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Abstract

:

Ultra-intense laser pulses with helical phases are of interest in laser-driven charged particle acceleration and related experiments with extreme light. However, such optical vortices can be affected by the presence of residual spatial-temporal couplings. Their field distributions after propagating in free-space and in the focal plane of an ideal focusing mirror were assessed through numerical modeling, based on the Gaussian decomposition method for a 25 fs pulse with a Supergaussian spatial profile. The wash-out of the central hole in the doughnut-shaped profile in the focal plane corresponds to the rotation of the phase discontinuity.
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1. Introduction


Femtosecond laser systems have opened new frontiers in the study of matter at an ultra-fast timescale, using broad-spectral-bandwidth pulses. The chirped pulse amplification (CPA) technique [1], combined with broad-gain-bandwidth optical parametric chirped pulse amplification (OPCPA) [2], made it possible to observe peak powers in excess of   10 16   W, as reported for the high-power laser system (HPLS) at the Extreme Light Infrastructure-Nuclear Physics (ELI-NP) facility [3].



Ever since the concept of optical vortices (OVs) was proposed in [4,5] and then observed experimentally in [6,7], the continuous interest and developments in his area have spawned a broad range of potential applications, including their use high-power lasers. The idea that orbital angular momentum (OAM) can exist within OVs, and a method of generating it, was first suggested by Allen et al. [8], thus providing a new way to study the effects of the connection between quantum and classical optics (paraxial beams). Studies that involve OVs range from research on the use of optical tweezers for particle trapping and manipulation [9], quantum applications [10,11,12,13], biomedical applications [14], super-high-resolution imaging [15,16,17], optical communications [18], and ultraviolet and X-ray light [19,20].



OVs can be generally defined as a stream of photons propagating with a singularity in the phase field. The helical phase associated with the light beam corresponds to a spiral rotation of the wavefront along the direction of propagation.



A unique property of OVs resides in the fact that the azimuthal gradient associated with the propagating helical phase,   exp ( i l ϑ )  , is responsible for the OAM, where  ϑ  is the angle cylindrical coordinate and l is an integer called topological charge. Therefore, the OAM component, directed along the propagation axis, is known as helicity [21]. This means that the phase exhibits a turn/revolution of   2 π   radians around the dislocation axis over an interval of l wavelengths. The amplitude of the electric field of the light wavefronts becomes zero in the dislocation center.



The light beams with OAM are represented in terms of   L  G p l    (Laguerre–Gaussian) modes, where l gives the number of intertwined helices (azimuthal indices), and p, the number of radial modes.   L  G 0 1    beams, also known as “doughnut” beams, can be set apart from the   L  G 0 0    modes (Gaussian beams) due to the zero-intensity dark spot at the center of their beam profile and the helical wavefront with singularity in the center, generating a screw-like dislocation in the electric field structure.



It has been shown in theory that helical beams can be used in the direct laser acceleration of electrons, and also that the OAM associated with helical beams can be partially transferred to electrons [22]. Experimentally, it was demonstrated in [23], that upon generating OV beams in a PW laser system, the energy of ions accelerated by a helical laser beam was lower compared to the laser-driven ions with Gaussian focal spots, but the gain in energy was higher for the same initial laser pulse energy.



Light beams with OAM can be produced in laboratory conditions using various methods, including the control of laser modes in the cavity, diffractive optical elements, lenses, spiral phase plates, helical phase plate mirrors and spatial light modulators [24]. For high power laser systems, spiral phase plates are available for the generation of ultra-intense OV. As a consequence, several theoretical and experimental investigations have been carried out.



Experiments that require intense laser fields with a helical shape can be compromised if the helical focus is deformed. Therefore, studying and understanding possible sources of distortion will allow the optimization of the focal spot and provide useful input information for the analysis of the experimental data.



In high-power laser systems, the beam diameters, as well as the bandwidths, are very large (hundreds of millimeters and tens of nanometers, respectively). This is why the variation of the temporal properties across the spatial beam profile is not negligible and may cause detrimental distortions of the field on target. These distortions are of the spatio-temporal type and are generated by so-called spatio-temporal couplings (STC). Even careful design and alignment procedures cannot ensure a perfectly smooth spatio-temporal field. Residual STC can originate from dispersive optical components in the beam path, from small defects and even from a minimal misalignment of the temporal compressor [25,26].



The effects of STC create specific patterns in the focus region of helical high power laser fields. In order to assess their impact, we present here a theoretical model, based on the Gaussian decomposition method, of the free-space propagation of pulsed optical vortices in the spatio-temporal domain. The propagation code simulates the cases in which a high-power laser field with a helical spatial profile, with or without residual STC, propagates inside the transport system under vacuum, towards the target place.



The paper is organized as follows. In Section 2, we present the theoretical framework of the numerical calculations, the characteristic properties of optical vortices and the characteristics of the input laser field. In Section 3, the results pertaining to helical laser fields, with different spatio-temporal distortions, such as spatial chirp, angular dispersion and pulse front tilt, are shown. Section 4 concentrates on the specific physics aspects of the ultrashort optical vortex propagation phenomena. Section 5 summarizes the conclusions we drew from this analysis.




2. Description of the Method


The propagation of laser fields has been a widespread concern, at first for monochromatic (narrowband) beams and then for pulsed, broadband lasers. Although the monochromatic cases can be approached using ray tracing, the beam propagation method (BPM), diffraction integrals based on Huygens’ principle or Fourier optics, the propagation of pulsed-beams is more complex. The evolution in space and time of pulsed laser fields can be calculated as a superposition of monochromatic waves, applying the Fourier temporal transformation, but one can also use more rigorous approaches such as solving the Maxwell equations via the finite-difference time-domain (FDTD) technique.



More recently, a Gaussian decomposition method has been used to determine the propagation of pulsed beams. The method consists in the decomposition of the laser field as a superposition of Gaussian beams, which are then individually propagated to the point of interest, and then the reconstructed field in the region of interest is obtained as the superposition of the propagated Gaussian fields. Although this method was initially used for monochromatic beams [27,28], it can also be extended to time-limited waves [29,30].



The results in this paper were obtained using the propagation method described in greater detail in [30]. First, the amplitude of the spatial field is defined: here, a Supergaussian profile of order   n = 6   was used, with the following distribution on x and y:


   E  s , S    ( x , y , z = 0 )  =  A  0 S   × exp  −       x 2  +  y 2     w  0 S     n   + N .  



(1)







  A  0 S    is the amplitude of the Supergaussian function, which was set to    A  0 S   = 1   in this work.   w  0 S    is the width (half-diameter) and was set to    w  0 S   = 55 / 2   mm, to have similar parameters as those of the 100 TW beamline from the HPLS at ELI-NP in Romania [3]. The initial phase is considered to be flat (zero). N is a small random noise of amplitude   0.002  . The Supergaussian shape of the beam profile is also relevant because it is often used in CPA laser systems, as it provides optimal energy extraction from the laser amplifiers. Therefore, an LG mode cannot be generated in high-power lasers, but a “modified LG mode” can be obtained using specific spiral optical elements [31].



The spatial distribution of the electric field in the   x y   plane is then decomposed into many Gaussian terms, using the fitting algorithm from Wolfram Mathematica [32]. Here, 121 terms are distributed on an   11 × 11   rectangular grid. The center   X  0 i , j    and   Y  0 i , j    of each Gaussian is allowed to vary during slightly the fitting process. Therefore, the Gaussian parameters of amplitude   E  0 i , j   , central positions   X  0 i , j    and   Y  0 i , j   , and waist   W  0 i , j   , are obtained for each element   i , j   in the decomposition such that


   E  s , S    ( x , y , z = 0 )  ≈  ∑  i , j = 1  11   E  0 i , j   × exp  −      ( x −  X  0 i , j   )  2  +   ( y −  Y  0 i , j   )  2    W  0 i , j  2     .  



(2)







Each of these Gaussian terms can be further propagated using the Gaussian beam theory [33], assuming that the waists are placed at   z = 0  . The RMS error for this decomposition was 0.2%, of which approx.   90 %   was caused by the random noise N in Equation (1). A better accuracy can be obtained by increasing the number of Gaussian terms in the decomposition. However, this number is limited by the fact that the width of each Gaussian should be much larger than the wavelength, to keep the paraxial approximation.



Furthermore, each spatial Gaussian    E  s i , j    ( x , y , z )    becomes time-dependent via a simple multiplication with a narrow-band temporal Gaussian:


   E  G i , j , m    ( x , y , z , t )  =  E  s i , j    ( x , y , z )  ·  E  t , m    ( t )  ,  



(3)




the index m refers to element m in the temporal/spectral decomposition.



Therefore, one can neglect the intrinsic spatio-temporal couplings of each Gausslet. However, they can have different parameters from each other, causing their superposition (i.e., the full laser field) to manifest spatio-temporal dependences, as shown here further in Section 3. The temporal Gaussian terms used in Equation (3) are also determined by decomposing an initial broadband pulse using a fitting algorithm that considers both the spectral amplitude and the spectral phase [30].



In this work, the temporal distribution of the initial pulse was considered to be the Gaussian of 25 fs FWHM irradiance at the Fourier limit (FL), centered at    λ 0  = 800   nm. We considered the case in which the pulse has a flat spectral phase, as well as the case in which it is stretched to 4 times its FL pulse duration. Such a temporal distribution was decomposed into 23 pulselets of Gaussian shape, of narrow bandwidths and different central wavelengths [30]. The RMS error of the spectral fit decomposition was   1.2 %   for the FL pulse.



In this way, the propagation of the initial, full wave in free space or after a focusing mirror can be calculated as a superposition of the spatio-temporal Gausslets from the decomposition. For free-space, one can apply the well-known formula of Gaussian beam propagation:


      E  s , G    ( x , y , z )  =  A s   ( z )  · exp  −     ( x −  X 0  )  2  +   ( y −  Y 0  )  2     w 2   ( z )     · exp  i  k 2      ( x −  X 0  )  2  +   ( y −  Y 0  )  2    R ( z )    ·       · exp  − i φ ( z )  · exp  i k z  .     



(4)




where k is the wavenumber,   A ( z )   the amplitude,   w ( z )   the width at   1 / e   of the maximum electric field at the z position,   R ( z )   is the radius of curvature of the wavefront and   φ ( z )   is the Gouy phase [30,33]. Note that the width   w ( z )   is the smallest at the waist, where, conventionally,   z = 0  .



The method used to focus the beam with   f = 1500   mm focal length optics was to rotate the axis of the Gaussian element towards the focal point and to calculate its new waist   w  0 f i , j , m    considering that the initial Supergaussian beam was placed in the front focal plane of the focusing optics.


   w  0 f i , j , m   =    λ m  ·  f  i , j     π  W  0 i , j     ,  



(5)




where   f  i j    was determined using the parabola equation:


   f  i j   =    X  0 , i j  2  +  Y  0 , i j  2  +      X  0 , i j  2  +  Y  0 , i j  2    4 f   − f  2     



(6)




and Equation (5) was found using ABCD matrices [33] for a 2-f system. Note that Equation (5) is different than the one given in [30], but they are approximately the same if   2  f  i , j    λ m  ≫ π  W  0 i , j  2   .



Moreover, to obtain a helical-type spatial phase to the full laser field, the approach was to simulate the reflection of the beam on a “helical” mirror. The mirror would imprint a specific phase distribution upon the beam due to its surface topology, defined by:


  Δ z ( x , y ) = s · Θ ( x , y ) ,  



(7)




where s is the step between the two edges of the helical mirror and   Θ ( x , y )   is proportional to the cylindrical coordinate   tan ϑ = y / x  , with some modifications to include the full   ( 0 , 2 π )   domain:


  Θ  ( x , y )  =  1 2  ·    arctan  ( y / x )   π  −   sign x  2   .  



(8)




The function   Θ ( x , y )   that describes the helical wavefront is depicted in Figure 1.



The reflection on a helical mirror described by Equation (7) would imprint a corresponding phase on each   i , j , m   Gausslet:


    2 π   λ m   · 2 Δ z  (  X  0 i , j   ,  Y  0 i , j   )  .  



(9)







There is also a shift in the temporal factor of the Gausslet due to the delays caused by the helical mirror. Each individual Gausslet centered initially at   X  0 i , j    and   Y  0 i , j   ,   E  t , m    is modified by the terms containing s and therefore becomes dependent on the spatial positions i and j:


   E  t i , j , m   = exp  −     t −   z − 2 · s · Θ (  X  0 i , j   ,  Y  0 i , j   )   c 0     τ m    2   · exp  ( − i  ω m  t )   



(10)







  τ m   and   ω m   are the pulse duration and central angular frequency of the m pulselet term in the decomposition.   c 0   is the speed of light. Please note the difference between the imaginary number  i  and the index i.




3. Results of the Simulations


The propagation code, described previously and detailed in [30], helped to simulate the behavior of the 55 mm Supergaussian laser field, with 25 fs at FL. The full electric field   E ( x , y , z , t )   was reconstructed through the superposition of all the spatio-temporal   i , j , m   Gausslets.



In the following, several helical cases are presented and discussed: without or with spatio-temporal distortions. Please note that several wavefront distortions were analyzed elsewhere by Ohland and co-authors [31] and will not be discussed here further.



3.1. Ultrashort Laser Fields with Helical Phases


In this subsection, we consider the case of pulses without STC in three configurations: a non-distorted laser field with a helical phase of OAM   = 1  , at best compression, then with phase jumps corresponding to fractional or higher-order OAM and, finally, with OAM   = 1   for pulses chirped in time.



Through this preliminary analysis, we intend to present the ideal case and the impact of small helicity and chirp deviations on the overall field distribution, in the absence of the STC.



3.1.1. Helical Mirror with Matched Step–Wavelength


The case of the perfect helical phase at best compression, OAM   = 1   corresponding to   s =  λ 0  / 2   is presented in Figure 2, for the Supergaussian field. The reconstructed wavefront in Figure 2a reproduces the   2 π   phase jump introduced using Equation (7), corresponding to the theoretical wavefront from Figure 1. The phase values are not relevant on the edges of the plot, because the beam does not cover the full area (the beam size is visible in plot b of Figure 2).



Furthermore, in Figure 2b one can observe the expected “doughnut” shape of the time-integrated irradiance profile associated with the Supergaussian beam, which is visible through the use of detection cameras in the laboratory [34]. The number of Gausslets in the decomposition was 121 (spatial) × 23 (temporal), as previously mentioned.



It is also possible to propagate and reconstruct the complete structure of the field in the focal plane, including the carrier modulation, as presented in Figure 2c. The  π  phase shift between the upper and lower lobes in the   x z   plane cut is reproduced, as expected, indicating the spiral field structure in the propagation direction z. Moreover, the channel in the middle is preserved after focusing and the doughnut shape is preserved in the focal plane shown in Figure 2d, as pointed out also in [35]. It is well known that the behavior of the focused fields corresponds to the fields propagating in free space at infinity–known as the far field (FF). Therefore, similar behavior must appear at long propagation distances in free space.



The pulse temporal shape remains Gaussian in different spatial positions from the doughnut profile. The field varies in intensity, as one can see in Figure 3a–where each temporal profile is represented with the color of the corresponding dot from the fluence profile in Figure 2d. Figure 3b was obtained by normalizing the temporal envelopes in Figure 3a in order to prove that the temporal shape envelope remained the same for all the dots. The shape of the light orange curve corresponds to the one in the center of the doughnut and it is not relevant, as its signal was very low (almost zero compared to the others, i.e., 2200 arb.u. at the peak, or   0.3  % of the largest peak, so it cannot be seen in the non-normalized plot). This is also the case for the light green curve, corresponding to the edge of the beam profile.




3.1.2. Helical Mirror with Different Surface Steps


It can be observed sometimes that the doughnut shape is asymmetric, indicated by the fact that one of the lobes is more intense than the other, as in Figure 4a. Simulating the helical laser field introduced above, with different values of the step    s K  = K · s  , showed that variations of a few percentage points in the factor K lead to noticeable lobe amplitude variations.Therefore, not matching the central laser wavelength with the step of the helical mirror causes distortions in the ring shape.
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Figure 3. The temporal profile (    | E |  2   ( t )   ) of the laser field after being reflected by the helical mirror and focused with an   f = 1500   mm mirror. The colors correspond to the positions where the fluence profile is marked in Figure 2d: (a) non-normalized and (b) normalized. The light orange plot corresponds to   x = y = 0  , where the signal is only an irrelevant, small amount of noise. Normalization was performed so that the maximum of each plot reached 1. The maximum value of the light orange plot appeared close to   t = − 20   fs, whereas at   t = 0   the signal dropped. 
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On the other hand, the higher the factor K, the higher the OAM and therefore the beam size increases, as one can see in Figure 4a,b. As an example, the shape for   K = 2   corresponding to OAM = 2 looks irregular in Figure 4b, this time due to the decomposition of the full beam into a limited number of Gaussian terms (121). The larger the spatial modulations of the beam, the more terms are needed in the decomposition to decrease the reconstruction error. In the following sections, we restrict the analysis to OV with OAM = 1, as this value is the most accessible for practical implementation in high-power laser experiments.
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Figure 4. (a) The fluence profile (   | E |  2   time-integrated) on x, when   y = 0  , of the laser field after being reflected by the helical mirror of    s K  = K · s   and focused with an   f = 1500   mm mirror. The K value is given in the legend. (b) The fluence profile (   | E |  2   time-integrated) of the laser field after being reflected by the helical mirror with    s K  = 2   λ 0  2    and focused with an   f = 1500   mm mirror. 
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3.1.3. Chirped Laser Pulse and Helical Spatial Phase


Chirping of the laser field can be achieved by adding dispersion to the FL pulse. Therefore, the spectral amplitude remains the same, but the spectral phase becomes non-flat and the pulse duration increases. In these simulations, the pulse duration was chirped from the pulse width at FL   τ F   to   τ = 4  τ F   . The spatial phase of this field also becomes helical after reflection on the helical mirror of step s.



The channel in the center, both in the near field (NF), shown in Figure 5a, and in the focus, shown in Figure 5b,c, is similar to the FL case, with the difference that the pulse duration is four times longer. Furthermore, the field amplitude decreases, according to the energy conservation principle. Figure 5a,b demonstrate that the wavefronts exhibited the helical beam characteristic shift between the upper and the lower lobes, indicating that a spiral pattern (and the doughnut) was also preserved. The plots in Figure 5a,b are represented at a smaller scale for z, in order to resolve the wavefront oscillations.





3.2. Laser Fields with Helical Phases and Spatio-Temporal Distortions


In order to model the STC of the initial laser field, specific variations in the parameters of the Gausslets were considered. The helical phase was introduced to these STC fields. The results of the simulations are presented and commented upon in the following.



3.2.1. Spatial Chirp


Spatial chirp (SPC) is the linear variation of the spatial properties for each frequency component in the spectrum:   S P C =   ∂ x   ∂ ν     [30,36,37]. Here, we considered the initial Gaussian to be 25 fs FL at    λ 0  = 800   nm, with the temporal pulse shape measured in the spatial center of the beam, at   x = 0  . When there is SPC in the field, then the central frequency of the wave will change according to the SPC variation, meaning that the spectrum will be a different one at each position x:    ν  S P C , i j m   =  ν m  +  X  0 , i j   / S P C  , where   ν m   is the central frequency of the m pulselet in the decomposition. Simulations were performed with SPC on the x axis with the value of   S P C = − 1100   mm/PHz, for a consistent comparison with the non-helical case in [30].



Figure 6 presents the NF, FF and focused distributions of the field in the   y = 0   plane (upper row) and in the   x = 0   plane (lower row). Figure 6a,d correspond to the NF profiles on   x − z   and   y − z  , respectively. In addition to the characteristic fan of the SPC and the channel that appears due to the helicity, a slightly tilted channel in the   x = 0   plane can be distinguished. In Figure 6b,e the wavefront is still slightly curved, as the divergence of the beams at   3 ·  z R    is not perfectly zero.



As previously mentioned, the behavior of the focused fields corresponds to the fields in the FF. The reconstructed focused field is presented in Figure 6c,f. The wavefront curvature vanishes here, as expected. A gap is apparent on the longitudinal z axis in both FF and focus profiles, which can be associated with the temporal shape, in the   y − z   profiles. Therefore, there is a spatio-temporal vortex that appears. A comparable behavior of the field was described in [38,39], where the production of spatio-temporal optical vortices was investigated in simulations and in experiments.



Figure 7 presents the time-integrated    | E |  2   profile in the focus area, that corresponds in practice to an image recorded with a camera sensor. The field in the central part of the doughnut is not going down to zero anymore, as in the case of non-distorted laser pulses. The SPC from the NF generates a tilt in the pulse front in the focus [30] and the time-integrated    | E |  2   (fluence) profile has a positive value in the center, as shown in Figure 7b. This can be interpreted as a distinctive signature of the presence of SPC in the helical pulse and it appears at relatively small residual SPC values. This sensitivity can be turned into an advantage through the design of a camera-based device that includes a focusing element and a helical phase plate that can detect such small SPC.




3.2.2. Angular Dispersion


The angular dispersion, or angular chirp (AGC), is the variation of the angle at which a specific laser field propagates with its frequency,   A G C =   ∂ θ   ∂ ν    . For example, it can be generated when different frequency components in the spectrum are diffracted at different angles by a grating and, therefore, each of the spectral components will be tilted with different angles.



The implementation of the AGC in the code used here was performed by tilting each Gausslet with a specific propagation angle   θ m   (around the axis   O y  ). The linear correspondence with each m component in the temporal/spectral decomposition was as in [30]:    θ m  = A G C ·  (  ν 0  −  ν m  )    and the AGC value was   A G C = 1.28   mrad/PHz on the x axis, generated, for example, by an approximately 125 µrad grating misalignment in a double-grating compressor.



In Figure 8a,b one can observe the NF pattern in the   y = 0   and in the   x = 0   planes, with the specific central singularity of the helical phase. The pulse front tilt associated with the AGC is present, as expected, in the   x − z   profile. The focused field is depicted in Figure 8c,d in the focal region. The expected spatial chirp is present and can be observed as a variable front tilt in the   y = 0   plane, in Figure 8c, along with a diagonal phase dislocation in the longitudinal profile on   y − z   from Figure 8d.



Changing the perspective, the time-integrated    | E |  2   profile is depicted in Figure 9a. The doughnut tends to form two symmetric lobes with respect to the   y = 0   axis. Furthermore, the field in the central hole does not drop to zero, as shown in the time-integrated profile at   y = 0  , Figure 9b. This indicates, similarly to the SPC case, a signature of the high sensitivity of the intensity profile to the presence of AGC in the helical phase pulses.



Furthermore, the temporal behavior of the pulse was analyzed in the focus, in Figure 10. The temporal evolution of the irradiance is depicted in the non-normalized (inset a) and normalized cases (inset b). One striking difference with respect to the ideal helical case depicted in Figure 3 is the presence of two temporal lobes. They can be symmetric or unbalanced in the field envelope. Further, the position of the maxima of the lobes shifts in time, whereas the lobe width varies, indicating the variable local pulse duration.



Several temporal envelopes can be observed in Figure 10, corresponding to horizontal cuts in the field representation of focused pulses with AGC from Figure 8c,d. This occurred due to the fact that there was a linear mapping between the propagation axis z and the temporal coordinate t. Hence, the presence of the two temporal lobes indicates the existence of the phase jump in the   y = 0   plane, as shown in Figure 8c, whereas the shifts of the lobes and the asymmetry correspond to the tilted phase dislocation channel depicted in Figure 8d in the   x = 0   plane.




3.2.3. Pulse Front Tilt


In lasers with STC it can happen that the wavefront and the pulse front do not coincide. When there is a linear coupling between the temporal and spatial coordinates in the formula of the laser field, this factor is known as pulse front tilt (PFT):   P F T =   ∂ t   ∂ x     [36].



In the current work, PFT was implemented as in [30] such that the central time coordinate   t  0 m    (the average of each temporal Gaussian m) is shifted proportionally to the spatial position   X  0 i , j   :    t  0 m   = P F T ·  X  0 i , j    . A value of   P F T = 0.8   fs/mm was used for consistent comparison with the plots from [30].



Figure 11a,b depict the detailed field distribution in the NF in the   y = 0   and   x = 0   planes. These results look similar to the ones obtained in the case of AGC, presented in Figure 8. This is due to the fact that the PFT is equivalent with the AGC (in the absence of frequency chirp) [36,37]). The same qualitative behavior is also observed after the propagation of the helical PFT pulses to the focal plane, as shown in Figure 11c,d in the   y = 0   and   x = 0   planes.



In Figure 12, the time integrated    | E |  2   profile is depicted for the helical pulse with   P F T = 0.8   fs/mm, after propagation to the focal plane. Furthermore, a similar qualitative behavior is also observed here with respect to the AGC case. The depth of central hole in the beam profile is reduced in the presence of the PFT, as shown in Figure 12b, in comparison with the ideal case where no STC is present in the helical pulse.






4. Discussion


In this study, the four-dimensional propagation of ultrashort optical vortices was simulated, for the first time to our knowledge, using a Gaussian decomposition code. The expected behavior in the case of non-distorted ultrashort optical vortices was obtained. Stretching and compressing the temporal shape proved that the phase displacements were maintained so that the beam profile remained of the doughnut type both in the NF and focus regions.



However, when residual STC was present in the laser field of OV, the behavior of the singularity was modified. One effect that could be easily observed in the experiments was that the central deep areain the beam profile started to wash out. As shown in Figure 7 for the case of SPC, in Figure 9 for AGC and in Figure 12 for PFT initial distortions, the amplitude of the signal in the center became significant and this can be clearly measured with a video camera. Small values of these STC distortions were enough to provide this effect, indicating a high sensitivity of the central deep amplitude of the doughnut shape.



The presence of the singularity was clearly observed in the detailed cuts in the focus areas of the SPC-, AGC- and PFT-distorted OV pulses. In order to illustrate this effect specifically for the PFT case, Figure 13 presents, at scale, a three-dimensional region plot of the pulse corresponding to the two-dimensional cuts from Figure 11c,d. It indicates that the singularity was rotated but it did not disappear. The wash out effect in the beam profile was the consequence of this rotation of the singularity orientation in the pulse along the propagation. The same rotation was responsible for the wash-out of the hole in the beam profile in the case of SPC and AGC. This rotation, even in the presence of small STC, provides additional challenges in the implementation of experiments.



Moreover, as discussed in [30], the SPC in NF generates PFT in the focus. AGC and PFT are equivalent in the absence of temporal chirp, and both of them in NF generate SPC in the focus. This behavior can also be distinguished for optical vortexes, as the field distribution is influenced by both helicity and STC. The effect of generating a specific vortex pattern in time as well, aside from the spatial effect, is an outcome of these processes [39].



Consequently, the high sensitivity of the helical pulses to the residual STCs might provide a simple path towards practical implementation of spatio-temporal optical vortices [39,40] in CPA laser systems by simply misaligning the optical stretcher or the compressor. This comes with the more subtle effects of local double pulses in the temporal profile, as shown in Figure 10.



Experiments that use helical beams—such as proton acceleration [23,41] indicating the enhanced behavior of the accelerated particles when using doughnut beams—need to take into account the effects of the STCs in the implementation and metrology phase, in order to produce the expected results. There have been many proposals of experiments using ultrashort helical pulses, e.g., in the production of gamma rays [42] and positron production [43], attosecond electron bunches with OAM [44] and relativistic electron mirrors [45], and in all these, the laser intensity distribution on the target must be optimized through systematic measurements of the STC of the vortex-free laser field.




5. Conclusions


The introduction of ultrashort laser pulses and of the CPA technique during the last quarter of the 20th century raised the need for an in-depth understanding of STC in the propagation of laser fields. This was accomplished through the development of complex metrology techniques, and also through the software development of four-dimensional propagation codes for broadband ultrashort laser pulses, such as the one used here.



In a complimentary fashion, pulse shaping techniques that implement deformable mirrors, spatial light modulators or specific optical components have enabled advances in spatially-tailored laser pulses. In particular, OVs were proposed to be used in conjunction with ultra-intense pulses from CPA laser systems in order to enhance the desired light–matter interaction effects in processes such as electron and proton acceleration. Although the impact of wavefront distortions on OVs has been reported in [31], one type of spatio-temporal distortions had not been investigated to date, to our knowledge.



A Gaussian decomposition code was used to investigate the joint presence of the OV and STC in ultrashort laser pulses and their effects in the focal plane, as required in several proposed experiments. We took as a reference the HPLS laser parameters available at ELI-NP, as these are also common to several petawatt class facilities: a Supergaussian spatial profile and a 25 fs pulse duration at a 800 nm central wavelength.



The simulations showed the evolution of the OV phase dislocation in space and time. We have also pointed out that the sensitivity of the far field to the residual STCs can help in the design of new metrology devices that provide quantitative evaluations of the STC. The results of this study will help researchers to understand better the effects of residual STCs, enabling the advanced design and implementation of future extreme light experiments with complex OV pulses.
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	AGC
	Angular chirp



	BPM
	Beam propagation method



	CPA
	Chirped pulse amplification



	ELI-NP
	Extreme Light Infrastructure–Nuclear Physics



	FDTD
	Finite-difference time domain



	FF
	Far field



	FL
	Fourier limit



	HPLS
	High-power laser system



	  L  G p l   
	Laguerre-Gaussian



	NF
	Near field



	OAM
	Orbital angular momentum



	OPCPA
	Optical parametric chirped pulse amplification



	OV
	Optical vortex



	PFT
	Pulse front tilt



	PW
	Petawatt



	SPC
	Spatial chirp



	STC
	Spatio-temporal couplings
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Figure 1. The variation of   Θ ( x , y )   in Equation (8) with the spatial coordinates x and y, represents the topology of the helical mirror. 
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Figure 2. (a) The phase profile of the laser field after being reflected by the helical mirror, at   z = 0  . (b) The fluence profile (   | E |  2   time-integrated) of the laser field after being reflected by the helical mirror, at   z = 0  . (c) The field profile (  R e { E }  ) on   x − z   of the laser field after being reflected by the helical mirror and focused with an   f = 1500   mm mirror. (d) The fluence profile (   | E |  2   time-integrated) of the laser field after being reflected by the helical mirror and focused with an   f = 1500   mm mirror. The dots are marking the positions where the temporal profiles are plotted in Figure 3, with the corresponding color. 
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Figure 5. The field profile (  R e { E }   on   x − z   at   t = 0   and   y = 0  ) of the chirped laser, with duration   τ = 4  τ F    after being reflected by the helical mirror (a) in the NF and (b) in the focal region of an   f = 1500   mm mirror (the back focal plane is considered in   z = 0   for simplicity). (c) The corresponding amplitude profile (  | E |   on   x − z   at   t = 0   and   y = 0  ) for the focused field shown in plot (b). 
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Figure 6. The electric field profile (  R e { E }  ) of a laser field with   S P C = − 1100   mm/PHz, after being reflected by the helical mirror (a) on   x − z  , in the NF (  z = 0   region), at   t = 0  , (b) in the FF at   z = 3 ·  z R    region, at   t = 3 ·  z R  /  c 0    and (c) in the focal region after being reflected by the helical mirror and focused by means of an   f = 1500   mm mirror (at   t = 0  ). Similarly,   R e { E }   of the same laser field, but on   y − z   (d) in the NF (  z = 0   region), (e) in the FF at   z = 3 ·  z R    region and (f) in the focal region. For simplicity, the z coordinate at   z = 3 ·  z R    and at focal plane was translated to   z = 0  . 
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Figure 7. (a) The fluence profile (   | E |  2   time integrated) of a laser field with   S P C = − 1100   mm/PHz, in the focal region after being reflected by the helical mirror and focused by means of an   f = 1500   mm mirror. (b) The fluence profile from (a) along the x axis, when   y = 0   (green curve), compared with the fluence profile of the laser field without SPC (black curve). 
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Figure 8. The electric field profile (  R e { E }  ) of the laser field with   A G C = 1.28   mrad/PHz in the NF region, after being reflected by the helical mirror (a) on   x − z   when   y = 0   and (b) on   y − z   when   x = 0  . The   R e { E }   profile for the helical field with   A G C = 1.28   mrad/PHz in the focal region, after being focused by a mirror of   f = 1500   mm, (c) on   x − z   when   y = 0   and (d) on   y − z   when   x = 0  . 
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Figure 9. The fluence profile(time-integrated    | E |  2  ) of the laser field with   A G C = 1.28   mrad/PHz in the focal plane, after being reflected by the helical mirror and the focusing mirror of   f = 1500   mm (a) on   x − y   and (b) on x when   y = 0   (blue curve). The AGC case is compared with the same laser field, but without STC (black curve). The colored dots in (a) represent the positions at which the time profiles from Figure 10 are calculated. 
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Figure 10. Thetemporal profiles of the laser field (   | E |  2  ) with   A G C = 1.28   mrad/PHz in the focal plane, after being reflected by the helical mirror and the focusing mirror of   f = 1500   mm, (a) non-normalized and (b) normalized. The colors of the curves are the same as the ones of the dots depicted in the fluence profile in Figure 9a to indicate the positions at which they were calculated. 
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Figure 11. The electric field profile (  R e { E }   at   t = 0  ) of the laser field with   P F T = 0.8   fs/mm, after being reflected by the helical mirror: in the NF (a) on   x − z   for   y = 0   and (b) on   y − z   for   x = 0  ; in the focus of the   f = 1500   mm mirror (c) on   x − z   for   y = 0   and (d) on   y − z   for   x = 0  . For simplicity,   z = 0   in the focus. 
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Figure 12. (a) The fluence profile (time-integrated    | E |  2  ) on   x y   of the laser field with   P F T = 0.8   fs/mm in the focal plane, after being reflected by the helical mirror and the focusing mirror of   f = 1500   mm (a) in the   x y   plane and (b) along the x axis when y = 0 (brown curve)). 
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Figure 13. A 3-dimensional plot irradiance profile of the laser field (   | E |  2  ) with initial   P F T = 0.8   fs/mm, after being reflected by the helical mirror and the focusing mirror of   f = 1500   mm, in the focus. The surface was chosen at   2 %   of the maximum. 
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