 (B, F, J, N, R, V). The initial photoelectron transverse momentum distributions in (C, G, K, O, S, W) and laser phase distributions in (D, H, L, P, T, X) are extracted from the data of (A, B, E, F, I, J, M, N, Q, R, U, V), respectively. The laser intensities are 1.6×1014W/cm2 (A–L) and 0.4×1014W/cm2 (M–X). The laser wavelengthes are 800 nm (A–L) and 1,600 nm (M–X). These data are calculated by the CTMC model.
Based on the above analysis of the CTMC calculation results, we further investigate the nonadiabatic effect on the ratio of RSE yields over ionization yields. The calculations with the nonadiabatic model are presented in Figures 1B–F). As shown in these panels, with rising ellipticity, both the ionization and RSE yields decrease rapidly. With closer inspection, the RSE yields decrease even faster than the ionization yields for all the laser intensities and wavelengthes investigated in this work. It can be found that the slope of the ellipticity dependence of RSE (ionization) yields becomes more and more steep (flat) for higher laser intensities or longer wavelengthes. As a result, the ratios between the RSE yields and the ionization yields become steeper with rising ellipticity for stronger laser intensities or longer wavelengthes. Therefore, the ratio maximum at a nonzero ellipticity disappear if the nonadiabatic effect has been considered in the semiclassical model.
The calculation results of the nonadiabatic model are in stark contrast to those in [31] (and also the data in Figure 1A), where a radical maximum of the ratio can be identified at ɛ ≈ 0.2 (or ɛ = 0.3) at 800 nm. On the contrary, the calculation results of nonadiabatic model are qualitatively consistent to those in [32], where the RSE yields also decrease faster at higher laser intensity. Considering that our CTMC calculations qualitatively match the results in [31] where the nonadiabatic effect has been ignored, we can conclude that the nonadiabatic effect must be the physical origin behind the difference between the results of [31, 32].
To comprehend the influence of the nonadiabatic effect on the ellipticity dependence of the ratio, we present the laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling, ionization and RSE processes at the ellipticities of ɛ = 0.1 and ɛ = 0.3 in Figure 4. Although the laser parameters of Figure 4 is identical to those of Figure 2, as well documented (see, e.g., [9]), the nonadiabatic effect will lead to a shift of the tunneling exit to the core, compared to its adiabatic counterpart. Therefore, the contribution of the rescattering process could be significantly enhanced, giving rise to the shift of the RSE area to the negative direction of the laser phase. Furthermore, in contrast to the zero photoelectron longitudinal momentum employed in the CTMC model, a significant nonzero photoelectron longitudinal momentum is introduced by the nonadiabatic effect. As shown in Ref. [54], the initial longitudinal momentum is always along the direction of -A(t), i. e., the final kinetic energy of the tunneled electron will be increased if the initial longitudinal momentum is taken into account. So the RSE distribution shrinks in the direction of tunneling phase. In addition, in the falling edge of the laser field where the electron is expected to return to the x-y plane in the simple-man picture, the initial longitudinal momentum always points to the core, so the rescattering effect is also enhanced, which will reduce the distribution in the positive initial longitudinal momentum region. As shown in Figures 4K, L), strong asymmetry can be found in the distributions of initial longitudinal momentum and tunneling phase for RSE process. Therefore, the nonadiabatic modification of the tunneling exit and the initial photoelectron longitudinal momentum lead to that laser phase range of RSE area in Figures 4I–LJ) becomes narrower and shifts to the negative direction of laser phase, if compared to the results in Figures 2L, M, O. Meanwhile, the laser phase range of the tunneling areas in Figures 4A, B, D is still symmetric (close to that of Figures 2A, B, D). Thus, with rising ellipticity, the dominant yields of RSE distribution will miss the peak of the tunneling distribution (Figure 4A), which, in turn, leads to the absence of the ratio maximum at a nonzero ellipticity.
[image: Figure 4]FIGURE 4 | The laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling (A, B), ionization (E, F) and RSE (I, J) processes at the ellipticities of ɛ =0.1 (A, E, I), ɛ =0.3 (B, F, J). The initial photoelectron transverse momentum distributions in (C, G, K) and laser phase distributions in (D, H, L) are extracted from the data of (A, B), (E, F), and (I, J), respectively. The initial photoelectron longitudinal momentum distributions for tunneling (C), ionization (G) and RSE (K) are also presented. These data are calculated by the nonadiabatic model with the laser intensity of 4×1013W/cm2 and the wavelength of 800 nm.
In Figure 5, calculation results by the nonadiabatic model at a higher laser intensity and a longer wavelength are presented. At a higher intensity, as shown in Figures 5A, B, D, the laser phase ranges of the tunneling areas become wider, compared to its lower intensity counterpart (see Figures 4A, B, D). In the meantime, at the higher intensity, the width of lase phase range of the RSE distribution hardly changes and but its peak shifts to the negative direction of laser phase due to the larger contribution of rescattering process, resulting from shift of tunneling exit towards the core at higher laser intensity. Thus, the peak of the RSE distribution shifts by passing the region farther away from the tunneling distribution with rising ellipticity than that in the lower intensity case, which, in turn, leads to a monotonous faster decrease of the ratio (comparing Figures 1C, D). In the case of a longer wavelength, in Figures 5M, N, P, the laser phase ranges of the tunneling areas are close to the case of 800 nm (see Figures 4A, B, D). However, the laser phase ranges of the RSE areas become obviously narrower and shifts to negative laser phase compared to the case of 800 nm due to the larger photoelectron acceleration by the laser field at the longer wavelength. In addition, since the acceleration of the field is proportional to E0/ω, the RSE distribution shifts much faster in the initial transverse momentum axis for long wavelength case comparing with the shorter wavelength with the same intensity (comparing Figures 5U–W with Figures 4I–K). Thus, the ratio of RSE/Ion decreases faster with rising ellipticity for longer wavelength than that in the 800 nm case which can be clearly seen by comparing Figures 1D, F).
[image: Figure 5]FIGURE 5 | The laser phase dependence of the initial photoelectron transverse momentum distributions for tunneling (A, B, M, N), ionization (E, F, Q, R) and RSE (I, J, U, V) processes at the ellipticities of ɛ =0.1 (A, E, I, M, Q, U) and ɛ =0.3 (B, F, J, N, R, V). The initial photoelectron transverse momentum distributions in (C, G, K, O, S, W) and laser phase distributions in (D, H, L, P, T, X) are extracted from the data of (A, B, (E, F, I, J, M, N, Q, R, U, V), respectively. The initial photoelectron longitudinal momentum distributions for tunneling (C,O), ionization (G, S) and RSE (K, W) are also presented. The laser intensities are 1.6×1014W/cm2 (A–L) and 0.4×1014W/cm2 (M–X). The laser wavelengthes are 800 nm (A–L) and 1,600 nm (M–X). These data are calculated by the nonadiabatic model.
5 CONCLUSION
Using a semiclassical model where the nonadiabatic effect can be chosen to be included or ignored, we found that the documented anomalous behavior of the ratio between RSE and the ionization yields, which maximizes at a nonzero ellipticity, is absent when the nonadiabatic effects are taken into account. Our analysis indicates that this result can be attributed to the nonadiabatic modification of the tunneling exit and the initial momentum distribution of the tunneled electron at the tunneling exit.
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