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Abstract

:

We present the theory and simulation of attosecond transient absorption in helium atoms under the single-active-electron approximation. This study investigates the attosecond dynamics of intrinsic atomic states that interact with a field comprising vacuum ultraviolet (VUV) and extreme ultraviolet (XUV) fields. The absorption spectrum of the helium atom is obtained from the response function, which is constructed by numerically solving the three-dimensional time-dependent Schrödinger equation. We observe a fine structure near the intrinsic atomic level, which is modulated with a 0.2 fs period. Based on high-order time-dependent perturbation theory, the frequency-dependent phase of the dipole response induced by the VUV and XUV fields is analytically obtained, and the fine structure is well explained by the phase difference. In addition, the absorption fringes are dependent on the chirp of the VUV field. This study investigates the features of the attosecond transient absorption in the VUV region, which may have valuable applications in the study of ultrafast phenomena in atoms, molecules, and solids.
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1. Introduction


Attosecond transient absorption spectroscopy is a newly developed method that can probe the ultrafast dynamics of electrons in atoms [1,2,3,4,5,6,7,8,9,10,11,12,13,14], molecules [15,16,17,18,19], or solids [20,21,22,23,24,25,26,27]. This sepctroscopy uses the pump-probe scheme, where an infrared (IR) or extreme ultraviolet (XUV) field is used to probe or pump the attosecond dynamics. The transmitted spectrum of the XUV field is recorded while scanning the time delay between the IR and XUV fields.



The first attosecond transient absorption experiment was performed using an IR pump field that was strong enough to initiate dynamics by directly ionizing krypton atoms [1]. The valence electron dynamics were measured by monitoring the absorption spectrum of the XUV field. Subsequently, several studies have been experimentally and/or theoretically performed based on the scenario in which the XUV field (pump beam) initiates the dynamics and the IR field probes the dynamics by coupling to nearby dark or continuum states. Several new phenomena, such as the light-induced-state [28,29,30,31,32,33,34], sub-cycle AC Stark shift [28], Autler–Townes splitting [35], hyperbolic sidebands [29,32,33,36], and quantum beats [8,37] have been experimentally observed and theoretically investigated. Recent studies used probe fields in the IR range, and the dynamics were modulated with a half-or quarter-cycle period of an 800 nm IR field. However, the couplings from the excited states to the ground state have been ignored, which may build faster dynamics of electrons that cannot be probed by such an IR field.



Several methods, such as the two-level model [29,31,32,33] and adiabatic three-level model [38], have been used extensively to study the attosecond dynamics of atoms dressed by IR field. An N-surface model [15], based on the first-order time-dependent perturbation theory, is applied to include the effect of nuclei motion on the attosecond transient absorption spectrograms (ATAS). However, these models are intended for calculating the dynamics initiated by an XUV field then disturbed by an IR field. For the XUV + VUV circumstances, the VUV field can only weakly affect the dynamic process induced by the XUV field (due to the larger detuning of the VUV field in the transitions between the bright states and nearby dark states), but it can strongly excite electrons from the ground state to the excited state through multi-photon absorption. The models mentioned previously are no longer suitable for describing this process; therefore, a high-order time-dependent perturbation theory is used to conveniently calculate the VUV absorption process in ATAS.



In this study, we theoretically and numerically investigate the ATAS of a helium atom as it interacts with a combined field composed of a VUV and an XUV field. The ATAS is obtained by calculating the response function that is constructed using the wave function solution of the three-dimensional (3D) time-dependent Schrödinger equation (3D-TDSE) under the single-active-electron (SAE) approximation [39,40]. All dynamic processes are included in the 3D-TDSE; therefore, we introduce the time-dependent perturbation theory to capture the essential process. From the ATAS of the helium atom, the absorption probability is modulated with a period of 0.2 fs, and a fine structure near the intrinsic atomic level is also observed. The frequency-resolved phase of the dipole response induced by the VUV and XUV fields was analytically obtained based on the time-dependent perturbation theory, which successfully explained the emergence of fine structures. We believe that time-dependent perturbation theory can be expanded to include the effects of re-absorption and emission in the attosecond absorption process, and the results of this study extend the research scope of attosecond physics. In addition, the relatively large (compared with the IR field) photon energy of the VUV field produced unique absorption features in the ATAS, which cannot be observed in the ATAS driven by the IR field. Furthermore, the chirp-dependent absorption fringes suggest a new method to characterize the VUV field.




2. Theoretical Model


2.1. 3D-TDSE


Numerically solving the fully 3D-TDSE has been widely used to investigate the ultrafast dynamics of electrons and nuclei in atoms and molecules. The ATAS of helium atoms was obtained under the SAE approximation by constructing the response function [41]   S  ( ω ,  t d  )  = − 2 I m  [ d  ( ω ,  t d  )   ε *   ( ω ,  t d  )  ]   , where   t d   is the time delay between the IR (VUV) and XUV fields,   ε ( ω ,  t d  )   is the Fourier spectrum of the total electric field of the IR (VUV) and XUV fields, and   d ( ω ,  t d  )   is the frequency-dependent dipole response of the helium atom, which was constructed by   d  ( ω ,  t d  )  =  F ˜   [ d  ( t ,  t d  )  ]   ,   d  ( t ,  t d  )   = 〈 Ψ   ( t )   | r | Ψ   ( t )   〉   .   F ˜   represents Fourier transformation, and the wave function   | Ψ ( t ) 〉   was obtained by numerically solving the 3D-TDSE under the SAE approximation. Briefly, the time-dependent wave function is first expanded into a series of spherical harmonics. As a result, the 3D-TDSE is reduced to a set of coupled equations between the different angular quantum numbers for the radial wave function, which is further discretized by the finite-element discrete variable representation (FE-DVR) method with the advantage of providing block-diagonal sparse matrix representation of kinetic operator and the diagonal matrix representation of the effective Coulomb potential. The temporal evolution of the wave function is carried out by the Arnoldi–Lanczos algorithm. A more detailed description of the 3D-TDSE solution can be found in reference [42]. We have used this 3D-TDSE to investigate the attosecond chirp effect [43] and wavelength effect [44] on the ATAS of the helium atom. The response function   S ( ω ,  t d  )   was derived from the energy exchange between the helium atom and the total electric field; thus, the positive (negative) values represent the absorption (emission) at frequency  ω . The pulses used in the 3D-TDSE simulation have a chirped formula, and the vector potential is expressed as follows:


   A j   ( t −  t d  )  = R e  − i  1  ω j      I j   1 − i  ξ j     exp  { − i  [  ω j   ( t −  t d  )  − 2 ln 2    ( t −  t d  )  2    τ j 2   ( 1 − i  ξ j  )    ]  }   ,  



(1)




where   j =   IR, VUV, or XUV. The total electric field is expressed as   E  ( t )  = − ∂ A  ( t )  / ∂ t , A  ( t )  =  A  X U V    ( t −  t d  )  +  A  I R ( V U V )    ( t )   .   t d   is the time delay between the XUV and IR (VUV) pulses, and   ξ j   is a dimensionless parameter for the chirp.   I j  ,   ω j  , and   τ j   are the intensity, angular frequency, and time-domain duration of the corresponding electric field, respectively. In the numerical simulation,    I  X U V   = 1 ×  10 11    W/cm   2  ,    ω  X U V   = 21   eV, and    τ  X U V   = 300   as. For the XUV + IR case, the IR field used in the simulation has the following parameters:    I  I R   = 1 ×  10 13    W/cm   2  ,   λ  I R    =   2 π c /  ω  I R   = 800   nm, and    τ  I R   = 5   fs; c is the speed of light in a vacuum. We chose parameters of the IR pulse for better absorption signals. A weaker intensity (such as   10 11   W/cm   2  ) may lead to weak modulation of the absorption spectrum, whereas a stronger intensity (such as   10 14   W/cm   2  ) may blur the absorption signal due to ionization. For the XUV + VUV case, the VUV field has the following parameters:    I  V U V   = 3 ×  10 13    W/cm   2  ,    ω  V U V   = 7   eV, and    τ  V U V   = 3   fs. For weaker VUV intensity, the transition from ground state to excited state may be too weak to be observed, whereas for stronger intensity, the ionization can no longer be ignored. Calculated through the ADK theory [45,46], the tunnel ionization probability of a helium atom illuminated by such VUV field is in the order of   10  − 11   , which can be ignored safely.



Under the SAE approximation, the helium atom has an ionization potential of 24.58 eV, and the first dipole-allowed excited state is 1s2p with an energy level of 21.056 eV. Thus, the XUV pulse could resonantly excite the electrons from the ground state 1s   2   to the excited state 1s2p with a single photon. The VUV field could pump the ground electron to the excited 1s2p state via three-photon resonance because parity is conserved in the excitation process.




2.2. Time-Dependent Perturbation Theory


The motion of a quantum system can be described by the Schrödinger equation:   H Ψ ( r , t ) = i ℏ ∂ Ψ ( r , t ) / ∂ t  , where   H ( t )   is the Hamiltonian, which is typically written as the sum of a time-independent   H 0   and a time-dependent perturbation,   H  ( t )  =  H 0  + V  ( t )   . If the interaction is switched on at   t = 0  , the transition amplitude according to 1st -order perturbation theory is:


   c b  ( 1 )    ( t )  = −  i ℏ   ∫ 0 t   U  b a    (  t ′  )  exp  ( i  ω  b a    t ′  )  d  t ′  ,  



(2)




where    U  b a     ( t )  = 〈   Ψ b    ( t )  | V  ( t )  |   Ψ a    ( t )  〉    is the time-dependent perturbation matrix element,    c b  ( 1 )    ( t )    is the probability amplitude of the final state    |   Ψ b    ( t )  〉   , and    ω  b a   =  (  W b  −  W a  )  / ℏ   is the transition frequency. The system is assumed to be at initial state   | a 〉  . We may iterate the procedure to obtain the 2nd solution, and so on. We are only interested in the evolution of the probability amplitude after the end of the external electric field, that is, for   t ≫ 1 /  ω  b a    . For the 3rd-order perturbation, the probability amplitude is:


   c b  ( 3 )    ( t )  =    ( − i )  3   ℏ 3    ∑  ζ , ν    ∫ 0 t   ∫ 0  t ′    ∫ 0  t  ″     U  ζ a    (  t  ‴   )   e  i  ω  ζ a    t  ‴     d  t  ‴    U  ν ζ    (  t  ″   )   e  i  ω  ν ζ    t  ″     d  t  ″    U  b ν    (  t ′  )   e  i  ω  b ν    t ′    d  t ′  ,  



(3)




where    U  ζ a   ,  U  ν ζ   ,  U  b ν     and    ω  ζ a   ,  ω  ν ζ   ,  ω  b ν     have meanings similar to those of   U  b a    and   ω  b a    in Equation (2), respectively.  ζ  and  ν  are the immediate states. The time-dependent perturbation theory described here is valid under the conditions of weak couplings between related states and low external electric field intensity, which is satisfied by the simulation parameters used in this study.





3. Results and Discussion


Figure 1 shows the ATAS of helium atoms, which was calculated using the response function obtained with the laser parameters specified in Section 2.1 for two cases: (a) XUV + IR and (b) XUV + VUV. Figure 1c is the level scheme of the relevant states in a helium atom. Figure 1a shows the typical ATAS of a helium atom under the SAE approximation, which has been extensively studied. The half-cycle modulation of the absorption probability, the Aulter-Townes splitting of the 1s2p state, and the light-induced virtual states (LISs, 2s   −  , 2s   +  ) can be accurately reproduced by the 3D-TDSE model. The notation used for the LISs follows that of reference [36]. For example, 2s   −   indicates that the LIS has a one-IR-photon separation from the 1s2s state. In Figure 1b, the ATAS is significantly different from the XUV + IR case in Figure 1a; the absorption only occurs near the 1snp excited states, and the modulation period along the time delay is not a half-cycle of the VUV field, but the oscillation period of the 1s2p state, i.e., 0.2 fs. 1snp indicating that one of the two electrons in the helium atom is in the ground state   1 s   while the other is the excited state   n p  ,   n ≥ 2  . In addition, near the 1s2p state, the absorption fringes are inclined for photon energies in the range of   W ≈  W  1 s 2 p    . At a specific time delay, the response function is negative; hence, the XUV spectrum is emitted. For   W >  W  1 s 2 p     or   W <  W  1 s 2 p    , the absorption fringes have no inclination, and the absorption strength is weaker than that of   W ≈  W  1 s 2 p    . It is worth noting that the time delay between the two pulses is scanned with a step of o.1 fs and 0.01 fs in Figure 1a,b, respectively, which is critical in sampling the modulation period. Besides, the decay of the excited state (1s2p) can also be controlled by the time delay between the VUV and XUV fields. This is because the electron in the excited state experiences different field strengths of the VUV field at different time delays, thus the coupling strength from the excited state to the ground state is delay-dependent. Therefore, the population (decay) of the excited electron can be controlled by varying the time delay.



The time-dependent perturbation theory described in Section 2.2 was applied to investigate the absorption features quantitatively shown in Figure 1b. We assumed that the single-photon excitation process does not affect the three-photon excitation because the XUV field is relatively weak, and the change in the ground-state amplitude can be ignored. Thus, the absorption process is simplified to the interference between the absorption of the single XUV photon and the three VUV photons. The XUV and VUV fields are written as follows:


   E j   ( t )  =  E j  exp  ( − i  ω j  t )  , j = 1 , 2 ,  



(4)




where   E 1  ,   E 2   and   ω 1  ,   ω 2   are the field strength and angular frequency of XUV and VUV field, respectively. This expression is suitable for describing the resonant absorption, and the integral appearing in Equation (2) can be solved analytically. As demonstrated previously, the XUV field can pump an electron in the ground state to the excited 1s2p state with a single photon; thus, the probability amplitude can be obtained from Equation (2):


   c 1   ( t )  = − i   e  d  b a    ℏ   ∫ 0 t   E 1   (  t ′  )   e  i  ω  b a    t ′    d  t ′  ,  



(5)




where   d  b a    is the dipole transition element between the initial state   | a 〉   and the final state   | b 〉  . Here, the initial and final states   | a 〉   and   | b 〉   are the ground state 1s   2   and excited state 1s2p, respectively. The transition angular frequency   ω  b a    is replaced by    ω  b a   − i A / 2  ,   A = 1 / τ   to account for the lifetime  τ  of the 1s2p state. In the limit   t → ∞  , the 1st-order probability amplitude is


   c 1   ( ∞ )  = i   e  E 1   d  b a    ℏ   1   ω  b a   −  ω 1  − i A / 2   .  



(6)







This equation gives the frequency response of the targeted atom from the initial state to the final state excited by an XUV field. Therefore, the final probability    |   c 1     ( t → ∞ )  |  2    represents the absorption spectrum because it is the final population of the excited state   | b 〉  . Explicitly, the probability    |   c 1     ( t → ∞ )  |  2    has a Lorentz profile, which describes an absorption line with a natural line width. The complex probability amplitude in Equation (6) has a phase of


   ϕ 1  = arctan    ω  b a   −  ω 1    A / 2   .  



(7)







This phase is critical for analyzing the absorption process of the XUV field because the phase carries the information of the probability amplitude excited by the XUV field via single-photon absorption.



For the VUV field, three photons can be absorbed without violating any selection rules. By inserting the VUV field of Equation (4) into Equation (3) and integrating analytically, we obtain the probability amplitude for three-photon absorption:


   c 2   ( ∞ )  =    e 3   E 2 3    ℏ 3    ∑  ζ , ν      d  ζ a    d  ν ζ    d  b ν    (  X 1  + i  X 2  )     [   (  ω  ζ a   −  ω 2  )  2  +   A 2  4  ]   [   (  ω  ν a   − 2  ω 2  )  2  +   A 2  4  ]   [   (  ω  b a   − 3  ω 2  )  2  +   A 2  4  ]    ,  



(8)




where


   X 1  =  [  (  ω  ζ a   −  ω 2  )   (  ω  ν a   − 2  ω 2  )  −   A 2  4  ]   (  ω  b a   − 3  ω 2  )  −  (  ω  ζ a   +  ω  ν a   − 3  ω 2  )    A 2  4  ,  



(9)






   X 2  =  A 2   [  (  ω  ζ a   −  ω 2  )   (  ω  ν a   − 2  ω 2  )  −   A 2  4  +  (  ω  ζ a   +  ω  ν a   − 3  ω 2  )   (  ω  b a   − 3  ω 2  )  ]  .  



(10)







The finite lifetime of the final state has been included in the expression, and Equations (8)–(10) were obtained in the limit of   t → ∞  . A phase similar to that in Equation (7) can be obtained based on the complex probability amplitude in Equation (8):


   ϕ 2  = arctan     A 2   [  (  ω  ζ a   −  ω 2  )   (  ω  ν a   − 2  ω 2  )  −   A 2  4  +  (  ω  ζ a   +  ω  ν a   − 3  ω 2  )   (  ω  b a   − 3  ω 2  )  ]     [  (  ω  ζ a   −  ω 2  )   (  ω  ν a   − 2  ω 2  )  −   A 2  4  ]   (  ω  b a   − 3  ω 2  )  −  (  ω  ζ a   +  ω  ν a   − 3  ω 2  )    A 2  4     .  



(11)







The difference between   ϕ 1   and   ϕ 2   determines the ATAS interference. At present, we only consider the ground state 1s   2   (  | a 〉  ) and excited state 1s2p (  | b 〉  ); therefore, the time-dependent dipole is expressed as   d  ( t )  = 2 R e {  c a *   ( t )   [  c 1   ( t +  t d  )  +  c 2   ( t )  ]  }  . The amplitude of the ground state assumed to be a constant, i.e.,    c a   ( t )  = 1  ; therefore,   d  ( t )  = 2 R e [  c 1   ( t +  t d  )  +  c 2   ( t )  ]   and   d  ( ω )  = 2 R e [  c 1   ( ∞ )   e  i  ω  b a    t d    +  c 2   ( ∞ )  ]  . We replaced    c  1 , 2    ( ω )    by    c  1 , 2    ( ∞ )    because it represents the frequency response of the final state. This procedure has been used in the investigation of Lorentz, Gaussian, and Voigt absorption profiles [47]. Thus, the response function   S ( ω ,  t d  )   can be rewritten as:


  S  ( ω ,  t d  )  = 4 I m  [  c 1   ( ∞ )   e  i  ω  b a    t d    +  c 2   ( ∞ )  ]  .  



(12)







The frequency spectrum of the XUV electric field is treated as a constant value and is factored out in Equation (12).



We now calculate the response function using Equation (12) with the same parameters as in Figure 1b, as shown in Figure 2. The response function in Figure 2 generally recaptures the essential features of Figure 1b: near the resonance energy   W ≈  W  1 s 2 p    , the absorption is positively tilted along the delay axis, whereas for   W >  W  1 s 2 p     or   W <  W  1 s 2 p    , the absorption is not inclined. However, there is some discrepancy between the figures, that is, the absorption extends to a much larger energy range, as shown in Figure 2. This discrepancy may be attributed to the exclusion of the 1s2s state as well the 3rd-order perturbation used to calculate the frequency response.



It could be envisioned that at negative delays, the transient signal is absent. This can be proved by calculating the response function by scanning the time delay from −17 fs to 29 fs (not shown here). We fixed the time delay between the VUV and XUV fields to quantitatively analyze the tilted absorption spectrum near resonance. The phases   ϕ 1   and   ϕ 2   and their differences are plotted in Figure 3a,b, respectively. The pink and red curves represent   ϕ 1   and   ϕ 2  , respectively. For single-photon resonance, the phase   ϕ 1   first increased slowly with an increase in energy (  W <  W  1 s 2 p    ), and it then rapidly increased from approximately 0 to  π  near resonance (  W ≈  W  1 s 2 p    ).



For three-photon resonance absorption, the phase behavior is different from that of   ϕ 1  . As shown by the red curve in Figure 3a, phase   ϕ 2   first decreases as the energy increases, and it then reaches its minimum value of   π / 2   near resonance (  W ≈  W  1 s 2 p    ). For higher energy, phase   ϕ 2   slowly increases to 0. These behaviors significantly affect the absorption process. A more intuitive way to show the phase evolution is through the difference between   ϕ 1   and   ϕ 2  , which is plotted in Figure 3b. Three characteristic regions are indicated by vertical dashed lines: I (  W <  W  1 s 2 p    ), II (  W ≈  W  1 s 2 p    ), and III (  W >  W  1 s 2 p    ). In resonance region II (  W ≈  W  1 s 2 p    ), the phase difference decreases rapidly, whereas in the non-resonance region, the phase difference changes slowly. Therefore, it is straightforward to write down the condition for constructive interference as a function of frequency and time delay:


   ω  b a    t d  +  ϕ 2   ( ω )  −  ϕ 1   ( ω )  = 2 k π ,  



(13)




where k is a positive integer. Near resonance region II, the phase difference    ϕ 2  −  ϕ 1    decreases rapidly; thus, to maintain a constant phase, the time delay   t d   must be increased, which results in a positive absorption tilt. For the non-resonance region, the phase difference    ϕ 2  −  ϕ 1    changes very slowly; therefore, the absorption exhibits no inclination. We noticed that an expression similar to that in Equation (13) was used to investigate the quantum path interference in the ATAS (XUV + IR scenario) and photon-electron spectroscopy of helium atoms [48]. For a clear comparison, we rewrite the equation from reference [48] as follows:


   (  W  1 snp   −  W  1 s 2 p   )   |  t d  −  t 0  |  + Δ ϕ = 2 k π ,  



(14)




where   W  1 snp    and   W  1 s 2 p    are the energies of the excited states 1snp and 1s2p, respectively.   t d   and   t 0   are the time delay and the time at which the two-photon transition (XUV + IR) peaks, respectively, and   Δ ϕ   is the phase owing to the two-IR-photon transition. This equation successfully explains the slope of the interference fringes around 1snp or the LIS. The phase   Δ ϕ   owing to the two-IR-photon transition is treated as a constant; however, this phase is dependent on frequency. In contrast, from Equation (13), the phase difference    ϕ 2  −  ϕ 1    is frequency-resolved, and the fine structure near the excited 1s2p state can be observed, as shown in Figure 1b and Figure 2.



The XUV or VUV pulses generated from high harmonics are naturally chirped. Therefore, investigating the chirp effect on the ATAS may provide some calibration for the experiments. Based on this consideration, we calculated the ATAS of the helium atom under the action of XUV + VUV, where the chirp of the VUV field is varied, and the other parameters are the same as in Figure 1b. As shown in Figure 4a,b, the ATAS was calculated for two chirps:   ξ = − 4   and   ξ = + 4  , respectively. Near the resonance region, similar to the results for the chirp-free scenario in Figure 1b, the absorption fringes in Figure 4a,b exhibit a positive slope, whereas for the non-resonance region (  W >  W  1 s 2 p     or   W <  W  1 s 2 p    ), the absorption fringes become complicated. In Figure 4a, the VUV field is negatively chirped, and the absorption has a negative (positive) slope for   W >  W  1 s 2 p     (  W <  W  1 s 2 p    ). However, in Figure 4b, the VUV field is positively chirped, and the slope of the fringes is positive (negative) for   W >  W  1 s 2 p     (  W <  W  1 s 2 p    ).



The time-dependent perturbation theory presented in Section 2.2 was applied to quantitatively demonstrate the effect of chirp on the absorption fringes in Figure 4. Another formula for the chirped VUV field is applied to analytically integrate Equation (5):


   E 2   ( t )  =  E 0  exp  [ − i  (  ω 2  t + β  t 2  )  ]  ,  



(15)




where  β  is the chirp rate that characterizes the chirped VUV pulse. Inserting Equation (15) into Equation (3) and taking the limit   t → ∞  , we obtain the probability amplitude for a chirped VUV field:


   c 2   ( ∞ )  = −   8  e 3   π  3 2    E 0 3     i   ℏ 3   β  3 2      ∑  ζ , ν    d  b ζ    d  ζ ν    d  ν a   exp   1  4 β    [   (  ω  b ζ   −  ω 2  − i  A 2  )  2  +   (  ω  ζ ν   −  ω 2  − i  A 2  )  2  +   (  ω  ν a   −  ω 2  − i  A 2  )  2  ]   ,  



(16)







Similar to Equation (11), its phase is


   ϕ 2  = arctan  A  4 β    (  ω  b a   − 3  ω 2  )  ,  



(17)







This is the frequency-dependent phase of the probability amplitude excited by the chirped VUV field, which significantly alters the absorption fringes in Figure 4a,b. The phase in Equation (17) is plotted for variable chirp rates in Figure 5: the light blue, brown, and magenta curves are the phases for chirp rates   β = 0 , + 3 ×  10  − 3     and   − 3 ×  10  − 3    , respectively. For the negative chirp   β = − 3 ×  10  − 3     (magenta curve), the phase is larger (smaller) for   W >  W  1 s 2 p     (  W <  W  1 s 2 p    ) compared with   β = 0  . This increases (decreases) in the phase difference    ϕ 2  −  ϕ 1   ; thus, the absorption fringes are shifted to smaller (larger) delay positions. A similar procedure may be applied to explore the effect of a positive chirp on the absorption fringes. The phase for   β = + 3 ×  10  − 3     is delayed by   2 π   compared with   β = − 3  ; thus, the slope of the absorption fringes is enhanced, as shown in Figure 4b.



The ATAS features observed in Figure 1b and Figure 4 may be experimentally confirmed in the future. The isolated XUV field can be obtained from high harmonic generation, and in theory, the VUV field can be generated from a KBBF (KBe2BO3F2) crystal [49,50,51,52] or ultraviolet dispersive wave radiation [53,54,55,56]. For now, such a VUV field is unavailable in the experiment, which is a limitation of this study. The delay step used in our simulation is very small; however, a time resolution of 2.5 attoseconds can be experimentally implemented through a co-axis setup [57], which is accurate enough to sample the 0.2 fs modulation period in Figure 1b. With the development of attosecond science, the available power of XUV pulse is now in the order of   10 13   W/cm   2   [58]. Interacting with matters, nonlinear absorption of the XUV field may occur, thus the couplings from the excited state back to the ground state can no longer be ignored. The VUV+XUV scheme applied in this study may be useful in probing these couplings.




4. Conclusions


In this study, the ATAS of helium atoms was investigated by numerically solving the 3D-TDSE. In contrast to previous work, where synchronized IR and XUV fields interacted with a helium atom, the XUV + VUV was used to study the absorption process in the coupling between the excited states and the ground state. The central photon energy of the XUV field is 21 eV, which is a single-photon resonant with the 1s2p state. The VUV field is three-photon resonant with the 1s2p state. By interacting with these XUV + VUV fields, the absorption of the helium atom was modulated with a period that was equal to the oscillation cycle of the 1s2p state. The interference of the single- and three-photon resonant absorption results in a fine structure near the resonant state. For near-resonant energy   W ≈  W  1 s 2 p    , the absorption fringes are positively sloped; however, for non-resonant energy,   W >  W  1 s 2 p     or   W <  W  1 s 2 p    , the absorption fringes exhibit no slope. Furthermore, the slope of the absorption fringes can be tailored by the chirp of the VUV field. High-order time-dependent perturbation theory was used to provide a qualitative and quantitative picture of the fine structures. The frequency-dependent phases of the single- and three-photon absorption were obtained by analytically integrating the probability amplitude induced by the VUV and XUV fields. The characteristics of the phase difference successfully explained the fine structures observed in the helium atom ATAS.



This study expands the application scope of ATAS by investigating the absorption process in the presence of XUV + VUV fields. High-order time-dependent perturbation theory is suitable for describing the resonant multi-photon absorption (not limited to one color field) and the re-absorption or emission process, in which negative frequency components   exp ( i ω t )   should be included in Equation (4).
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	Ammosov M. V., Delone N. B. and Krainov V. P.



	KBBF
	KBe2BO3F2 crystal









References


	



Goulielmakis, E.; Loh, Z.H.; Wirth, A.; Santra, R.; Rohringer, N.; Yakovlev, V.S.; Zherebtsov, S.; Pfeifer, T.; Azzeer, A.M.; Kling, M.F.; et al. Real-time observation of valence electron motion. Nature 2010, 466, 739–743. [Google Scholar] [CrossRef] [PubMed]

	



Loh, Z.H.; Greene, C.H.; Leone, S.R. Femtosecond induced transparency and absorption in the extreme ultraviolet by coherent coupling of the He 2s2p (1Po) and 2p2 (1Se) double excitation states with 800 nm light. Chem. Phys. 2008, 350, 7–13. [Google Scholar] [CrossRef]

	



Chu, W.C.; Zhao, S.F.; Lin, C. Laser-assisted-autoionization dynamics of helium resonances with single attosecond pulses. Phys. Rev. A 2011, 84, 033426. [Google Scholar] [CrossRef]

	



Holler, M.; Schapper, F.; Gallmann, L.; Keller, U. Attosecond Electron Wave-Packet Interference Observed by Transient Absorption. Phys. Rev. Lett. 2011, 106, 123601. [Google Scholar] [CrossRef] [PubMed]

	



Ott, C.; Kaldun, A.; Raith, P.; Meyer, K.; Laux, M.; Evers, J.; Keitel, C.H.; Greene, C.H.; Pfeifer, T. Lorentz meets Fano in spectral line shapes: A universal phase and its laser control. Science 2013, 340, 716–720. [Google Scholar] [CrossRef]

	



Ott, C.; Kaldun, A.; Argenti, L.; Raith, P.; Meyer, K.; Laux, M.; Zhang, Y.; Blättermann, A.; Hagstotz, S.; Ding, T.; et al. Reconstruction and control of a time-dependent two-electron wave packet. Nature 2014, 516, 374–378. [Google Scholar] [CrossRef]

	



Li, X.; Bernhardt, B.; Beck, A.R.; Warrick, E.R.; Pfeiffer, A.N.; Bell, M.J.; Haxton, D.J.; McCurdy, C.W.; Neumark, D.M.; Leone, S.R. Investigation of coupling mechanisms in attosecond transient absorption of autoionizing states: Comparison of theory and experiment in xenon. J. Phys. B At. Mol. Opt. Phys. 2015, 48, 125601. [Google Scholar] [CrossRef]

	



Beck, A.R.; Bernhardt, B.; Warrick, E.R.; Wu, M.; Chen, S.; Gaarde, M.B.; Schafer, K.J.; Neumark, D.M.; Leone, S.R. Attosecond transient absorption probing of electronic superpositions of bound states in neon: Detection of quantum beats. New J. Phys. 2014, 16, 113016. [Google Scholar] [CrossRef]

	



Wang, X.; Chini, M.; Cheng, Y.; Wu, Y.; Tong, X.M.; Chang, Z. Subcycle laser control and quantum interferences in attosecond photoabsorption of neon. Phys. Rev. A 2013, 87, 063413. [Google Scholar] [CrossRef]

	



Sabbar, M.; Timmers, H.; Chen, Y.J.; Pymer, A.K.; Loh, Z.H.; Sayres, S.G.; Pabst, S.; Santra, R.; Leone, S.R. State-resolved attosecond reversible and irreversible dynamics in strong optical fields. Nat. Phys. 2017, 13, 472–478. [Google Scholar] [CrossRef]

	



Wang, H.; Chini, M.; Chen, S.; Zhang, C.H.; He, F.; Cheng, Y.; Wu, Y.; Thumm, U.; Chang, Z. Attosecond time-resolved autoionization of argon. Phys. Rev. Lett. 2010, 105, 143002. [Google Scholar] [CrossRef] [PubMed]

	



Chew, A.; Douguet, N.; Cariker, C.; Li, J.; Lindroth, E.; Ren, X.; Yin, Y.; Argenti, L.; Hill III, W.T.; Chang, Z. Attosecond transient absorption spectrum of argon at the L2,3 edge. Phys. Rev. A 2018, 97, 031407. [Google Scholar] [CrossRef]

	



Pabst, S.; Sytcheva, A.; Moulet, A.; Wirth, A.; Goulielmakis, E.; Santra, R. Theory of attosecond transient-absorption spectroscopy of krypton for overlapping pump and probe pulses. Phys. Rev. A 2012, 86, 063411. [Google Scholar] [CrossRef]

	



Birk, P.; Stooß, V.; Hartmann, M.; Borisova, G.D.; Blättermann, A.; Heldt, T.; Bartschat, K.; Ott, C.; Pfeifer, T. Attosecond transient absorption of a continuum threshold. J. Phys. B At. Mol. Opt. Phys. 2020, 53, 124002. [Google Scholar] [CrossRef]

	



Bækhøj, J.E.; Yue, L.; Madsen, L.B. Nuclear-motion effects in attosecond transient-absorption spectroscopy of molecules. Phys. Rev. A 2015, 91, 043408. [Google Scholar] [CrossRef]

	



Warrick, E.R.; Cao, W.; Neumark, D.M.; Leone, S.R. Probing the dynamics of Rydberg and valence states of molecular nitrogen with attosecond transient absorption spectroscopy. J. Phys. Chem. A 2016, 120, 3165–3174. [Google Scholar] [CrossRef]

	



Peng, P.; Marceau, C.; Hervé, M.; Corkum, P.; Naumov, A.Y.; Villeneuve, D. Symmetry of molecular Rydberg states revealed by XUV transient absorption spectroscopy. Nat. Commun. 2019, 10, 5269. [Google Scholar] [CrossRef]

	



Golubev, N.V.; Vaníček, J.c.v.; Kuleff, A.I. Core-Valence Attosecond Transient Absorption Spectroscopy of Polyatomic Molecules. Phys. Rev. Lett. 2021, 127, 123001. [Google Scholar] [CrossRef]

	



Warrick, E.R.; Bækhøj, J.E.; Cao, W.; Fidler, A.P.; Jensen, F.; Madsen, L.B.; Leone, S.R.; Neumark, D.M. Attosecond transient absorption spectroscopy of molecular nitrogen: Vibrational coherences in the b′1Σ+u state. Chem. Phys. Lett. 2017, 683, 408–415. [Google Scholar] [CrossRef]

	



Schultze, M.; Ramasesha, K.; Pemmaraju, C.; Sato, S.; Whitmore, D.; Gandman, A.; Prell, J.S.; Borja, L.; Prendergast, D.; Yabana, K.; et al. Attosecond band-gap dynamics in silicon. Science 2014, 346, 1348–1352. [Google Scholar] [CrossRef]

	



Reimann, J.; Schlauderer, S.; Schmid, C.; Langer, F.; Baierl, S.; Kokh, K.; Tereshchenko, O.; Kimura, A.; Lange, C.; Güdde, J.; et al. Subcycle observation of lightwave-driven Dirac currents in a topological surface band. Nature 2018, 562, 396–400. [Google Scholar] [CrossRef] [PubMed]

	



Silva, R.; Jiménez-Galán, Á.; Amorim, B.; Smirnova, O.; Ivanov, M. Topological strong-field physics on sub-laser-cycle timescale. Nat. Photonics 2019, 13, 849–854. [Google Scholar] [CrossRef]

	



Sommer, A.; Bothschafter, E.; Sato, S.; Jakubeit, C.; Latka, T.; Razskazovskaya, O.; Fattahi, H.; Jobst, M.; Schweinberger, W.; Shirvanyan, V.; et al. Attosecond nonlinear polarization and light–matter energy transfer in solids. Nature 2016, 534, 86–90. [Google Scholar] [CrossRef] [PubMed]

	



Oguri, K.; Mashiko, H.; Suda, A.; Gotoh, H. Lightwave-driven electronic phenomena in solids observed by attosecond transient absorption spectroscopy. In Progress in Ultrafast Intense Laser Science XIV; Springer: Berlin/Heidelberg, Germany, 2018; pp. 219–238. [Google Scholar]

	



Hanus, V.; Csajbók, V.; Pápa, Z.; Budai, J.; Márton, Z.; Kiss, G.Z.; Sándor, P.; Paul, P.; Szeghalmi, A.; Wang, Z.; et al. Light-field-driven current control in solids with pJ-level laser pulses at 80 MHz repetition rate. Optica 2021, 8, 570–576. [Google Scholar] [CrossRef]

	



Cistaro, G.; Plaja, L.; Martín, F.; Picón, A. Attosecond x-ray transient absorption spectroscopy in graphene. Phys. Rev. Res. 2021, 3, 013144. [Google Scholar] [CrossRef]

	



Petersen, J.C.; Farahani, A.; Sahota, D.G.; Liang, R.; Dodge, J.S. Transient terahertz photoconductivity of insulating cuprates. Phys. Rev. B 2017, 96, 115133. [Google Scholar] [CrossRef]

	



Chini, M.; Zhao, B.; Wang, H.; Cheng, Y.; Hu, S.; Chang, Z. Subcycle ac stark shift of helium excited states probed with isolated attosecond pulses. Phys. Rev. Lett. 2012, 109, 073601. [Google Scholar] [CrossRef] [PubMed]

	



Chini, M.; Wang, X.; Cheng, Y.; Wu, Y.; Zhao, D.; Telnov, D.A.; Chu, S.I.; Chang, Z. Sub-cycle oscillations in virtual states brought to light. Sci. Rep. 2013, 3, 1105. [Google Scholar] [CrossRef]

	



Bell, M.J.; Beck, A.R.; Mashiko, H.; Neumark, D.M.; Leone, S.R. Intensity dependence of light-induced states in transient absorption of laser-dressed helium measured with isolated attosecond pulses. J. Mod. Opt. 2013, 60, 1506–1516. [Google Scholar] [CrossRef]

	



Reduzzi, M.; Hummert, J.; Dubrouil, A.; Calegari, F.; Nisoli, M.; Frassetto, F.; Poletto, L.; Chen, S.; Wu, M.; Gaarde, M.B.; et al. Polarization control of absorption of virtual dressed states in helium. Phys. Rev. A 2015, 92, 033408. [Google Scholar] [CrossRef]

	



Dong, W.; Li, Y.; Wang, X.; Yuan, J.; Zhao, Z. Analysis of interference in attosecond transient absorption in adiabatic condition. Phys. Rev. A 2015, 92, 033412. [Google Scholar] [CrossRef]

	



Rørstad, J.J.; Bækhøj, J.E.; Madsen, L.B. Analytic modeling of structures in attosecond transient-absorption spectra. Phys. Rev. A 2017, 96, 013430. [Google Scholar] [CrossRef]

	



Ravn, N.S.; Madsen, L.B. Nonadiabatic effects in attosecond transient absorption spectroscopy. arXiv 2021, arXiv:2103.01582. [Google Scholar]

	



Wu, M.; Chen, S.; Gaarde, M.B.; Schafer, K.J. Time-domain perspective on Autler-Townes splitting in attosecond transient absorption of laser-dressed helium atoms. Phys. Rev. A 2013, 88, 043416. [Google Scholar] [CrossRef]

	



Wu, M.; Chen, S.; Camp, S.; Schafer, K.J.; Gaarde, M.B. Theory of strong-field attosecond transient absorption. J. Phys. B At. Mol. Opt. Phys. 2016, 49, 062003. [Google Scholar] [CrossRef]

	



Chini, M.; Wang, X.; Cheng, Y.; Chang, Z. Resonance effects and quantum beats in attosecond transient absorption of helium. J. Phys. B At. Mol. Opt. Phys. 2014, 47, 124009. [Google Scholar] [CrossRef]

	



Pfeiffer, A.N.; Leone, S.R. Transmission of an isolated attosecond pulse in a strong-field dressed atom. Phys. Rev. A 2012, 85, 053422. [Google Scholar] [CrossRef]

	



Eberly, J.; Grobe, R.; Law, C.; Su, Q. Numerical experiments in strong and super-strong fields. In Advances in Atomic, Molecular, and Optical Physics; Elsevier: Amsterdam, The Netherlands, 1992; pp. 301–334. [Google Scholar]

	



Schafer, K.J.; Kulander, K.C. High harmonic generation from ultrafast pump lasers. Phys. Rev. Lett. 1997, 78, 638. [Google Scholar] [CrossRef]

	



Gaarde, M.B.; Buth, C.; Tate, J.L.; Schafer, K.J. Transient absorption and reshaping of ultrafast XUV light by laser-dressed helium. Phys. Rev. A 2011, 83, 013419. [Google Scholar] [CrossRef]

	



Liu, C.; Nisoli, M. Complete characterization of a coherent superposition of atomic states by asymmetric attosecond photoionization. Phys. Rev. A 2012, 85, 053423. [Google Scholar] [CrossRef]

	



Zhao, H.; Liu, C.; Zheng, Y.; Zeng, Z.; Li, R. Attosecond chirp effect on the transient absorption spectrum of laser-dressed helium atom. Opt. Express 2017, 25, 7707–7718. [Google Scholar] [CrossRef] [PubMed]

	



Xue, J.; Liu, C.; Zeng, Z.; Li, R.; Xu, Z. Multiple-fringe structure of attosecond transient absorption spectrum driven by mid-infrared laser. Chin. Opt. Lett. 2019, 17, 082601. [Google Scholar]

	



Penetrante, B.; Bardsley, J.; Wood, W.M.; Siders, C.; Downer, M.C. Ionization-induced frequency shifts in intense femtosecond laser pulses. JOSA B 1992, 9, 2032–2040. [Google Scholar] [CrossRef]

	



Chang, Z. Fundamentals of Attosecond Optics; CRC Press: Boca Raton, FL, USA, 2016. [Google Scholar]

	



Hertel, I.V.; Schulz, C.P. Atoms, Molecules and Optical Physics; Springer: Berlin/Heidelberg, Germany, 2014. [Google Scholar]

	



Chen, S.; Wu, M.; Gaarde, M.B.; Schafer, K.J. Quantum interference in attosecond transient absorption of laser-dressed helium atoms. Phys. Rev. A 2013, 87, 033408. [Google Scholar] [CrossRef]

	



Wu, B.; Tang, D.; Ye, N.; Chen, C. Linear and nonlinear optical properties of the KBe2BO3F2 (KBBF) crystal. Opt. Mater. 1996, 5, 105–109. [Google Scholar] [CrossRef]

	



Chen, C. Recent advances in deep and vacuum-UV harmonic generation with KBBF crystal. Opt. Mater. 2004, 26, 425–429. [Google Scholar] [CrossRef]

	



Kanai, T.; Kanda, T.; Sekikawa, T.; Watanabe, S.; Togashi, T.; Chen, C.; Zhang, C.; Xu, Z.; Wang, J. Generation of vacuum-ultraviolet light below 160 nm in a KBBF crystal by the fifth harmonic of a single-mode Ti: Sapphire laser. JOSA B 2004, 21, 370–375. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, G.; Guo, L.; Geng, A.; Bo, Y.; Cui, D.; Xu, Z.; Li, R.; Zhu, Y.; Wang, X.; et al. 175 to 210 nm widely tunable deep-ultraviolet light generation based on KBBF crystal. Appl. Phys. B 2008, 93, 323–326. [Google Scholar] [CrossRef]

	



Ermolov, A.; Mak, K.F.; Frosz, M.H.; Travers, J.C.; Russell, P.S.J. Supercontinuum generation in the vacuum ultraviolet through dispersive-wave and soliton-plasma interaction in a noble-gas-filled hollow-core photonic crystal fiber. Phys. Rev. A 2015, 92, 033821. [Google Scholar] [CrossRef]

	



Van Bramer, S.; Johnston, M. Tunable, coherent vacuum ultraviolet radiation for photoionization mass spectrometry. Appl. Spectrosc. 1992, 46, 255–261. [Google Scholar] [CrossRef]

	



Brahms, C.; Grigorova, T.; Belli, F.; Travers, J.C. High-energy ultraviolet dispersive-wave emission in compact hollow capillary systems. Opt. Lett. 2019, 44, 2990–2993. [Google Scholar] [CrossRef]

	



Jiang, X.; Joly, N.Y.; Finger, M.A.; Babic, F.; Wong, G.K.; Travers, J.C.; Russell, P.S.J. Deep-ultraviolet to mid-infrared supercontinuum generated in solid-core ZBLAN photonic crystal fibre. Nat. Photonics 2015, 9, 133–139. [Google Scholar] [CrossRef]

	



Dahiya, S.; Sidhu, M.S.; Tyagi, A.; Mandal, A.; Nandy, B.; Rost, J.M.; Pfeifer, T.; Singh, K.P. In-line ultra-thin attosecond delay line with direct absolute-zero delay reference and high stability. Opt. Lett. 2020, 45, 5266–5269. [Google Scholar] [CrossRef] [PubMed]

	



Kretschmar, M.; Vrakking, M.; Schütte, B. Intense narrowband XUV pulses from a compact setup. arXiv 2021, arXiv:2106.15920. [Google Scholar]








[image: Photonics 09 00257 g001 550] 





Figure 1. The ATAS (color-coded) of a helium atom obtained using the response function   S ( ω ,  t d  )  . (a) ATAS for XUV + IR, (b) ATAS for XUV + VUV. (c) The relevant level scheme of a helium atom. 
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Figure 2. ATAS of a helium atom calculated using Equation (12). 
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Figure 3. (a) Phase of   ϕ 1   and   ϕ 2   and (b) their difference    ϕ 2  −  ϕ 1   . 
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Figure 4. ATAS of a helium atom calculated using the 3D-TDSE for variable chirps: (a)   ξ = − 4   and (b)   ξ = + 4  . 
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Figure 5. Phase of   ϕ 2   for variable chirp rate: the brown, light blue, and magenta curves represent the phase for   β = 0 , + 3 ×  10  − 3     and   − 3 ×  10  − 3    , respectively. 
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