

  photonics-09-00256




photonics-09-00256







Photonics 2022, 9(4), 256; doi:10.3390/photonics9040256




Communication



Photoionization of Electrons in Degenerate Energy Level of Hydrogen Atom Induced by Strong Laser Pulses



Peipei Xin 1,2[image: Orcid], Tianhui Qiu 1, Hongyang Ma 1[image: Orcid], Hua Yuan 3 and Hongping Liu 4,5,*





1



School of Science, Qingdao University of Technology, Qingdao 266525, China






2



Anhui Province Key Laboratory of Optoelectronic Materials Science and Technology, Wuhu 241000, China






3



School of Physics and Optoelectronic Engineering, Shandong University of Technology, Zibo 255049, China






4



State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and Mathematics, Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences, Wuhan 430071, China






5



University of Chinese Academy of Sciences, Beijing 100049, China









*



Correspondence: liuhongping@wipm.ac.cn







Received: 18 March 2022 / Accepted: 10 April 2022 / Published: 11 April 2022



Abstract

:

Photoionization dynamics of bounded electrons in the ground state, the first and second excited states of a hydrogen atom, triggered by ultrashort near-infrared laser pulses, have been investigated in a transition regime (  γ ∼ 1  ) that offers both multiphoton and tunneling features. Significant differences in spectral characteristics are found between the three low-energy states. The H(  2 s  ) ionization probability is larger than the H(  2 p  ) value with a special oscillating structure, but both are much greater than the ground state H(  1 s  ) in a wide range of laser intensities. By comparing the momentum spectrum and angular distributions of low-energy photoelectrons released from these degenerate states, we find the H(  2 p  ) state shows a stronger long-range Coulomb attraction force than the H(  2 s  ) state on account of the difference in the initial electron wave packet. Furthermore, analysis of the photoelectron momentum distributions sheds light on both the first and second excited states with a symmetrical intercycle interference structure in a multicycle field but an intracycle interference of an asymmetric left-handed or right-handed rotating spectrum in a few-cycle field. By analyzing photoelectron spectroscopy, we identify the parity characteristics of photoelectrons in different energy intervals and their corresponding above-threshold single-photon ionization (ATSI) or above-threshold double-photon ionization (ATDI) processes. We finally present the momentum distributions of the electrons ionized by laser pulses with different profiles and find the carrier-envelope phase (CEP) is a strong factor in deciding the rotating structure of the emission spectrum, which provides a new method to distinguish the CEP of few-cycle pulses.
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1. Introduction


Laser-induced photoionization of the ground state electron is one of the critical effects in strong-field laser–atom interactions. Before the seminal work proposed by Keldysh [1], which gives a standard and broadly accepted model for the description of both multiphoton and tunneling pictures of atomic ionization and offers a reliable tool for the ionization rate calculations, the photoionization process was regarded as a result of direct transitions from the bound electron to free states. In the past several decades, the Keldysh theory has provided a universal framework for analyzing the ionization process in nonlinear ultrafast processes, for instance, high-order harmonic spectroscopy [2,3,4], filamentation of femtosecond laser pulses in a scattering medium [5,6,7], generation of femtosecond electron bunches [8,9] and radiation of terahertz waves [10,11].



Although modern laser technologies have enabled the emergence of ultrashort intense few-cycle pulsed lasers [12,13], allowing electron dynamics studies on an unprecedentedly sophisticated time scale, most of the work in the literature [8,14] of strong-field ionization is both theoretically and experimentally focused on the multiphoton ionization (MPI,   γ ≫ 1  ) or tunneling ionization (TI,   γ ≪ 1  ) regimes, for example, the electron tunneling time and the position of tunneling exits [15,16], while relatively less focuses on the multiphoton effect of atomic strong-field tunneling dynamics in the transition regime (  γ ∼ 1  ). In some ways, however, photoionization theories need to explain the details of field-induced ionization dynamics in this key regime and the related investigations are also quite meaningful compared to the enormous number of previous studies. Recent works investigated the signatures of the electron partial-wave distribution [17] and quantitative identification mechanism of MPI and TI for Keldysh parameters close to unity [18], which will surely give rise to more interest in the unexplored phenomena in this intermediate regime.



When hydrogen gas is subjected to an intense laser field, the interaction force with the external electric field can become comparable with that of the Coulomb field. In order to clarify the electron migration behavior, it is necessary to know the diabatic dynamics of electrons in the low-energy states of atomic hydrogen in a transition regime (  γ ∼ 1  ), though the dynamics of shell electrons in a heavy atomic system such as xenon et al. [19,20,21] and the photoionization of atomic orbital dependence have been studied in the over-barrier regime [22]. In this article, we reveal a comparative study of H(  1 s  ), H(  2 s  ) and H(  2 p  ) photoexcitation and photoionization dynamics with multiphoton and tunneling characteristics in the above-mentioned transition regime.



The objective of this article is threefold. First, as one cannot consider the dynamics process completely adiabatic at the Keldysh parameter we used, ionization rates for the three bound states should be presented. Hence, we would like to study the multiphoton effects in the electron tunneling process and compare the differences therein. A novel phenomenon of the ionization probability manifesting an oscillating pattern as the laser intensity increases is presented and has been clarified by the channel-closing effect. Second, the photoionization and photoexcitation of bounded states electrons can be affected by the Coulomb force. Although having equal ionization energy   (  I p  = 0.125   a.u.), these L-shell bound states have quite different initial electron wave packet distributions. These differences can result in diverse dynamic behavior in the transition regime, which can be determined by the differential momentum spectroscopy and the angular distributions of low-energy free electrons. Finally, we present that the intercycle and intracycle interference spectrum originating from coherent superposition of free photoelectrons in the adjacent and same optical period can result in symmetrical petal structures and asymmetric left-handed or right-handed rotating structures, respectively. The latter feature can also be adopted in judging the CEP of few-cycle laser pulses.




2. Theoretical Method


In order to discuss the atomic degenerate state ionization processes, we consider the hydrogen in its K-shell and L-shell bound states, interacting with an intense, linear-polarized pulsed laser. The form of time-dependent Schrödinger equation (TDSE) is as follows:


  i  ∂  ∂ t   ψ  ( r , t )  =  [  H 0  +  H ′  ]  ψ  ( r , t )  .  



(1)







Unperturbed Hamiltonian   H 0   and the coupling term   H ′   can be expressed as


   H 0  =   p 2  2  −  1 r   



(2)




and


   H ′  = r × F  ( t )  .  



(3)







The form of electromagnetic waves we used is


  F  ( t )  =  F 0   sin 2   (   π t  τ  )  cos  ( ω t + φ )   Z ^  .  



(4)







In numerical calculations,   ψ ( r , t )   was decomposed on a spherical harmonics basis    Y  l m    ( θ , ϕ )    [23,24,25,26] as


  ψ  ( r ; t )  = ψ  ( r , θ , ϕ ; t )  =   ∑   l m      R l   ( r ; t )   r   Y  l m    ( θ , ϕ )  .  



(5)







In order to ensure the stable long-time evolution of wave packet propagation, the split-operator method [26] is performed. Finally, we also take advantage of an absorption potential [26,27,28] to avoid the unnecessary wave packet reflection at the boundary. Even so, we still use a wide cut-off radius to keep the electron evolving in enough space so that it can be driven back by the laser field before reaching the boundary. Actually, the size of the outer boundary range    r  m a x   = 1000   and radial grid number   N = 400   are large enough to satisfy convergence. It should be noted that in Equation (5), the expansion can be simplified to only include the   m = 0   partial wave since the influence from   m = ± 1   is much smaller than the   m = 0   case in the presence of a linearly polarized laser pulse [29]. For a linearly polarized light, the orientation of electrons in space is mainly along the polarization direction, and the components in other extension directions are very small and can be ignored.



Then, the excitation probability of bound states can be estimated by


   P  n l , m = 0   =     ψ  n l , m = 0    ( r )  ∣ ψ  ( r ; t )    2  .  



(6)







Therefore, ionization probability of initial states is


   P  i o n    ( t )  = 1 −   ∑   E  n l , m = 0   < 0        ψ  n l m    ( r )  ∣ ψ  ( r ; t )    2  .  



(7)







In the summation of Equation (7), we include only those states with    E n  < 0  , where the states beyond   n = 25   contribute little to summation.



Finally, we obtain the photoelectron momentum spectrum by the following formula [30,31]:


    d P   d  k →    =  1  4 π k      ∑ l   e  i  δ l   ( k )      2 l + 1    P l   ( cos θ )   k , l ∣ ψ ( τ )   2  ,  



(8)




where the wave function should be projected onto the continuum state functions once the laser field ends.




3. Results and Discussion


As shown in Figure 1, we firstly investigate the difference in ionization probabilities between the K- and L-shell electrons of hydrogen induced by the pulsed laser with intensities ranging from   10 11   to   10 15   W/cm   2   for a 800 nm wavelength, which ranges from a multiphoton to tunneling regime. For this wavelength, the ionization process may be embodied a multiphoton manner since  γ  varies from 33 to   0.33   for K-shell and 16 to   0.16   for L-shell. Therefore, the multiphoton features for the ionization dynamics in the range of  γ  much larger than 1 are presented, where the probability oscillates as a function of the intensity for both the L-shell states. The oscillation pattern with local weak steps and ionization probabilities stays relatively flat before rapidly rising again, which can be attributed to the closing effect of the ionization channel originating from the shifting of the Stark level as the laser intensity increases.



Based on the multiphoton theory, the energy of continuous electrons can be expressed as   E = N ℏ w − (  I p  +  U p  )  , where N is the minimum number of photons required for electron ionization,   I p   is the ionization potential of the initial state and    U p  = I /  ( 4  ω 2  )    is the atomic ponderomotive potential under the laser intensity I. It can be inferred that the ATI peak will produce a shift towards the ionization threshold with the increase in light intensity. If the laser intensity exceeds the channel-closing threshold, the lowest order ATI peak would move into the bound energy interval. Thus, ionization probabilities stay relatively flat between two channel-closing thresholds. In the next ionization channel intervals, the ionization probability will continue to increase with the increase in intensity.



This channel-closing effect can also be presented by the low-energy structure of the momentum spectrum, which is shown in the right column of Figure 1. Here, we considered the cases of the   2 s   state. The peak intensities we used for the three momentum spectra are   0.5  ,   0.8   and   1.0 ×  10 13    W/cm   2  . For intensity   0.5 ×  10 13    W/cm   2   (Figure 1b), three photons are sufficient to ionize the initial   2 s   state; thus, the free electrons are dominated by the   l = 3   angular momentum. However, at intensity   0.8 ×  10 13    W/cm   2   (Figure 1c), the former low-energy petal spectrum becomes much weaker, and the higher order ATI peak becomes stronger. Furthermore, once the laser intensity arrives at   1.0 ×  10 13    W/cm   2  , the angular momentum   l = 4   plays a leading role and takes over the original position, meaning that an additional photon is necessary for electron ionization. This process, called channel-closing (or channel-switching), is always accompanied by the oscillating structures of ionization probability. Thus, we can conclude that the multiphoton process still appears even in the tunneling regime.



Furthermore, below ionization saturation intensity   1.0 ×  10 15    W/cm   2  , we observed that the probability values rise in different oscillation trends: in the low-intensity range, the probability values of H(  2 s  ) and H(  2 p  ) states have faster growth rates than the H(  1 s  ) state. Once the intensity exceeds   1.0 ×  10 14    W/cm   2  , this oscillation trend will change, where a rapid growth for the H(  1 s  ) state takes place. Moreover, the oscillating of ionization probability versus intensity for both L-shell states with an out-of-phase and the decreasing oscillating amplitude mirrors the multiphoton absorption characteristics in this intensity range. From [32,33], the H(  2 s  ) state and the H(  2 p  ) state would additionally obtain larger and smaller energy, respectively, when taking the ac-Stark shifting into consideration. Therefore, the transition energy to high-lying excited states differs for the two states, which results in the asynchronous oscillation of ionization probability.



Now, we continue to discuss the origin of diversified oscillation trends of probability values between the three low-energy states. As the ionization potential of L-shell electrons (   I p  = 0.125   a.u.) is much smaller than that of K- shell electrons   (  I p  = 0.5   a.u.), it is easy to understand that H(  2 s  ) and H(  2 p  ) states have higher ionization probability than the H(  1 s  ) state under the same intensity. However, it is more constructive to clarify the difference in ionization probability between L-shell bound states in the same ionization potential.



On one hand, from the point of view of quantum mechanics, the two L-shell bound states have different initial electron wave packets, as shown in Figure 2. In the low-intensity ranges, the photoelectrons mainly appear in the MPI regime where they are affected by a much stronger atomic Coulomb force than in the TI regime, which leads to different behaviors of ionization probability. As can be seen, the electron wave packet of the H(  2 p  ) state (Figure 2c) comes closer to the nucleus than the H(  2 s  ) state (Figure 2b) and thus the Coulomb focusing effect that the electron experiences is larger for the H(  2 p  ) state, which is more obvious in Figure 2d where the radial distribution of the electron wave packet is presented. Moreover, owing to the strong laser pulse used, the interaction of the field acting on the electron is non-perturbative and results in a movement of the electron cloud in the direction of laser polarization. Therefore, the distance between the nucleus and electrons greatly affects the ionization dynamics of the initial states and the radial distribution   < r >   of the electron wave packet that could be used to describe the ionization potential of atoms [34]. The desired value of the radial scale of the atomic excited state is approximated as [35]:


   r  =  1 2   3  n 2  − l  ( l + 1 )   .  











Under the same principal quantum number n, a smaller l implies a larger   < r >  , which means a weaker Coulomb force from the nucleus. The probability of ionizing events depends on the competition between the laser-induced spatial displacement and atomic Coulomb force [36,37]. Therefore, the ionizing event is more likely to occur for a smaller l state since it is more susceptible to the external laser pulse. We then come to the conclusion that the electron wave packet diffusion effect reflected in the radial distribution of excited states determines the final photoionization probability, in agreement with the trend of the results in Figure 1.



On the other hand, from the classic point of view, the eccentricity of the bound electron Kepler orbit in the classical trajectory can be expressed as   e = ( 1 − l / n )  . Thus, the orbital eccentricity will decrease with the increase in l for a specific principal quantum number n. As known from [34,38], the behavior of electrons of excited states exposed to laser fields can be described by a slow motion along the classic orbit accompanied by fast shaking. Therefore, a small l bound electron has a greater ionization probability because it has more opportunities to approach the nucleus. In addition, this mechanism can also be used to reveal the electronic orbital trends of different n states where the ionization rates increase with n monotonically.



The difference in photoionization dynamics owing to the initial electron cloud distribution can also be identified in the final differential momentum spectroscopy and angular distributions of low-energy emission electrons, as shown in Figure 3. From the differential momentum spectra of Figure 3a–c, we identify the differences between the three bound states, particularly the   2 s   and   2 p   states. It is obvious that the low-energy momentum spectra show great differences for the three states. The petal structure of the momentum spectrum is usually considered to be the joint effect of atomic Coulomb potential and light field where the free electrons interfere at different ionization exits of the light field, resulting in the emission spectrum [39].



Moreover, both types of shell electrons have different ionization potentials (K-shell,    I p  = 13.6   eV and L-shell,    I p  = 3.4   eV) and thus the radial jets in the emission spectrum show different division numbers, which are determined by the intensity of the trigger laser and ionization energy of the initial state [40]. It can be observed that the difference in the petal structure decreases significantly for the initial electron from the same shell compared with a different shell’s electron, and it even becomes illegible owing to the complex intercycle free electron orbital interference. In fact, we can also catch sight of the difference in the near-threshold momentum spectrum by making use of the photoelectron angular distributions (PADs). Here the PADs record the photoelectrons emitted in different directions, as shown in Figure 3d–f, which can be used to further study the Coulomb focusing effect at various emission angles for the degenerate L-shell states. Actually, the angular differential spectrum shows obvious jet features that resemble the    [  P l   ( cos θ )  ]  2   of degree l, which represents the angular momentum of these electrons [41]. In Figure 3e–f, the two free states are dominated by   l = 3   and   l = 4  , respectively.



Besides the number of side lobes, as can be seen, the three states also differ in the maximum or minimum at   cos θ = 0   as predicted by the emission electron interference effect. The angular distribution of electrons features a minimum or maximum in the perpendicular direction determined by the   N + l   which is odd or even, where N is the number of photons required for ionization and l is the orbital angular momentum quantum number of the excited state [42,43]. As shown in Figure 3d, at least   N = 9   photons are required to ionize from the initial state   l = 0  , then we can observe a minimum in the   θ =  90 °    direction. Similar and even opposite situations are also presented in Figure 3e,f, where   N = 3   photons are needed for their ionization but with different angular quantum numbers. Moreover, we also observe there are two and three lobes beyond the laser polarization direction for the   2 s   and   2 p   state, respectively. These lobes would not change in a certain intensity range of the laser until the channel switching process occurs where the dominant angular momentum   l = 4   and   l = 5   have taken over the near-threshold petal position.



Naturally, the final momentum distribution is dependent on the laser field applied, for example, multicycles of a laser should have different effects from few-cycle pulses. We now inspect how the petaloid modulation structures from the electron interference are expected to vary with the pulse duration. In Figure 4, we present the momentum distribution of the initial   1 s  ,   2 s   and   2 p   states of a hydrogen atom with a four-, two- and single-cycle cosine-like pulse of Equation (4).



As the electric field force acting on the   1 s   state electron is much smaller than the Coulomb attraction force of the nuclear on the K-shell electron, we do not observe an obvious interference structure in Figure 4a–c. We then concentrate on the interference dynamic of L-shell electrons. As can be seen in Figure 4d,g, there exist the common gross features for both states with the approximate symmetric momentum spectrum (around    K z  = 0  ). The intercycle fringes appearing in positive and negative   K z   arise from complex interference between free electrons produced by different pulse periods. This multiphoton effect induces several side lobes and its visibility can change with pulse duration, like the photoelectrons mainly distributed along the oscillating direction of the light field in the few-cycle cases. The electric fields we used are shown in the top row.



In fact, as the laser pulse duration decreases, the emission direction of the photoelectrons experiences a change, thus tending to follow the direction of laser polarization with a rotating structure resulting from the variation in ionization time. For the case of two cycles in Figure 4e,h, we observe an asymmetric momentum distribution with two types: in the    K z  < 0   region the Ramsauer–Townsend interference fringes can be seen [39,44] where the photoelectrons are mainly generated from the second peak of the light field vector, thus the third peak mainly leads to a rescattering process by controlling the ionized electrons, whereas in the    K z  > 0   range a series of vertical fringes emerge which originate from the intracycle interference for emission electrons [45]. Similar patterns are presented in Figure 4f,i for a single-cycle pulse. By comparing the two columns we can find an interesting phenomenon that the complex intracycle or intercycle interference spectrum is independent of the initial states in the same shell. It can be expected that few-cycle pulsed lasers with a sine-like wave form will produce similar patterns but with opposite rotating structures.



In order to further explore the characteristics of free electron energy distributions with different initial states, we present the energy spectra with angle-integrated in Figure 5 and it indicates that the photoionization of electrons with a degenerate level (  2 s , 2 p  ) can occur through different pathways which can be categorized as above-threshold single-photon ionization (ATSI) and above-threshold double-photon ionization (ATDI).



As mentioned in the previous paragraph, laser pulses lead to photoionization of L-shell electron wave packets by absorbing three photons and finally arriving at f and g continuum states. In the energy interval   0 − 0.057   a.u. of Figure 5, corresponding to the transient process of two-photon excitation plus single-photon ionization, the ionization yield of   2 p   electrons is slightly greater than that of   2 s   electrons, which means ATSI is dominant below the first ATI peak for odd-parity initial states. However, once the photoelectron energy exceeds the interval   0.057   a.u., the ionization pathway is shown to drastically change the dynamic feature of the wave packet into the g continuum state via f continuum state electrons, opening an ATDI (and above-threshold multiphoton ionization, ATMI) channel that dominates over the ATSI. It is intuitively shown in Figure 6. Moreover, there are no obvious ATI peaks in Figure 5. That is because the occurrence of ATI peaks is related to the periodic interference between different laser pulses and here the pulse duration we used (2 cycles) is too short to cause periodic interference. Actually, if we utilized a multicycle (greater than six cycles) laser pulse, an abundant structure of ATI peaks would be presented.



Fine substructures of PES are often related to the multiphoton resonantly enhanced ionization effect. Figure 6 shows the resonant scheme of hydrogen based on bound and continuous energy levels for the two excited states. For different wavelengths, multiple transition paths are available during the laser pulse acting on the initial L-shell electron. Here, we should note the feasibility of the dipolar selection rule in high-field multiphoton ionization processes [41]. When the orbital quantum number of a particular free electron state is l and it absorbs one more photon, the parity of the photoelectron will change and its angular momentum will be   l + 1   since the transition matrix element from l to   l + 1   is much larger than   l − 1   [29]. Therefore, for an 800 nm pulsed laser there are two resonantly enhanced multiphoton ionization pathways: (i)   2 + 1 + 1   ionization process via two-photon resonant transition   2 s − n d  , subsequently leading to free electrons with f- and g-symmetry, and (ii)   2 + 1   ionization process via two-photon excitation of   n f   states, giving rise to photoelectrons with g-symmetry. They correspond to the ATDI and ATSI peaks in Figure 5, respectively.



Figure 7 displays the momentum spectra of free electrons ionized from the H(  1 s  ) state. The spectra recorded at (a)   φ = 0  , (b)   φ = π / 2  , (c)   φ = π  , (d)   φ = 3 π / 2   are shown for ±sine-like and ±cosine-like pulses as defined in the insets. A clear interference spectrum can be seen with different visibility. An obvious feature in presenting such spectra is that their rotation structure changes in the wake of the variable carrier phase. In Figure 7a, corresponding to the 0-phase cosine pulses, the emission spectrum exhibits a clear left-handed roll structure. Changing the pulse phase by  π  interchanges the left-handed or right-handed structures in Figure 7c.



Moreover, the high visibility can be seen for ±cosine-like pulses but the visibility is low for the ±sine-like case where the roll structure is eliminated in a special momentum interval. A straightforward explanation is detailed by the following model. For the +cosine-like pulse case (Figure 7a), there are two wave crests in the negative direction and just one crest in the positive direction (shown in the inset). As the momentum spectra are formed by free electron interference at different ionization exits (here corresponding to the two crests), we observe the high visibility roll structure in the   [ − 1 , 0 ]   interval of   K Z  . The interference pattern does not completely disappear in the   [ 0 , + 1 ]   interval of   K Z  , which is caused by the interference between the free electron triggered by the single crest in the positive direction and other electrons, although this interference is too weak to create a high visibility roll structure. In Figure 7b,d, two roll structures of weaker visibility are observed compared with that in Figure 7a,c. These structures result from the low interference probability of the free electron for ±sine-like pulses where the electric field vector only has a single crest in the positive or negative direction. Experimentally, if a pair of alternate laser fields (both +sine-like and −sine-like pulses) are applied (in Figure 8a), we can obtain a symmetric high-visibility roll structure in the entire momentum space as shown in Figure 8b.



Therefore, this phase-dependent left-handed or right-handed rotation spectrum provides a new method to distinguish the CEP in a few-cycle pulsed laser and image the launch path of excited-state electrons. In fact, utilizing the phase-controlled ultrashort pulsed laser, the control of pulse temporal evolution, the closing or opening of ionization exits and manipulating the distribution of the electron momentum can also be achieved.




4. Conclusions


In brief, we have studied the laser-induced ionization dynamics of hydrogen atom degenerate states in the special Keldysh parameter transition regime. A near-infrared ultrashort intense laser field is introduced to study the ionization rates of the K-shell electron theoretically, and is also extended to the similar process for the L-shell electrons of hydrogen where the ATI electron results in the rich emission spectrum structure in momentum space. The oscillation structure of ionization probabilities was reasonably explained by the closing effect of the ionization channel. Besides presenting the petaloid pattern originating from temporally separated wave packet interference in the energy domain, we have also identified the differences in the momentum features near the threshold and in photoelectron angular distribution between the three low-energy bound states. In the momentum distribution of both the L-shell bound states, there exists a similar phenomenon of the intercycle and intracycle interference effect resulting from the free electron interference. A characteristic feature in the PES is that photoelectrons carry different dominant parities in different energy regions. The resonant coupling between electron energy levels and photons shows that photoelectrons with g-symmetry for the initial H(  2 p  ) bound state are more dominant than those in the H(  2 s  ) bound state in the ATSI region but photoelectrons triggered from the initial   2 s   state dominate in the ATDI region, which have been reasonably explained by the unidirectional dipole transition selection rule. Finally, we also investigated the CEP dependence of photoelectron momentum spectroscopy and showed that the roll structure asymmetry occurring on left or right sides is related to the interference among emission electrons in different ionization outlets. That means that manipulating the migration of excited states, tracing the state-coupling information and controlling the evolution process of degenerate low-energy states can be achieved by controlling the pulse phase of few-cycle optical fields.
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Figure 1. (Color online) (a) Ionization probability values of the K (  1 s  ) shell and L [(  2 s , 2 p  )] shell electrons of atomic hydrogen exposed to a laser pulse with width of 20 fs as a function of the peak intensity for 800 nm wavelength, solved by TDSE. Two-dimensional (2D) momentum distributions of   2 s   initial electron under the three peak intensities   0.5   (b),   0.8   (c) and   1.0 ×  10 13    W/cm   2   (d), which are around the channel-closing thresholds between   N = 3   and   N = 4  . The channel-closing intensity for absorption of N photons is indicated in (a). 
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Figure 2. (Color online) Electron wave packet distribution for H(  1 s  ) state (a), H(  2 s  ) state (b) and H(  2 p  ) state (c). Radial distribution of the three electron eigen wave packets (d). 
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Figure 3. (Color online) PMDs for hydrogen initial states   1 s   (a),   2 s   (b) and   2 p   (c) calculated by solving the TDSE for a 20 fs pulsed laser with 800 nm at   7.0 ×  10 12    W/cm   2  . Polar plots of the PADs of near-threshold photoelectrons at the same laser parameters with the same initial states   1 s   (d),   2 s   (e) and   2 p   (f), evaluated at kinetic energies corresponding to three-photon ionization of hydrogen via resonant states. 
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Figure 4. (Color online) PMDs of initial   1 s   state (a–c),   2 s   state (d–f) and   2 p   state (g–i) of a hydrogen atom exposed to a 800 nm laser. The parameters are the same as in Figure 3 but with different pulse durations. 
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Figure 5. (Color online) Photoelectron spectroscopy (PES) of different initial states of a hydrogen atom exposed to a 800 nm laser with intensity the same as in Figure 3 but the pulse duration is two cycles (6 fs). Here, ATSI, ATDI and ATMI represent the above-threshold single-photon ionization, above-threshold double-photon ionization and above-threshold multiphoton ionization process, respectively. 
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Figure 6. (Color online) Schematic of the resonance coupling between the L-shell electrons and a series of Rydberg states or free electrons. Each diagonal arrow represents a photon absorption of approximately   ℏ ω = 1.55   eV in energy. Two possible quantum paths are shown to produce free electrons by photon absorption. 
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Figure 7. (Color online) Photoelectron momentum spectra of H(  1 s  ) state ionized by 6 fs pulsed laser with the intensity   7.0 ×  10 13    W/cm   2   in the wake of carrier phase: (a)   φ = 0  , (b)   φ = π / 2  , (c)   φ = π  , (d)   φ = 3 π / 2  . Insets display the profiles for ±sine-like and ±cosine-like pulsed laser. For cosine pulses the fringes exhibit a left-handed roll structure for electron emission under the 0-phase field while in the opposite phase a right-handed roll structure is observed. 






Figure 7. (Color online) Photoelectron momentum spectra of H(  1 s  ) state ionized by 6 fs pulsed laser with the intensity   7.0 ×  10 13    W/cm   2   in the wake of carrier phase: (a)   φ = 0  , (b)   φ = π / 2  , (c)   φ = π  , (d)   φ = 3 π / 2  . Insets display the profiles for ±sine-like and ±cosine-like pulsed laser. For cosine pulses the fringes exhibit a left-handed roll structure for electron emission under the 0-phase field while in the opposite phase a right-handed roll structure is observed.



[image: Photonics 09 00256 g007]







[image: Photonics 09 00256 g008 550] 





Figure 8. (Color online) (a) Temporal variation of the electric field of few-cycle pulsed laser with phase   φ = π / 2   (“-sinelike”, blue line) and   φ = 3 π / 2   (“+sinelike”, red line). (b) The photoelectron momentum spectrum of H(  1 s  ) state ionized by an alternate field with the same laser parameters but with carrier phase   π / 2   and   3 π / 2  . 
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