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Abstract:



We present an optical system based on two toroidal mirrors in a Wolter configuration to focus broadband extreme ultraviolet (XUV) radiation. Optimization of the focusing optics alignment is carried out with the aid of an XUV wavefront sensor. Back-propagation of the optimized wavefront to the focus yields a focal spot of 3.6 × 4.0 µm2 full width at half maximum, which is consistent with ray-tracing simulations that predict a minimum size of 3.0 × 3.2 µm2. This work is important for optimizing the intensity of focused high-order harmonics in order to reach the nonlinear interaction regime.
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1. Introduction


High-order harmonic generation (HHG) [1,2] in gases is one of the main sources of attosecond pulses in the extreme ultraviolet (XUV) and soft X-ray regime [3,4]. These pulses, generated through highly nonlinear interaction between laser pulses and atoms, are coherent and of broad bandwidth, typically several tens of eV wide. If sufficiently intense, they can be used to investigate multiphoton phenomena in atoms and molecules to unravel ultrafast dynamics [5,6,7,8]. These nonlinear experiments require high intensity, on the order of 1012–1014 W/cm2. Numerous studies report optimization of the pulse energy. The highest energies, up to the µJ level, were demonstrated through loose focusing scaling techniques [9,10,11,12,13]. The generation of extremely short pulses of the order of 100 as or shorter was also reported [14,15]. Short isolated attosecond pulses in the µJ range have even been generated using a combination of two-color field synthesis and energy-scaling aforementioned techniques [16]. However, few studies tackle the problem of focusing the HHG radiation [17,18]. The challenge is to focus an XUV beam to a small focal spot, while maintaining the broad bandwidth of the radiation and the short pulse duration, as well as minimizing the loss in the pulse energy.



Refractive optics cannot be used for XUV radiation, since it is strongly absorbed when propagating in materials. Spherical mirrors, used at near-normal incidence, allow high-aperture beams to be focused on small focal spots. However, they are effectively designed only for narrow bandwidth radiation. Although larger bandwidths can be handled by aperiodic multilayer mirrors, their reflectivity is often very low [18,19]. Diffractive optics, such as zone plates [20], also have low transmission and are designed for monochromatic radiation. The best option to focus a broadband XUV beam with high reflectivity is therefore by using curved mirrors at grazing incidence [21]. Ellipsoidal mirrors are in principle able to perfectly focus the radiation in the second focus of the ellipsoid, if the point source is located in the first focus. An ellipsoidal mirror was used to focus harmonics between 24 and 38 nm (33 to 51 eV) with a full width at half maximum (FWHM) measured to be 2.5 µm [22]. However, these mirrors are challenging to manufacture as well as to align, since strong aberrations appear if the source is extended or if it moves slightly out of the first focus of the ellipsoid [23].



Configurations with multiple toroidal mirrors have been used [21] to overcome the limitation of ellipsoidal mirrors. The concept is to mutually compensate the coma [24] with successive mirrors. A Z-shape configuration with two toroidal mirrors was used to focus high-order harmonics between 30 and 70 nm (17 to 38 eV) to an 8-µm FWHM spot [17,25]. In the 1950s, Wolter [26] demonstrated that some combinations of two confocal conic sections, such as ellipsoids, paraboloids, and hyperboloids, can minimize aberrations. This idea is widely used in astronomy for X-ray telescopes [27], for focusing neutron beams [28,29], and for inertial confinement fusion imaging experiments [30,31].



Focusing of XUV radiation requires not only good optics but also precise alignment and therefore accurate measurement techniques. The focus size can be determined by knife-edge [32], point diffraction [33], slit diffraction [34], lateral shearing interferometry [35], or direct imaging with a microscope [17]. This direct technique requires the insertion of a component in the focus, which hinders simultaneous application experiments. Wavefront sensors [36], on the other hand, can be located far from the focus and thus provide on-line diagnostics of beam spatial characteristics. Shack–Hartmann sensors, based on microlens arrays, are routinely used in the visible or infrared regime, but their use in the XUV regime is more challenging [37]. Therefore, the Hartmann technique, based upon diffraction through small apertures, is often used [36]. This sensor allows the determination of wavefront aberrations after focusing, and thus provides convenient feedback for the alignment of the focusing optics. The focus location and spot shape can be estimated by performing back-propagation calculations.



In this work, we use two toroidal mirrors in a Wolter configuration to focus broadband high-order harmonic radiation between 20 and 50 eV. This design allows us to use a large demagnification of approximately 35 between the HHG source, located at 6 m from the optics, and the image position, at 170 mm from the mirror pair. We optimize the focusing of an XUV beam with an XUV wavefront sensor, using single-shot measurements, and back-propagate the measured intensity profile and wavefront to the focal plane which yields a spot of 3.6 × 4.0 µm2 FWHM. These results are consistent with ray-tracing simulations that predict a minimum size of 3.0 × 3.2 µm2 FWHM.



In Section 2, we describe the experimental setup, including the XUV generation and focusing geometry. Wavefront measurements and focal spot optimization are presented in Section 3. We conclude in Section 4.




2. Experimental Setup


2.1. Beamline


The intense XUV beamline [8] (Figure 1a) is driven by a Ti: sapphire chirped pulse amplification laser system delivering pulses at a 10-Hz repetition rate with duration of 45 fs, energy around 20 mJ, and a beam diameter of 24 mm (FWHM). The vertically polarized beam, apertured to a diameter of 22 mm, is focused by a 8.7-m focal length lens into a 60-mm-long gas cell statically filled with argon. Prior to focusing, residual aberrations of the infrared (IR) beam are compensated by a deformable mirror operating in closed loop with an IR wavefront sensor. The mirror also allows for adjustment of the focal position with respect to the cell in 1-mm steps. The aperture size, the gas pressure, the position of the cell, and the laser focus are optimized for the maximum of the XUV signal. The IR and XUV radiation are then co-propagating towards a fused silica (FS) plate placed at a 10° grazing angle 4 m after the gas cell. The plate is given anti-reflection (AR) coating to transmit the IR while the XUV beam is reflected. The residual IR radiation is blocked by a 200-nm-thick aluminum filter. In the next chamber, a gold-coated mirror on a rotation stage is used to fold the XUV radiation towards an XUV flat-field spectrometer. A typical HHG spectrum is shown in Figure 1b. It is composed of nine harmonic orders, from 15 to 31, with photon energies from 23 to 45 eV. Their spatial profiles in the far field are plotted in the inset. The divergence is estimated to 0.33 mrad (FWHM) for harmonic 19. The transmission of the beamline from the generation cell to the entrance of the application chamber is estimated to be 22%, for XUV photons with energies from 20 to 50 eV. This value is calculated using the measured transmission of the Luxel aluminum filter (34%) and the calculated reflectivity of the AR-coated fused silica plate (the top layer of the coating is SiO2 with reflectivity of 65%). During nonlinear experiments, the XUV beam is focused into a target gas jet, and a double-sided ion/electron spectrometer is placed around the focus as shown in Figure 1.


Figure 1. (a) Scheme of the intense extreme ultraviolet (XUV) beamline; (b) typical high-order harmonic generation (HHG) spectrum; and (c) double toroidal mirror setup in a Wolter configuration. The black lines indicate the translation axes (straight solid arrows) and the pivoting axes for the revolutions (curved solid arrows). AR: anti-reflection; FS: fused silica.
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2.2. Micro-Focusing


With the intent of maintaining the broad spectrum and high throughput, the XUV radiation is focused in the experimental region by means of two toroidal mirrors in grazing incidence configuration. The XUV beam is not recollimated prior to refocusing, but instead the object, i.e., the generation volume in the gas cell, is imaged into the interaction region in the application chamber. The object arm measures approximately 6 m, while the image arm measures 170 mm, resulting in a demagnification of 35. The combination of the two toroidal mirrors is designed to achieve a total deflection of 60°, arising from a 15° grazing incidence on each mirror.



Figure 1c shows a schematic representation of the Wolter assembly. It is composed of two toroidal mirrors which are 30 mm long and 10 mm high. The center-to-center distance between the two mirrors is 30 mm. The mirrors are coated with gold because of its broadband reflectivity in the XUV range. In fact, between 20 and 50 eV, the gold layer yields a 61% reflectivity for s-polarized light and for a 15° grazing angle. The theoretical throughput of the optical setup is then 37%. However, the roughness of the surface is not taken into account in this calculation and the real throughput is expected to be smaller. The two mirrors were installed and pre-aligned by the manufacturer Thales SESO (Aix-en-Provence, France). This assembly is mounted on a 5-axis stage, whose degrees of freedom are sketched in Figure 1c. These axes are actuated by piezo-driven stick-and-slip positioners in open-loop configuration.



As mentioned in the introduction, ellipsoidal mirrors are in principle the ideal solution for imaging. However, the toroidal surface represents a good local approximation to the ellipsoidal surface with the advantage that the two focal lengths, [image: ] and [image: ], corresponding to the tangential (the plane which includes both the optical axis and the normal to the mirror surface) and the sagittal (normal to the tangential plane and containing the optical axis) planes, respectively, are not coupled and can be set independently according to the following equations:


[image: ]



(1)






[image: ]



(2)




where R denotes the radius of curvature, and the subscripts T and S refer to the tangential and sagittal planes, respectively. [image: ] is the grazing angle. Table 1 shows the curvatures and focal lengths of the individual mirrors in the two planes, as well as the combined focal length.



Table 1. Radii of curvature (provided by the manufacturer), focal lengths of the individual mirrors in the two planes, and the equivalent focal length of the assembly.







	

	
Tangential

	
Sagittal




	

	
[image: ] [mm]

	
[image: ] [mm]

	
[image: ] [mm]
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First mirror

	
2050

	
265.3

	
137.2

	
265.0




	
Second mirror

	
4213

	
545.2

	
281.8

	
544.4




	
Combined

	
Focal length = 164.2 mm










The curvatures of each of the two mirrors are adjusted so that the resulting focal lengths in both planes are almost the same, to prevent astigmatism. The equivalent focal length of the assembly is about 164 mm (from the center of the second mirror), calculated in the paraxial approximation. This implies that our source, located 6 m before the mirrors, is imaged at 170 mm from the center of the second mirror.




2.3. Direct Focus Measurements


In order to directly record an image of the focal spot, we used a Ce-doped yttrium aluminum garnet (Ce:YAG) scintillation crystal [17,25,38], which converts the XUV radiation into visible light with 550-nm central wavelength. The resulting luminescence spot was imaged onto a cooled electron multiplying charge-coupled device (EMCCD) camera by using an optical system composed of a microscope objective (Mitutoyo M Plan Apo 100X) and two lenses for relay imaging (see inset to Figure 1a). The crystal was fixed to a thin fused silica window and placed under vacuum, while the imaging system with the camera was under atmospheric pressure. The field of view and resolution were estimated to be 50 µm and 2 µm, respectively. A limiting factor for the measurement was the nonlinear dependence of the luminescence yield as a function of the XUV intensity [17,39] and, in particular, its saturation. To limit this phenomenon, we used a 2-µm-thick Al filter after the fused silica plate (see Figure 1), which decreased the HHG energy by two orders of magnitude. Consequently, the luminescence yield was reduced, and the detection required a single-photon-sensitive camera. Furthermore, it was crucial to record single-shot images of the focal spot, since accumulating several shots led to a seemingly larger spot size, because of the pointing instability of the incoming beam.



These measurements confirm that the Wolter optics compensate efficiently for coma aberrations. Astigmatism could be observed in non-optimized focusing conditions. However, it was not possible to determine precisely the spot size, which was found to be systematically a factor two or three times larger than the wavefront-based measurements presented in Section 3. This probably indicates that this measurement method is still hampered by the nonlinearity of the crystal or other technical limitations.





3. Wavefront Measurements and Optimization of the Focal Spot Size


3.1. Hartmann Wavefront Sensor


The wavefront sensor, presented schematically in Figure 2a, is composed of a Hartmann mask and an XUV charge-coupled device (CCD) camera [36]. Flat, non-tilted wavefronts result in individual diffraction spots being equidistantly distributed on the camera chip (see black dots in Figure 2b), whereas in the case of distorted wavefronts, the positions deviate (red dots). These deviations are compared to a reference measurement with a known wavefront profile, here a spherical wavefront created from the diffraction of an HHG beam onto a pinhole. The local wavefront slopes in the mask plane, [image: ] with W denoting the wavefront, are proportional to these deviations ([image: ] in the figure), and are calculated for each hole. Subsequently, a wavefront reconstruction is performed to retrieve the wavefront over the whole aperture.


Figure 2. (a) Positions of the sensor in the beamline; and (b) principle of the Hartmann wavefront sensor. WFS: Wavefront sensor.
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To measure XUV wavefronts after the focusing setup, we used a wavefront sensor (collaboration between Imagine Optics and the Laboratoire d’Optique Applique, LOA) placed 50 cm after the focus. This distance was chosen to match the beam size to the sensor aperture. The Hartmann mask is a 100-µm-thick nickel plate, which contains an array of 34 × 34 holes. The holes are squares with a size of 110 µm and a pitch of 387 µm, and are tilted to prevent the diffraction patterns from consecutive holes to overlap. During previous calibration measurements performed at the LOA, the absolute accuracy of the sensor was estimated to be 0.6 nm root mean square (RMS), which corresponds to [image: ] RMS for a wavelength of 42 nm. The sensor was mounted on a manual hexapod to ensure optimal alignment. The analysis was performed for the 19th harmonic (42 nm/29.5 eV ), chosen as the weighted center of our spectrum. The validity of single-wavelength wavefront retrieval for broadband radiation in the visible regime was discussed with a Shack–Hartmann sensor [40] and was proven to be satisfying.



There are two main types of wavefront reconstruction from the measured slopes [41]. The first one is called zonal reconstruction, which corresponds to the direct numerical integration of the local slopes. The other type is modal reconstruction, a decomposition of the wavefront in the basis of orthogonal polynomials, which correspond to a set of different aberrations. It thus allows the aberrations to be extracted independently, with the drawback of fitting them over a circular pupil, which is not always matching real beam profiles and leads to slightly underestimated aberrations [42]. The basis of orthogonal polynomials is provided by Zernike polynomials [image: ], which are often the preferred choice to extract and study aberrations independently. The wavefront is then expanded as:


[image: ]



(3)




where [image: ] are the weights of the individual polynomials. The first coefficients in Equation (3) are known as piston ([image: ]), x-tilt ([image: ]), y-tilt ([image: ]), defocus ([image: ]), astigmatism at 0° ([image: ]), astigmatism at 45° ([image: ]), and coma at 0° ([image: ]) and 90° ([image: ]). The coefficients can be determined by fitting the polynomials’ derivatives to the measured local slopes.



For the analysis of the wavefronts presented in this work, when using the zonal method, the pupil was chosen to be the entire illuminated area, about 10 × 10 mm2. When using the modal method, a circular pupil with a radius of 2.3 mm was centered around the peak of the beam profile. The analysis was performed using the first 32 Zernike polynomials with a standard peak-to-valley (PV) normalization. All wavefronts presented here are single-shot measurements. Contributions from defocus and tilts have been numerically removed.




3.2. Alignment of the Focusing Optics


In order to evaluate the sensitivity of the wavefront aberrations to the alignment of the focusing optics, we scanned the rotation stage and goniometers described in Figure 1c while recording single-shot wavefronts. As there is no absolute characterization of the stage rotation angles, we express them in number of steps. We extracted the RMS of the wavefronts by zonal reconstruction, as well as the corresponding Strehl ratio [43], which is defined as the ratio of the peak intensities of the focal distribution in the aberrated and unaberrated cases. A good approximation of the Strehl ratio S, used in the present work, is given by [image: ], where [image: ] is the wavefront RMS [44].



The results are presented in Figure 3, where Figure 3a, Figure 3b and Figure 3c correspond to scans of the rotation stage, and the horizontal and vertical goniometers, respectively, with the other axes around the optimum. Due to shot-to-shot fluctuations, for each point, the average value of several (∼ 5) single-shot measurements with corresponding RMS error bars is plotted. A sharp V-shaped trend is visible for every graph. It means that for each actuator, it is possible to find a position minimizing the aberrations. The RMS minima are 0.028 ± 0.015 [image: ] ([image: ]) in Figure 3a, 0.088 ± 0.012 [image: ] in Figure 3b and 0.111 ± 0.034 [image: ] in Figure 3c. The values for Figure 3b and Figure 3c are slightly higher because of residual aberrations or misalignments.


Figure 3. Evolution of the XUV wavefront root mean square (RMS) as a function of the focusing optics relative angle (number of steps) along the different axes: (a) rotation stage; (b) horizontal goniometer; and (c) vertical goniometer. The RMS is plotted in black dots in units of lambda for [image: ] nm (left axis), with error bars coming from several single-shot measurements. The corresponding Strehl ratios are plotted in blue dots (right axis). The qualitative trends are plotted in dashed lines.
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In order to better understand which aberrations are accounting for most of the wavefront distortions, we used the modal technique to decompose the wavefronts in a weighted sum of Zernike polynomials, as explained above. Our analysis shows that astigmatism is the dominant aberration, accounting for most of the deviation from a perfect wavefront. Figure 4 presents the Zernike coefficients for astigmatism (0° and 45°) and coma (average value of 0° and 90°) as a function of the number of steps. For all three cases, the coma is found to be negligible, which means that if the first mirror introduces coma, it is completely compensated by the second one, thus validating the double toroidal mirror Wolter configuration. The horizontal goniometer introduces mostly 0° astigmatism while the rotation stage and the vertical goniometer introduce 45° astigmatism. These different behaviors allow us to determine which axis is misaligned, and is thus very useful for fast optimization. For example, during the vertical goniometer scan shown in Figure 4c, there was residual 0° astigmatism (green dots), meaning that the horizontal goniometer was not perfectly aligned in this case. Good alignment could be reached after a few iterations.


Figure 4. Relative Zernike coefficients for the main aberrations as a function of the angle of the (a) rotation stage; (b) horizontal goniometer; and (c) vertical goniometer. The experimental data are represented as circled colored dots, plotted as a function of the number of steps (top axis). The ray-tracing simulation data is represented as solid lines, plotted as a function of the angle in degrees (bottom axis). Red corresponds to 45° astigmatism, green to 0° astigmatism, and white to the averaged coma.
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In order to validate these results, we carried out simulations of the XUV beam propagation through the setup with the ray-tracing software FRED Optical Engineering (Version 14, Photon Engineering LLC, Tucson, AZ, USA), based upon Gaussian beamlet decomposition [45]. The wavelength was chosen to be 42 nm, corresponding to harmonic 19. The results are plotted in Figure 4 as solid lines, using the same colors as the experimental data for the different coefficients. Here, the relative angle is indicated in degrees. The ray-tracing simulations show the same behavior as the experimental data, with the sharp V-shape for the dependence of the main Zernike coefficient for a given axis. The simulations also confirm that each goniometer is affecting mainly a specific aberration. For the Zernike coefficients, simulations and respectively experimental data have been normalized to 1 at −0.8 degrees (respectively at −160 steps) of the rotation stage in Figure 4a. We also used the zonal wavefront reconstruction method for both experiment and simulation to extract the wavefront RMS. This allowed us to estimate the step size as a function of rotation angle for each axis.



Figure 5 is a comparison between the beam before the focusing optics, intensity and wavefront in Figure 5a,c respectively, and after optimization (Figure 5b,d). The beam before focusing optics has some 0° astigmatism, with an RMS value of 0.11 [image: ] (=[image: ]/9). After optimization of the focusing optics, we obtain an RMS value of 0.028 ± 0.015 [image: ] ([image: ]). It shows that the focusing optics can not only be aligned to introduce the least possible aberrations, but can also correct the pre-existing ones.


Figure 5. Intensity and wavefront of the XUV beam before (a,c) and after (b,d) focusing.
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3.3. Size of the Focal Spot


To estimate the focal spot size, the measured wavefront and spatial intensity distribution are back-propagated to the focus by applying a Fourier transform. The wavefront [image: ] is written as the sum of the first three terms in the expansion (tilts and defocus, the piston is ignored) plus a residual wavefront [image: ]. The contributions of defocus and tilts to the wavefront are strong and usually dominate the higher-order aberrations. Their back-propagation requires a very fine sampling of the [image: ]-plane over the pupil such that the wavefront never changes by more than a fraction of the wavelength from one sample point to the next. We thus need to treat the defocus and tilt contributions separately in order to optimize the numerical calculation. The wavefront tilts represent the propagation direction of the beam and they can be added later to obtain the final result. The electric field [image: ], at the position of the Hartmann mask ([image: ]), is described by


[image: ]



(4)




[image: ] is the spatial intensity distribution measured at the position of the mask and [image: ] the wavevector. Since the defocus component [image: ] describes a quadratic phase, [image: ] represents the field after an ideal lens with focal length [image: ], with r being the pupil radius, and [image: ] being the field before the lens. The field in the focus is then given by the Fourier transform of [image: ]


[image: ]



(5)







Taking into account the tilts’ contribution to the focal spot position, the rescaled coordinates in the focal plane are [image: ] and [image: ]. The defocus component of the wavefront determines the focus position along the beam path, whereas the tilts determine its position in the [image: ]-plane.



With this method, we back-propagated the least aberrated field (optimized alignment of the focusing setup), presented in Figure 5b,d, and obtained the focal spot plotted in Figure 6a. The focus size is estimated to be 3.6 × 4.0 µm2 (FWHM).


Figure 6. Focal spot (a) calculated from wavefront measurement by back-propagation; and (b) calculated from ray-tracing simulations.
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We also performed ray-tracing simulations for aligned focusing optics, assuming a perfect Gaussian beam, with the experimentally measured divergence. The focal spot is shown in Figure 6b with its profiles. The FWHM beam size is 3.0 × 3.2 µm2. The focal spot size obtained by back-propagation of the wavefront is in good agreement with the one obtained by the ray-tracing simulations. The 20% difference in size can be explained by the difficulty of estimating precisely the divergence of the beam used for the ray-tracing simulations, and by distortions of the experimental intensity profile.



The intensity of the focused attosecond pulse train is estimated to 7 × 1012 W/cm2, using the back-propagated spot size of 3.6 × 4.0 µm2 and typical energies of 5 nJ, measured in the focal region with a calibrated Andor XUV camera and an XUV photodiode. For this estimation we assume a train of 15 pulses with individual duration of ≈300 as [8].





4. Conclusions


We have presented a micro-focusing setup for a broadband harmonic beam based on two toroidal mirrors in a Wolter configuration. The setup is capable of focusing the beam to a spot size of 3.6 × 4.0 µm2, which was optimized and characterized using an XUV wavefront sensor. The focus dimensions agree well with the expected value according to the ray-tracing simulations. The wavefront sensor was found to be an excellent tool to optimize the focusing optics alignment, providing quick and precise feedback. Pre-existing aberrations of the XUV beam could also be corrected. The non-invasive property of wavefront measurements makes it possible to control the focusing quality and thus guarantees the highest intensity on target during experiments.







Acknowledgments


The research was supported by the Swedish Research Council, the Swedish Foundation for Strategic Research, the European Research Council (grant 339253 PALP), LASERLAB-EUROPE (proposal LLC002276), and the European COST Actions MP1203 and CM1204. This project received funding from the European Union’s Horizon 2020 research and innovation program under Marie Skłodowska-Curie Grant Agreement No. 641789 MEDEA and the FET-open grant No. 665207 VOXEL. The authors would like to thank Johan Axelsson and Anders Mikkelsen for lending high-sensitivity cameras. The ELI-ALPS project (GINOP-2.3.6-15-2015-00001) is supported by the European Union and co-financed by the European Regional Development Fund.




Author Contributions


H.C.-A., H.D., K.V., P.Z., P.J., A.L.H, and P.R. conceived and designed the experiments; B.F., H.C.-A., S.M., and P.R. performed the spot characterization by the scintillator microscope; B.Man. designed the scintillator microscope; H.C.-A., H.D., P.R., F.C., E.K., S.M., H.W., J.L., L.R., J.P., and B.Maj. performed the wavefront optimization experiments; F.C. and H.C.-A. performed the ray-tracing simulations; F.B. performed the back-propagation of the wavefronts and intensity recorded by the wavefront sensor; G.D. contributed to the analysis tools. All authors participated in writing the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
McPherson, A.; Gibson, G.; Jara, H.; Johann, U.; Luk, T.S.; McIntyre, I.A.; Boyer, K.; Rhodes, C.K. Studies of multiphoton production of vacuum-ultraviolet radiation in the rare gases. J. Opt. Soc. Am. B 1987, 4, 595. [Google Scholar] [CrossRef]

	2. 
Ferray, M.; L’Huillier, A.; Li, X.F.; Lompre, L.A.; Mainfray, G.; Manus, C. Multiple-harmonic conversion of 1064 nm radiation in rare gases. J. Phys. B At. Mol. Opt. Phys. 1988, 21, L31–L35. [Google Scholar] [CrossRef]

	3. 
Ishii, N.; Kaneshima, K.; Kitano, K.; Kanai, T.; Watanabe, S.; Itatani, J. Carrier-envelope phase-dependent high harmonic generation in the water window using few-cycle infrared pulses. Nat. Commun. 2014, 5. [Google Scholar] [CrossRef] [PubMed]

	4. 
Li, J.; Ren, X.; Yin, Y.; Cheng, Y.; Cunningham, E.; Wu, Y.; Chang, Z. Polarization gating of high harmonic generation in the water window. Appl. Phys. Lett. 2016, 108. [Google Scholar] [CrossRef]

	5. 
Tzallas, P.; Charalambidis, D.; Papadogiannis, N.A.; Witte, K.; Tsakiris, G.D. Direct observation of attosecond light bunching. Nature 2003, 426, 267–271. [Google Scholar] [CrossRef] [PubMed]

	6. 
Tzallas, P.; Skantzakis, E.; Nikolopoulos, L.A.A.; Tsakiris, G.D.; Charalambidis, D. Extreme-ultraviolet pump–probe studies of one-femtosecond-scale electron dynamics. Nat. Phys. 2011, 7, 781–784. [Google Scholar] [CrossRef]

	7. 
Nabekawa, Y.; Hasegawa, H.; Takahashi, E.J.; Midorikawa, K. Production of Doubly Charged Helium Ions by Two-Photon Absorption of an Intense Sub-10-fs Soft X-Ray Pulse at 42 eV Photon Energy. Phys. Rev. Lett. 2005, 94. [Google Scholar] [CrossRef] [PubMed]

	8. 
Manschwetus, B.; Rading, L.; Campi, F.; Maclot, S.; Coudert-Alteirac, H.; Lahl, J.; Wikmark, H.; Rudawski, P.; Heyl, C.M.; Farkas, B.; et al. Two-photon double ionization of neon using an intense attosecond pulse train. Phys. Rev. A 2016, 93, 1–5. [Google Scholar] [CrossRef]

	9. 
Hergott, J.F.; Kovacev, M.; Merdji, H.; Hubert, C.; Mairesse, Y.; Jean, E.; Breger, P.; Agostini, P.; Carré, B.; Salières, P. Extreme-ultraviolet high-order harmonic pulses in the microjoule range. Phys. Rev. A 2002, 66. [Google Scholar] [CrossRef]

	10. 
Takahashi, E.; Nabekawa, Y.; Otsuka, T.; Obara, M.; Midorikawa, K. Generation of highly coherent submicrojoule soft x rays by high-order harmonics. Phys. Rev. A 2002, 66. [Google Scholar] [CrossRef]

	11. 
Midorikawa, K.; Nabekawa, Y.; Suda, A. XUV multiphoton processes with intense high-order harmonics. Progress Quantum Electron. 2008, 32, 43–88. [Google Scholar] [CrossRef]

	12. 
Rudawski, P.; Heyl, C.M.; Brizuela, F.; Schwenke, J.; Persson, A.; Mansten, E.; Rakowski, R.; Rading, L.; Campi, F.; Kim, B.; et al. A high-flux high-order harmonic source. Rev. Sci. Instrum. 2013, 84. [Google Scholar] [CrossRef] [PubMed]

	13. 
Kühn, S.; Dumergue, M.; Kahaly, S.; Mondal, S.; Füle, M.; Csizmadia, T.; Farkas, B.; Major, B.; Várallyay, Z.; Cormier, E.; et al. The ELI-ALPS facility: The next generation of attosecond sources. J. Phys. B At. Mol. Opt. Phys. 2017, 50. [Google Scholar] [CrossRef]

	14. 
Zhao, K.; Zhang, Q.; Chini, M.; Wu, Y.; Wang, X.; Chang, Z. Tailoring a 67 attosecond pulse through advantageous phase-mismatch. Opt. Lett. 2012, 37, 3891–3893. [Google Scholar] [CrossRef] [PubMed]

	15. 
Li, J.; Ren, X.; Yin, Y.; Zhao, K.; Chew, A.; Cheng, Y.; Cunningham, E.; Wang, Y.; Hu, S.; Wu, Y.; et al. 53-attosecond X-ray pulses reach the carbon K-edge. Nat. Commun. 2017, 8. [Google Scholar] [CrossRef] [PubMed]

	16. 
Takahashi, E.J.; Lan, P.; Mücke, O.D.; Nabekawa, Y.; Midorikawa, K. Attosecond nonlinear optics using gigawatt-scale isolated attosecond pulses. Nat. Commun. 2013, 4. [Google Scholar] [CrossRef] [PubMed]

	17. 
Valentin, C.; Douillet, D.; Kazamias, S.; Lefrou, T.; Grillon, G.; Augé, F.; Mullot, G.; Balcou, P.; Mercère, P.; Zeitoun, P. Imaging and quality assessment of high-harmonic focal spots. Opt. Lett. 2003, 28, 1049–1051. [Google Scholar] [CrossRef] [PubMed]

	18. 
Morlens, A.S.; López-Martens, R.; Boyko, O.; Zeitoun, P.; Balcou, P.; Varjú, K.; Gustafsson, E.; Remetter, T.; L’Huillier, A.; Kazamias, S.; et al. Design and characterization of extreme-ultraviolet broadband mirrors for attosecond science. Opt. Lett. 2006, 31, 1558–1560. [Google Scholar] [CrossRef] [PubMed]

	19. 
Ménesguen, Y.; De Rossi, S.; Meltchakov, E.; Delmotte, F. Aperiodic multilayer mirrors for efficient broadband reflection in the extreme ultraviolet. Appl. Phys. A Mater. Sci. Process. 2010, 98, 305–309. [Google Scholar] [CrossRef]

	20. 
Wieland, M.; Wilheim, T.; Spielmann, C.; Kleinberg, U. Zone-plate interferometry at 13 nm wavelength. Appl. Phys. B Lasers Opt. 2003, 76, 885–889. [Google Scholar] [CrossRef]

	21. 
Poletto, L.; Frassetto, F.; Calegari, F.; Trabattoni, A.; Nisoli, M. Micro-focusing of attosecond pulses by grazing-incidence toroidal mirrors. Opt. Express 2013, 21, 13040–13051. [Google Scholar] [CrossRef] [PubMed]

	22. 
Suda, A.; Mashiko, H.; Midorikawa, K. Focusing intense high-order harmonics to a micron spot size. Springer Ser. Chem. Phys. 2007, 85, 183–198. [Google Scholar]

	23. 
Bourassin-Bouchet, C.; Mang, M.M.; Delmotte, F.; Chavel, P.; de Rossi, S. How to focus an attosecond pulse. Opt. Express 2013, 21, 2506–2520. [Google Scholar] [CrossRef] [PubMed]

	24. 
Underwood, J.H. Imaging properties and aberrations of spherical optics and nonspherical optics. In Experimental Methods in the Physical Sciences; Academic Press: Cambridge, MA, USA, 1998; Volume 31. [Google Scholar]

	25. 
Frassetto, F.; Anumula, S.; Calegari, F.; Trabattoni, A.; Nisoli, M.; Poletto, L. Microfocusing beamline for XUV-XUV pump-probe experiments using HH generation. In Proceedings of the Society of Photo-Optical Instrumentation Engineers SPIE 9208, San Diego, CA, USA, 5 September 2014. [Google Scholar]

	26. 
Wolter, H. Spiegelsysteme streifenden Einfalls als abbildende Optiken für Röntgenstrahlen. Ann. Phys. 1952, 445, 94–114. [Google Scholar] [CrossRef]

	27. 
Gaetz, T.J.; Jerius, D.; Edgar, R.J.; Van Speybroeck, L.P.; Schwartz, D.A.; Markevitch, M.L.; Taylor, S.C.; Schulz, N.S. Orbital verification of the CXO high-resolution mirror assembly alignment and vignetting. In Proceedings of the Society of Photo-Optical Instrumentation Engineers SPIE 4012, Munich, Germany, 18 July 2000. [Google Scholar]

	28. 
Mildner, D.F.R.; Gubarev, M.V. Wolter optics for neutron focusing. Nucl. Instrum. Meth. A 2011, 634, 7–11. [Google Scholar] [CrossRef]

	29. 
Khaykovich, B.; Gubarev, M.V.; Bagdasarova, Y.; Ramsey, B.D.; Moncton, D.E. From x-ray telescopes to neutron scattering: Using axisymmetric mirrors to focus a neutron beam. Nucl. Instrum. Meth. A 2011, 631, 98–104. [Google Scholar] [CrossRef]

	30. 
Bennett, G.R. Advanced laser-backlit grazing-incidence x-ray imaging systems for inertial confinement fusion research. I. Design. Appl. Opt. 2001, 40, 4570–4587. [Google Scholar] [CrossRef] [PubMed]

	31. 
Ellis, R.J.; Trebes, J.E.; Phillion, D.W.; Kilkenny, J.D.; Glendinning, S.G.; Wiedwald, J.D.; Levesque, R.A. Four-frame gated Wolter x-ray microscope. Rev. Sci. Instrum. 1990, 61, 2759–2761. [Google Scholar] [CrossRef]

	32. 
Le Déroff, L.; Salières, P.; Carré, B. Beam-quality measurement of a focused high-order harmonic beam. Opt. Lett. 1998, 23, 1544–1546. [Google Scholar] [CrossRef] [PubMed]

	33. 
Lee, D.G.; Park, J.J.; Sung, J.H.; Nam, C.H. Wave-front phase measurements of high-order harmonic beams by use of point-diffraction interferometry. Opt. Lett. 2003, 28, 480–482. [Google Scholar] [CrossRef] [PubMed]

	34. 
Frumker, E.; Paulus, G.G.; Niikura, H.; Villeneuve, D.M.; Corkum, P.B. Frequency-resolved high-harmonic wavefront characterization. Opt. Lett. 2009, 34, 3026–3028. [Google Scholar] [CrossRef] [PubMed]

	35. 
Austin, D.R.; Witting, T.; Arrell, C.A.; Frank, F.; Wyatt, A.S.; Marangos, J.P.; Tisch, J.W.G.; Walmsley, I.A. Lateral shearing interferometry of high-harmonic wavefronts. Opt. Lett. 2011, 36, 1746–1748. [Google Scholar] [CrossRef] [PubMed]

	36. 
Mercère, P.; Zeitoun, P.; Idir, M.; Le Pape, S.; Douillet, D.; Levecq, X.; Dovillaire, G.; Bucourt, S.; Goldberg, K.A.; Naulleau, P.P.; et al. Hartmann wave-front measurement at 134 nm with λ_EUV/120 accuracy. Opt. Lett. 2003, 28, 1534–1536. [Google Scholar] [CrossRef] [PubMed]

	37. 
Le Pape, S.; Zeitoun, P.; Idir, M.; Dhez, P.; Rocca, J.J.; François, M. Electromagnetic-Field Distribution Measurements in the Soft X-Ray Range: Full Characterization of a Soft X-Ray Laser Beam. Phys. Rev. Lett. 2002, 88. [Google Scholar] [CrossRef] [PubMed]

	38. 
Moszyński, M.; Ludziejewski, T.; Wolski, D.; Klamra, W.; Norlin, L. Properties of the YAG:Ce scintillator. Nucl. Instrum. Meth. A 1994, 345, 461–467. [Google Scholar] [CrossRef]

	39. 
Jaeglé, P.; Sebban, S.; Carillon, A.; Jamelot, G.; Klisnick, A.; Zeitoun, P.; Rus, B.; Nantel, M.; Albert, F.; Ros, D. Ultraviolet luminescence of CsI and CsCl excited by soft x-ray laser. J. Appl. Phys. 1997, 81, 2406–2409. [Google Scholar] [CrossRef]

	40. 
Hauri, C.P.; Biegert, J.; Keller, U.; Schaefer, B.; Mann, K.; Marowski, G. Validity of wave-front reconstruction and propagation of ultrabroadband pulses measured with a Hartmann-Shack sensor. Opt. Lett. 2005, 30, 1563–1565. [Google Scholar] [CrossRef] [PubMed]

	41. 
Southwell, W. Wave-front estimation from wave-front slope measurements. J. Opt. Soc. Am. 1980, 70, 998–1006. [Google Scholar] [CrossRef]

	42. 
Lakshminarayanan, V.; Fleck, A. Zernike polynomials: A guide. J. Mod. Opt. 2011, 58, 545–561. [Google Scholar] [CrossRef]

	43. 
Chériaux, G.; Rousseau, J.P.; Ferré, S.; Notebaert, L.; Pittman, M.; Chambaret, J.P. Caractérisation et contrôle de la répartition d’énergie et du front d’onde d’impulsions femtosecondes. In Systèmes Femtosecondes; Number 1 in Intégrations Des Savoirs Et Savoir-Faire; Publications de l’Université de Saint-Étienne: Saint-Étienne, France, 2001; pp. 141–156. [Google Scholar]

	44. 
Mahajan, V.N. Strehl ratio for primary aberrations in terms of their aberration variance. J. Opt. Soc. Am. 1983, 73, 860–861. [Google Scholar] [CrossRef]

	45. 
Harvey, J.E.; Irvin, R.G.; Pfisterer, R.N. Modeling physical optics phenomena by complex ray tracing. Opt. Eng. 2015, 54. [Google Scholar] [CrossRef]





















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Application
chamber

Focusing
‘\jotics

AU mirror

beam  poyple sided ion/electron
spectrometers

b)

XUV CCD






nav.xhtml


  applsci-07-01159


  
    		
      applsci-07-01159
    


  




  





media/file2.png
a) IR pulse Application Double sided
chamber ion/electron
XUV spectrometers

Deformable Iris
mirror —|
R ]Ic-_e8n§ < XUV spatial
—C. > ( /characterization
wavefront Gas cell o N
sensor Ar N ,
..‘4 —_— /Scmtlllator microscope
AR coated
FS plate
/ \ Ce:YAG Imaging setup
/ \ Window
b) 1 20 c) ,' Horizontal \
.fg‘ 0sl 3 goniometer '
E€o06| g? %0
g 0.2l Div(e).r?g,jencg'(smrad) | Vgrtical Rotation Stage \/Linear
123 goniometer stages

20 25 30 35 40 45 50
Energy (eV)





media/file13.png





media/file5.jpg
1

1

0808

06 08

0404

0202

o7 olmsasal’ Neswde: o .o
170 80 0 80 170 5075 0 75 150 Z200-100 0100 200

Number of steps. Number of steps. Number of steps

‘Strehl ratio





media/file3.jpg
Agpicaton
Chamber

beam  Double sided on'eleciion
oy






media/file1.jpg
f—
"
=
»
iéus
£50d
2oz

Energy (V)






media/file7.jpg
Relative Zernike coefficients

@) Number of steps b)  Number of steps ©)  Number of steps
708 0 8 O 6075 0 75 150 | 200-100 0_100 200
08 08, 0|

06 08, 08,

04 04, d 04

02 02 02 ﬁ é:

0 o 0|

-1 05 0 05 1 ~04-02 0 02 04 ~04-02 0 02 04

Angle (°)

Angle (*)

Angle (%)





media/file10.png
Divergence (mrad)

0 Intensity (arb. unit)1

—
N
Q
~

O

-0.2
-0.2 0 0.2

Divergence (mrad)

b)

-6 0 6
Divergence (mrad)

0

-6

-0.2 0 0.2
0.2 Wavefront (1)
g 0 ol d)
£ | !
3
e 0
()
>
2 =
0 .02
0.2 0 02 -6 0 6

Divergence (mrad)

Divergence (mrad)

-6

Divergence (mrad)





media/file12.png
Intensit

y

unit)
o~
=)

(arb.

Y Axis [um]

-
o O

-5

-10-

Intensity
(arb. unit)
0 051,0

i

40 5 0 5
X Axis [um]

10

b)

Intensity
(arb. unit)
o

Y Axis [um]

—_
o

-
q) o O

51

Intensity

(arb. unit)
0 0,51,0

‘."

-10

10

10 5 0 5
X Axis [um]





media/file9.jpg
Divergence (mrad)

Ointensity (at. unt)

2
%2 0 o2 6 0 &
- S U R

E ]
- waveton 0)

) @

£ Pt 1

g o
%3 [ 02 6 0 6

'Divergence (mead)

Whigins (el

Divergence (mrad)





media/file0.png





media/file8.png
Relative Zernike coefficients

a)

Number of steps

170

1E
0.8
0.6
0.4
0.2

-170 -80 O
| |

80
|

Angle (°)

b)

1
0.8
0.6
0.4
0.2

0

Number of steps

75 180

-150-75 O
|

Angle (°)

| | | |
-04-02 0 02 04

C)

1
0.8
0.6
0.4
0.2

0

Number of steps
—-200- 1OO O

100 200

| | |
-04-02 0 02 04

Angle (°)





media/file11.jpg
b)

210
sy 3%, ey
(arb.unit) §30% (arb. unit)
00510 £S5 0

00510
10
s
T
& @
2
10 10
o5 0 5 10 o5 0 5 10

X Axis [um] X Axis [um]





media/file6.png
Wavefront aberration

RMS (A)

2 \ L
15+\\ ;
u e ]
1 .
0.5 “u
‘ |

0 \ \ ? \ | |
-170 -80 0 80 170

Number of steps

0.8 0.8
06 0.6
0.4 0.4
02 0.2

0 0

| |
-150-75 O

| |
75 150

Number of steps

o
N’

0.8 0.8
06 0.6
0.4 0.4
02 0.2

0 0

| | | | | |
-200-100 0 100 200
Number of steps

0.8
0.6
0.4
0.2

Strehl ratio





