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Abstract

:

The electron density profile on a plasma surface has a decisive influence on the mechanism and characteristics of the plasma high-order harmonic generation. When the pre-pulse has a similar spatial and temporal distribution as the main laser pulse, the plasma surface on the target will expand to form a convex profile of the similar size as the focal spot of the main pulse. We experimentally observed that the divergence of the harmonics generated by the relativistic laser light incident on a silica target has a saddle-shaped structure. The two-dimensional particle-in-cell simulation with convex plasma surfaces explains the experimental results very well and infers a 0.12  λ L   plasma scale length around the center of the convex profile. Further, we qualitatively explained that the asymmetry of the saddle-shaped harmonic divergence is caused by oblique incidence.
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1. Introduction


The technique of chirped pulse amplification (CPA) [1] could generate ultra-intense laser pulses with intensities ranging from    10  14   to    10  23   Wcm−2 in the laboratory [2]. For an intensity greater than    10  18   Wcm−2, the interaction of laser light with matter is dominated by the relativistic character of the electrons. With the increase in laser intensity, the interaction of the laser with over-dense plasma to generate high-order harmonics [3] efficiently has attracted increasing research interests, such as the attosecond lighthouse [4,5], laser-plasma electron acceleration [6], and X-ray nonlinear optics [7]. In the future, relativistic laser and plasma surface interaction is a hopeful route to achieving quantum electrodynamic critical fields [8,9] and zeta-second pulses [10].



High-order harmonic generation (HHG) is an important route to a bright coherent XUV/X-ray source, which has been investigated in many media, such as gases [11,12], clusters [13] and laser-irradiated plasma surfaces [14,15,16]. The harmonic generation of gas needs to avoid strong ionization of the gaseous medium, so the laser intensity is usually limited below    10  16   Wcm−2. In contrast, HHG from plasma surfaces has no laser intensity limitation and has significantly higher conversion efficiency for high photon energy sources, e.g., X-rays. In experiments, due to the ablation of the target caused by the pre-pulse, the plasma surface will inevitably expand into the vacuum, forming a density gradient profile called pre-plasma. If this density profile can be expressed as   n ( x )  , where x is the spatial coordinate,   L = n ( x ) / | ∇ n ( x ) |   is the plasma scale length.



The electron density gradient scale length of the pre-plasma has a decisive influence on the HHG. For interactions between the laser field and the plasma with a sharp density profile   L < 0.02  λ L   , where   λ L   is the wavelength of driving pulses, the electrons on the plasma surface are first pulled out of the plasma by the laser field, and then pushed back into the dense plasma by the reversed laser field. These electrons, called vacuum-accelerated Brunel electrons [17,18], carry away energy into dense plasma and generate harmonics named coherent wake emission (CWE) [19,20]. For a relativistic intensity laser interacting with a long density gradient of L less than   0.2  λ L   , the incident laser field is reflected around the critical surface, where the electrons behave as relativistic oscillations. The HHG is attributed to a periodic Doppler effect induced by the relativistic oscillations of the electrons, called a relativistic oscillating mirror (ROM) [10,21,22]. As for a plasma scale length L larger than   0.2  λ L   , an excessively long pre-plasma will induce parametric instability and greatly reduce the coherence of the harmonics [23]. The optimal scale length of pre-plasma to generate harmonics exists within a range [24] from 0 to 0.2  λ L  , where the mechanism of harmonic generation transitions from CWE to ROM [25]. For example, a laser with a high contrast ratio will form a sharp pre-plasma, and the plasma scale length L will exceed a threshold only at the center of the laser spot, resulting in an annular CWE source [26]. A curved plasma surface created by laser radiation pressure can focus the harmonics [27,28,29], which means a shaped plasma surface can be used to control the harmonic divergence [30].



In this letter, we report the HHG driven by a 12.6J 800nm laser pulse at the laser peak intensity of    I 0  = 1.6 ×   10  20    Wcm−2. We find an asymmetric saddle-shaped structure of the harmonic divergence, which can be explained by the harmonics reflected from a Gaussian convex plasma surface formed by a Gaussian pre-pulse with a similar spatial distribution as the main pulse. This is confirmed by 2D particle-in-cell (PIC) simulations, deducing a density scale length of ∼0.12  λ L   at the center of the plasma surface. Further analysis shows that the asymmetry of harmonic divergence is caused by an oblique incidence of the laser on the convex plasma surface. Our study provides insights into the divergence control of harmonics from plasma surfaces.




2. Experimental Results


The experiments of plasma harmonics are performed on the 1 PW/0.1 Hz laser system of the Shanghai Superintense Ultrafast Laser Facility (SULF) [31].The experimental system mainly consists of a laser, vacuum chamber and home-made flat field grating spectrometer. The SULF facility can deliver a 29.6 fs (full width at half maximum, FWHM) laser pulse with a diameter of 200 mm and central wavelength at 800 nm, and the single pulse on-target energy used in experiments can be up to 12.6J. This experiment was performed before mounting the plasma mirror. The contrast ratio at 80 picoseconds before the main pulse (−80 ps) is about   2.5 ×   10   − 11    , but the contrast ratio at −10 picoseconds is only about   1 ×   10   − 5    .



The schematic diagram in the vacuum chamber is shown in Figure 1a. Through a f/3 off-axis parabolic mirror (OAP, f = 600 mm, off-axis angle = 26°), the laser pulse was focused on the polished fused silica plates, whose electron density is    n  m a x   ≃ 400  n c    when entirely ionized, where   n c   is the critical density for the incident wave. The focal spot size was 6.0 μm (FWHM), corresponding to a peak intensity of    I 0  = 1.6 ×   10  20    Wcm−2 (normalized vector potential    a 0  =     I 0   λ L 2   /  ( 1.38 ×   10  18   W   cm   − 2     μ m  2  )    ≃ 8  ) on target. The radiation generated from such geometry was measured with a home-made flat-field grating spectrometer. In the reflection direction, the high-order harmonics passed through a 2 mm wide slit and a 250 nm-thick aluminum (Al) foil filter. The flat field grazing-incidence grating (Hitachi, 1200 lines/mm) was 237 mm away from the slit, and the soft X-ray CCD (Andor, DO940P-BEN) was located at the focal plane of the grating. The horizontal direction in the CCD array represents the wavelength coordinate, which was calibrated by the L3 absorption edge (17.1 nm) of aluminum. Due to the limitation of the experimental layout, the angle between the observation direction of the spectrometer and the incident laser was fixed at 116 degrees. Figure 1b represents the harmonic signal from vertically integral of CCD image.



In order to observe the divergence of HHG, we adjusted the incident angle by fixing the incident laser and rotating the plasma surface. In general, the so-called divergence of harmonics should be measured by fixing the incident angle of pulses and then adjusting the receiving angle of the detector. This is difficult to achieve experimentally and why we rotated the plasma surface to measure the divergence. It can be seen from Figure 1a that the reflected beam rotated by 2 degrees when the target plane rotated by 1 degree. On the horizontal plane, we rotated the target plane so that the incident angle of the main pulse changed from 42 degrees to 70 degrees. The spectra captured by the CCD arrays indicated that the high-order harmonic signal can be observed in a range of about ∼56°. Further, we found that the observed HHG signal depends on the angle of incidence, as shown in Figure 2. Unlike the Gaussian type of incident light, the distribution of HHG intensity with an incident angle exhibits a saddle-shaped structure, which we will discuss in the following sections.




3. Simulation and Discussion


From a geometrical optics point of view, the divergence of light reflected from a flat plasma surface is usually similar to that of the incident laser, as observed in many experiments [20,32]. If a Gaussian incident laser beam is focused onto a plasma surface, the resulting harmonics are also usually Gaussian. In our experiments, the difference in the divergence of the harmonics and incident laser implies the information of the plasma surface. We, therefore, assume that a non-Gaussian harmonic divergence is generated from the uneven plasma surface due to the pre-pulse. Disregarding the energy (  ϵ e  ) of the electron oscillating in the magnetic field, the energy of the electrons on the plasma surface oscillating in the electric field of the incident laser is [33]


   ϵ e   ( r )  =  [ γ  ( r )  − 1 ]   m e   c 2  , γ  ( r )  =   1 +  a  0  2   ( r )    1 / 2    



(1)




where r is a coordinate along the plasma surface,   m e   is the electron mass and c is the velocity of light. For    a 0  ≪ 1  ,    ϵ e  ∝  a 0 2   ; and for    a 0  ≫ 1  ,    ϵ e  ∝  a 0   . Therefore, after the Gaussian beam reaches the plasma surface, the spatial distribution of the thermal electron expansion velocity on the plasma surface can be approximated as a Gaussian distribution. In brief, after the action of the pre-pulse, the plasma surface in the center of the focal spot has a larger expansion speed, which induces a larger plasma scale length L. In this case, the pre-pulse acting on the plasma surface is assumed to induce a convex plasma surface profile. When the main pulse is incident on this convex plasma surface, the harmonics emissions will exhibit divergence characteristics different from the flat plasma surface.



To verify our hypothesis and support our experimental results, we compared the high-order harmonic spectrum generated by the relativistic laser incident on different shaped plasma surfaces by means of 2D PIC simulation with EPOCH code [34]. The parameters of laser and electron density are similar to our experimental conditions. In the x-y plane, the p-polarized light with a relativistic light intensity of    a 0  = 8   is incident from the y+ boundary, the wavelength is   λ L   = 800 nm, the pulse width is 3  T 0   (FWHM,   T 0   is laser period), and the beam waist size of the Gaussian beam is 4  λ L   (FWHM). The maximum density of the plasma electrons is calculated from the parameters of silica (mass density  ρ  = 2.65 g/cm3, relative molecular mass   M r   = 60.0830 g/mol) (assuming that the electrons are fully ionized), and the peak density is about 400  n c  . Due to the presence of the pre-pulse, the plasma surface of the target has an electron density distribution of an exponential gradient profile    n e   (  r ‖  ,  r ⊥  )  =  n  m a x   exp  −  r ⊥  / L   r ‖     , where   (  r ‖  ,  r ⊥  )   are the coordinates parallel and perpendicular to the plasma surface, respectively, and   L   r ‖     is the plasma scale length at   r ‖  . The distribution of the Gaussian plasma scale length can be given as   L   r ‖   =  L 0  exp  − 4 ln 2   (  r ‖  /  w 0  )  2    , where    w 0  = 4  λ L    (FWHM) is the same as the focal spot of the incident laser, and   L 0   is the plasma scale length at    r ‖  = 0  . Therefore, the electron density of convex plasma surface used in simulations could be expressed as


   n e    r ∥  ,  r ⊥   =  n max  exp  −   r ⊥    L 0  exp  − 4 ln 2    r ∥  /  w 0   2       



(2)




For comparison, we also simulated the case of a flat pre-plasma surface, in this case   L   r ‖   = 0.06  λ L   . To be consistent with the experimental setup, in our simulations, instead of changing the beam incidence direction, we changed the angle of incidence by rotating the plasma surface so that the change in the angle of incidence was in the range of 40∼70 degrees. The size of the calculation space is   20  λ L  × 30  λ L   , the space step size is   Δ x = Δ y = 0.005  λ L   , the time step is 0.0033  T 0  , and there are about 58 virtual particles in each cell.



The simulation results of convex and flat plasma surfaces are shown in Figure 3a,c, respectively, where the incident angle is 45 degrees,   t = 24  T 0   . The plasma is represented by a grey color bar, the pre-plasma is located on the upper surface, and the thickness of the plasma is 3  λ L  , which is sufficient to reflect high-order harmonics. The light field is represented by a red and blue color bar, the red arrow represents the direction of the driving laser, the focal point of the driving laser is at (0, 0), and the gray arrow represents the propagation direction of the reflected wave. From Figure 3a, we can see that the wavefront of the reflected wave generated by the convex plasma surface is clearly divided into two peaks, while for the flat target of Figure 3b, there is only one peak. The difference in the reflected wavefront is caused by the difference in the distribution of the pre-plasma. To support our experimental results, we set the output of the reflected light field at an angle of 116 degrees to the incident light to obtain the harmonic spectrum. Identical to the experimental setup, we varied the incident angle by rotating the plasma surface around the laser focus, ranging from 40∼70 degrees. Figure 3b shows the 5th–50th harmonic spectrum reflected by the convex plasma surface at different incident angles. It can be seen from the figure that there are harmonic peaks at the 50° and 60° directions (white dashed lines, labeled peak A and peak B, respectively). In contrast, the flat target reflected harmonics with only one peak, as shown by the dashed line in Figure 3d. It can be seen from the simulation that the assumption of convex plasma is in good agreement with the experiment.



In the divergent spectrum of the harmonics observed in our experiments, the intensity of the peak at 60 degrees is always greater than that at 50 degrees, which can be interpreted from the distribution of electrons on the plasma surface. Due to the electron heating caused by the pre-pulse, the thermal motion of the electrons manifests as an expansion perpendicular to the plasma surface, forming a pre-plasma, as shown in Figure 4a. For the plasma target of    n  m a x   = 400  n c   , the distance from the reflection surface of the fundamental frequency light (   n e  =  n c   ) to the initial plasma surface is   δ = L   r ‖   × ln   n max  /  n c    . We assume that the scale length at    r ‖  = 0   is   L   r ‖  = 0  = 0.12  λ L   , so   δ   r ‖  = 0  ≅ 0.72  λ L   . Due to oblique incidence, the central reflection point is laterally offset relative to the main pulse by a distance   δ sin θ  . As a result, the main pulse energy is unevenly distributed on both sides of the reflection axis, as indicated by peaks A (violet) and B (red) in Figure 4a, and the intensity of peak B is always greater than that of peak A. This is confirmed in both our experiments and simulations. Figure 4b shows the intensity of the 22nd harmonic at different incident angles, and the peaks of its spectra divergence are located at 51 degrees (A) and 60 degrees (B), respectively. The intensity of peak A is about 80 percent of peak B, which is close to 70 percent of the experimental results. Correspondingly, the divergence of the 22nd harmonic reflected by the flat plasma surface presents a Gaussian structure. Our simulations reproduce well the phenomena observed in the experiments.




4. Conclusions


To conclude, we report high-order harmonic generation on a plasma surface with the relativistic light of intensity    a 0  = 8  . The results show that the high-order harmonic divergence has a saddle-shaped structure. Further analysis shows that a Gaussian gradient distribution formed on the plasma surface before the arrival of the main pulse can lead to this saddle-shaped structure of divergence on the harmonic spectrum. We compared the divergence of harmonics generated by a relativistic laser incident on plasma surfaces with different shapes using PIC simulations and confirmed that the divergence of harmonics from a Gaussian gradient plasma surface coincides very well with experiments. Our work shows that the shape of the plasma surface has a very important effect on the generation of high-order harmonics, which provides useful insights into the generation and application [27,28,29,35] of higher brightness high-order harmonics and the tools to control the emission of high-order harmonics in the future, e.g., natural focused harmonics.
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Figure 1. Measurement of spatial distribution of high-order harmonic generation. (a) Experimental setup. The angle between the observation direction of the spectrometer and the incident laser was 116°. We rotated the plasma surface to observe the divergence of high-order harmonic generation. The horizontal direction in the CCD array represents the wavelength coordinate. (b) Vertically integral of CCD image. The L3 absorption edge of aluminum calibrated the spectra. 
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Figure 2. The intensity of high-order harmonics at different incident angles. Different from an incident beam, there are two peaks in the angular distribution, and the peak at 61° is slightly higher than the one at 48°. 
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Figure 3. Simulated images of the convex (a) and the flat (c) plasma surface at time t = 24  T 0  . (a) The driving laser (red arrow) with relativistic intensity   a 0   = 8 is incident on the convex plasma surface at an incident angle of 45 degrees, and the wavefront of the reflected wave mainly has two peaks (grey arrow). (c) The simulation setup is the same as (a), except for the flat plasma surface, where one can see a peak in the reflected wavefront. The harmonic spectrum was observed at an angle of 116 degrees to the incident light. By rotating the plasma surface, harmonic spectra of reflections from a convex (b) and a flat (d) plasma surface were observed. 
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Figure 4. (a) Schematic diagram of a relativistic laser incident on a convex plasma surface. Due to the plasma expansion, the    n e  =  n c    interface is shifted by a distance  δ  in the direction perpendicular to the target, which causes the reflection center to be shifted by   δ sin θ   relative to the main pulse. Therefore, the Gaussian main pulse is divided into two parts, A and B, after reflection, where A has less energy than B. (b) The intensity of the 22nd harmonic generated by the convex (blue) and flat (red) plasma surface at different incident angles. 
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