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Α 10-gigawatt attosecond source 
for non-linear XUV optics and XUV-
pump-XUV-probe studies
I. Makos1,2,7, I. Orfanos1,2,7, A. Nayak1,3,6, J. Peschel   5, B. Major   3, I. Liontos   1, 
E. Skantzakis   1, N. Papadakis1, C. Kalpouzos1, M. Dumergue3, S. Kühn3, K. Varju3,4, 
P. Johnsson   5, A. L’Huillier5, P. Tzallas1,3 & D. Charalambidis1,2,3*

The quantum mechanical motion of electrons and nuclei in systems spatially confined to the molecular 
dimensions occurs on the sub-femtosecond to the femtosecond timescales respectively. Consequently, 
the study of ultrafast electronic and, in specific cases, nuclear dynamics requires the availability of light 
pulses with attosecond (asec) duration and of sufficient intensity to induce two-photon processes, 
essential for probing the intrinsic system dynamics. The majority of atoms, molecules and solids absorb 
in the extreme-ultraviolet (XUV) spectral region, in which the synthesis of the required attosecond 
pulses is feasible. Therefore, the XUV spectral region optimally serves the study of such ultrafast 
phenomena. Here, we present a detailed review of the first 10-GW class XUV attosecond source based 
on laser driven high harmonic generation in rare gases. The pulse energy of this source largely exceeds 
other laser driven attosecond sources and is comparable to the pulse energy of femtosecond Free-
Electron-Laser (FEL) XUV sources. The measured pulse duration in the attosecond pulse train is 650 ± 80 
asec. The uniqueness of the combined high intensity and short pulse duration of the source is evidenced 
in non-linear XUV-optics experiments. It further advances the implementation of XUV-pump-XUV-
probe experiments and enables the investigation of strong field effects in the XUV spectral region.

In the 20 years of attosecond science1,2, numerous exciting ideas have been conceived and sound applications have 
been demonstrated, the majority of which is based on pump-probe studies, exploiting combinations of infrared 
(IR) and XUV pulses.

Already the domain of attosecond pulse characterization gave access to fascinating physics, novel meth-
odologies and innovative technologies. Those are to be found in the Reconstruction of Attosecond Beating 
By Interference of two-photon Transitions (RABBIT)3, Frequency Resolved Optical Gating for Complete 
Reconstruction of Attosecond Bursts (FROG-CRAB)4, Phase Retrieval by Omega Oscillation Filtering 
(PROOF)5,6, Rainbow RABBIT7, In-situ8, Spectral Phase Interferometry for the Direct Electric Field 
Reconstruction (SPIDER)9,10, atto-clock11, double-blind holography12, attosecond spatial interferometry13, and 
the attosecond streaking14 methods and in the devices developed towards their implementation. A summary of 
these approaches is presented in the perspective article on attosecond pulse metrology15.

In parallel, abundant, significant proof of principle experiments enriched the pallet of attosecond applications. 
Atomic inner-shell spectroscopy16, real-time observation of ionization17, light wave electronics18, and molecu-
lar optical tomography19 are some examples of such experiments. Other more recent applications of attosecond 
pulses include ionization delays in solids20 and atoms21,22, electron dynamics23, charge migration24,25, build-up 
of a Fano-Beutler resonance7, and ionization dynamics in chiral molecules26. It should be noted that the above 
examples are only a representative fraction of many studies performed in attosecond laboratories.

Following a somewhat different path, a group of attosecond laboratories focused for several years their efforts 
towards the development of high photon flux attosecond beam lines. The aim of these efforts was to reach suf-
ficiently high attosecond pulse intensities as to induce observable two- (or more) XUV-photon transitions, a 
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central prerequisite for XUV-pump-XUV-probe experiments in the one femtosecond (fs) and sub-fs temporal 
regime27–29. The importance of XUV-pump-XUV-probe schemes relies on the fact that when temporarily over-
lapping IR and XUV pulses are used for pump-probe studies, the high IR intensities that have to be employed may 
cause distortions to the system under investigation obscuring its intrinsic dynamics30. XUV-pump-XUV-probe 
experiments benefit substantially from the existence of intense isolated27,28 or essentially isolated31 XUV pulses. At 
the same time, observable two-(or more) XUV-photon transitions allow temporal characterization of attosecond 
pulses based on non-linear XUV autocorrelation (AC) measurements32–38, bypassing complications that may arise 
from IR-XUV cross-correlation based pulse characterization techniques39. It should be noted that these develop-
ments were a follow up of pioneering non-linear XUV experiments completed with individual harmonics in the 
few tens of fs temporal regime, including two-40, three-41 and four-XUV-photon42 ionization, two-XUV-photon 
double ionization43,44 as well as the corresponding 2nd 40,43 and 4th order AC measurements42, two-XUV-photon 
above threshold ionization (ATI)45 and even a FROG based XUV pulse reconstruction46.

Towards reaching high XUV photon fluxes there are certain hurdles including depletion of the generating 
medium above a certain threshold of the driving laser intensity, XUV radiation reabsorption by the generating 
medium, as well as phase mismatch due to high generating gas pressures and high degree of ionization of the gen-
erating medium (see the review article of ref. 47). A way to overcome these obstacles is to use non depleting media 
as non-linear harmonic generation targets. This is the case in the generation of harmonics from laser induced 
surface plasma48–53, often referred to as plasma mirrors54. Indeed, for surface plasma harmonics, very high photon 
fluxes have been predicted in particle in cell (PIC) simulations55 and sub-fs temporal confinement has been exper-
imentally demonstrated56. Laser surface plasma harmonic generation requires however, increased technological 
demands such as high laser peak to background contrast, including elimination of unwanted laser pre-pulses, 
demanding “cleaning” procedures of the laser pulse through additional plasma mirrors, tedious control of the 
plasma density gradient53, μm positioning of the focus on the target and debris to mention a few. Although laser 
surface plasma harmonic generation holds promise of high photon flux attosecond pulses, the so far achieved 
maximum XUV pulse energy is 40 μJ56.

The alternative to laser surface plasma harmonic generation in avoiding the above mentioned obstacles is to 
use gas targets combined with loose focusing of the driving laser beam. The scalability of gas phase harmonic 
generation sources has been recently studied in ref. 57. The work by Heyl et al. demonstrates that long focal 
lengths combined with low pressure gas cells, allowing control of phase matching, can lead to high throughputs 
and thus to high XUV photon fluxes. At the same time it has been recently shown that multi-cycle high peak 
power laser beams, focused in the generation medium using long focal lengths of several meters, in combina-
tion with quasi-phase matching58 arrangements, achieved through a chain of small length gas media i.e. pulsed 
gas jets, can reach emission of 20-GW XUV harmonic power at the source in the spectral region of 15–30 eV59. 
In the work of Nayak et al. apart from the measurement of the harmonic source power the high focused XUV 
intensities achieved were evidenced through the observation of multi-XUV-photon multiple ionization of argon 
atoms. While FEL sources have much higher peak brightness at shorter wavelengths and in particular in the x-ray 
regime, in the spectral region of 15–30 eV the measured peak brightness of the harmonic spectra is competing 
with that of FELs52.

In the present work we provide an in-detail presentation of the 20-GW XUV source developed at the Instutute 
of Electronic Structure and Laser of the Foundation for Research and Technology-Hellas (FORTH-IESL) together 
with multi-XUV-photon multiple atomic ionization measurements in helium, argon and neon, while 10 GW 
attosecond pulse trains have been demonstrated at this source. Two-photon ionization of helium atoms and 
argon ions is used in second order intensity volume autocorrelation (2nd IVAC) measurements of the pulse dura-
tion of the attosecond pulse train (APT). Since the measured duration of the pulses in the train is found to be 
τXUV = 670 ± 80 asec and τXUV = 650 ± 80 asec in He and Ar respectively, the present work introduces the most 
powerful table top XUV attosecond source.

The structure of the manuscript is as follows. In section 2 we give a detailed illustration of the XUV beam-line. 
In section 3 we report a quantitative characterization of the different parameters of the beam-line. In section 4 
we present results of non-linear XUV-optics experiments. In section 5 results of the attosecond pulse trains tem-
poral characterization are shown, followed by the concluding section of the work. It should be noted that after 
submission of the present work tunable attosecond x-ray pulses with 100 GW peak power were demonstrated in 
the SLAC FEL large scale infrastructure60.

The High XUV Photon Flux Source
The high XUV-photon flux beam-line mentioned in the previous section has been recently developed and tested 
in the Attosecond Science & Technology laboratory of FORTH-IESL59. In this section, a detailed description of 
the beam line and its characterization is presented.

The 20-GW XUV beam-line.  The high photon throughput of the XUV beam-line relies on the exploitation 
of: I) 9 m focal length optics focusing the laser beam into the non-linear medium, as to increase the number of 
harmonic emitters in the interaction cross section, keeping the driving intensity below the ionization saturation 
thresholds of the generating medium, II) a dual gas jet as target with variable jet distance as to achieve optimal 
phase matching, III) optimized gas pressure in both jets, and IV) Xe gas as non-linear medium, the conversion 
efficiency of which is the highest of all rare gasses61,62 with the trade-off of the low cut-off photon energy. However, 
in test measurements Ar gas was also used as generating medium.

The beam-line, as shown in Fig. 1, consists of the following units: (a) laser beam steering/shaping, placed in 
the “compressor chamber” and “IR steering optics and Polarization Gating” chambers, (b) laser beam focusing, 
placed in the “IR focusing optics” chamber, (c) XUV generation, placed in the “HHG” chamber, (d) XUV separa-
tion/steering, placed in the “XUV separation/steering” chamber, (e) XUV manipulation and diagnostics, placed 
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in the “XUV filtering and diagnostics” chamber and (e) XUV pulse temporal characterization and XUV radiation 
use unit placed in the “end station”.

The laser steering and shaping takes place in two different vacuum chambers. In the first one a two grat-
ing arrangement compresses the amplified laser beam (Amplitude Technologies Ti:Sapphire chain) and delivers 
pulses of 800 nm central wavelength, ≈400 mJ maximum energy and ≈24 fs duration at 10 Hz repetition rate. 
Since 400 mJ pulse energy would deplete the harmonic generation medium at the used geometry the energy is 
reduced to 25–45 mJ after compression depending on the gas used for the generation.

The beam is then steered into the focusing unit through three plane mirrors placed in the second chamber. The 
same mirror set up is used for the alignment of the laser through the entire beam-line. This second chamber hosts 
also a Polarization Gating (PG) optical arrangement for the generation of isolated attosecond pulses. Since no iso-
lated pulses are used in the present work the PG arrangement is not described here but can be found in previous 
works63–65. The polarization of the laser beam entering the focusing unit is parallel to the optical table. The beam 
diameter is D ≈ 2.3 cm. The focusing unit uses three silver protected low dispersion plane mirrors and a spherical 
mirror (SM) of 9 m focal length. The optical layout shown in Fig. 1a aims to reduce astigmatism introduced by the 
spherical mirror due to the deviation from the normal incidence. The angle of incidence at the spherical mirror is 
as close as possible to normal (~3°). In this way the astigmatism is kept low but is not negligible. Figure 1b shows 
the beam profile at the focus of the IR beam (measured with a CCD camera) which reveals a small degree of 
elongation along the x-axis. The confocal parameter is measured to be b ≈ 70 cm which is a factor of ≈ 1.22 larger 
than the value obtained according to the relation b = 2πR2/λL (where R and λL is the radius and the wavelength of 
the IR beam) given by Gaussian optics. Although these imperfections of the IR beam do not affect the XUV beam 
profile (measured with an XUV beam profiler placed after the metal filter in the “XUV diagnostics” chamber) as 
can be seen in Fig. 1 of ref. 59 and further down in this work, according to ref. 66, they may introduce distortions in 
XUV wavefront and hence influence the duration of the emitted attosecond pulses at the “end station” where the 
XUV beam is refocused. This matter will be further discussed in Section 4 of the manuscript. Further measure-
ments of the IR profile have been performed at several positions around the focus as shown in Fig. 1b.

The XUV generation unit can host up to four gas-jets placed on x, y, z translation stages. All gas-jets of the 
beamline are home made piezoelectric crystal based gas-jets. These translations are used for optimization of the 
laser-gas interaction. In addition, the translation in the z direction (beam propagation direction) permits the 
variation of the inter-jet distance, optimizing phase matching. Due to the large focal length, the distance between 
the jets is several cm and thus phase matching can be accurately controlled through translation in the z direc-
tion. The minimum step of the stage was 5 μm, much smaller than the needed accuracy in the range of cm. In 
the present study only two gas jets (GJ1, GJ2) have been used with the scanning step of the translation stages set 
at 0.75 cm. The gas jets are operated by piezoelectrically driven pulsed nozzles. For comparison reasons a 10 cm 
long gas cell bounded by two pinholes (entrance-exit pinholes) of 2 mm diameter has also been used in one of the 
experiments. The generated XUV co-propagates with the IR towards the “XUV separation/steering” chamber. 
The two beams (IR, XUV) first impinge a silicon plate (Si) placed at the Brewster angle (~75°) of the IR radia-
tion. This plate significantly attenuates the IR and reflects ~60% of the XUV radiation deflecting the XUV beam 

Figure 1.  The 20-GW XUV beam line. (a) Optical layout of the 20-GW XUV beam-line. SMIR: spherical mirror 
of 9-m focal length. GJ1,2: dual-pulsed-jet configuration placed on translation stages (TS). Si: silicon plate. F: Al 
or Sn filter. A: aperture. BPXUV: XUV beam profiler. SMXUV: gold coated spherical mirror of 5-cm focal length. 
Ar-GJ: Ar gas jet. MB-TOF: magnetic bottle time-of-flight spectrometer. PDXUV: calibrated XUV photodiode. 
FFS: flat-field spectrometer. (b) IR beam profile around the focus measured with a CCD camera. (c) measured 
HHG spectrum produced in Argon gas phase medium spreading up to 48 eV corresponding to the 31st 
harmonic of the fundamental frequency of the driving field. Part of the figure is copied from reference59.
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towards the “XUV filtering and diagnostics” and “end station” chambers. In the “XUV filtering and diagnostics” 
chamber, the beam after passing through a 7 mm diameter aperture, is spectrally selected by 150 nm thick metal 
foils (Al or Sn) mounted on an x, y translation stage. The foils are acting as band pass filters in the XUV spectral 
range and eliminate any residual IR radiation. The transmission curve of these filters is shown in Fig. 2 together 
with harmonic spectra obtained using xenon (Fig. 2a) and argon (Fig. 2b) as generating gas, recorded by the XUV 
flat-field-spectrometer (FFS).

In the “XUV filtering and diagnostics” chamber the pulse energy of the XUV radiation was also measured 
introducing a calibrated XUV photodiode (PDXUV) into the XUV beam and its beam profile was recorded intro-
ducing an XUV beam profiler (BPXUV) (consisting of a pair of multichannel plates (MCPs) and a phosphor 
screen followed by a CCD camera). Figure 3 shows the XUV beam profiles recorded after the filtering through 
Al foil with the GJ1 to be placed at the focusing position of the driving field. For further investigation, recordings 
have been carried out for several positions of the GJ1 producing the XUV radiation. No significant change was 
observed when GJ1 was placed before (zGJ1 = −b, −b/2), on (zGJ1 = 0) or after (zGJ1 = b, b/2) the driving laser 
focus. For an IR focus displacement of ≈±30 cm relative to the gas jet position, a significant change in the beam 
XUV profile is expected when both the short and long trajectory harmonics are recorded by the beam profiler. 
This is because, as it is well known, the divergence of the short trajectory harmonics is smaller than the long tra-
jectory harmonics which have an annular-like beam profile. Focusing the IR beam before (after) the gas jet, the 
contribution of the short (long) trajectory harmonics is dominating. In the present measurements, the diameter 
of the aperture that has been placed before the beam profiler was reduced to ≈5 mm, thus selecting mainly the 
short trajectory harmonics (without excluding the presence of the long trajectories for harmonics lying close to 
the cut-off spectral region), and thus it does not “significantly” change when moving the jet before and after the 
focus. To double check the spatial intensity distribution of the XUV beam recorded by the BPXUV, the knife edge 
technique was also used for zGJ1 = 0. The XUV radiation photoionizes argon gas and the photoelectron yield is 
measured as a function of the knife edge position. The measured curve shown in Fig. 3c (black dots) is then dif-
ferentiated resulting in the intensity distribution (red dots). The colored area is defined by a Gaussian fit to the 
measured data. The results of the knife edge measurements were in agreement with the values of the XUV beam 
radius obtained by the BPXUV.

The last chamber (end station) of the beam-line is the temporal characterization and pump-probe unit. 
It hosts an attosecond delay line based on a split spherical gold coated mirror of 5 cm focal length, fixed on a 
multiple-translation-rotation stage. This stage enables control in 3 degrees of freedom for the one D-shaped half 
of the mirror i.e. the displacement along the z axis (i.e. the beam propagation axis) with a maximum value of 80 
μm and rotation in the x-z and y-z plane. The other part of the mirror position is altered only along the propaga-
tion direction with a maximum translation of 400 μm. All movements of the split-mirror are controlled by piezo 
crystals operated in closed loop mode. A 1.5 nm minimum step of the translation of the first, as described above, 
of the two parts of the bisected mirror introduces a temporal delay between the two parts of the beam. It is worth 
noting that for such time delays (80 μm total translation), effects of spatial displacements of the two parts of the 
focused beam are negligibly small36. The XUV beam is focused in front of a pulsed gas jet whose forefront serves 
also as a repeller of a magnetic bottle time of flight (MB-TOF) spectrometer. The TOF can be operated either in an 
ion mass spectrometer or electron energy analyzer mode measuring the products of the interaction of the XUV 
pulses with the gas target. This arrangement is used either for performing 2nd IVAC measurements of the XUV 
pulse duration or in XUV-pump-XUV-probe experiments. Finally, the FFS is placed at the end of the beam line 
monitoring and recording the XUV radiation spectrum that is “leaking” through the slit of the bisected mirror.

Figure 2.  Harmonic spectra recorded by FFS after spectral selection by metallic foils. The generation medium 
was (a) Xe and (b) Ar gas. In both panels, the blue and red peaks correspond to harmonics after transmission 
through 150 nm thick Al and Sn respectively, while the red dash-dotted (Al) and black dashed (Sn) are 
transmission curves for 150 nm thickness.
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Characterization of the XUV Beam-line
In this section, vacuum, XUV pulse energy, attosecond delay line stability and temporal resolution measurements 
are discussed.

Vacuum conditions.  The rest vacuum, i.e. the vacuum when all gas jets are off, in all chambers of the 
beam-line is: ~10−6 mbar except for the “end station” chamber in which it is ~10−7 mbar. The generating nozzles 
are operating with a backing pressure in the range of 2 bar. The estimated gas pressure of the jets in the interaction 
area is ~25 mbar as reported in a previous work59. When the two generation jets are on, the pressure in the HHG 
chamber increases to ~10−4 mbar. The jet pressure conditions in the detection chamber depend on the type of 
experiment that is performed. A 1000 l/min turbo-molecular pump in the “end station” chamber secures an ade-
quate vacuum pressure during operation of the gas target jet. An additional turbo pump differentially pumping 
the FFS spectrometer ensures that the pressure where the multichannel plate detector is located, is lower than 
10−6 mbar.

Measurement and optimization of the XUV pulse energy.  Typical harmonic spectra generated in Ar 
and Xe, recorded by the FFS after the XUV radiation has passed through 150 nm thick Al or Sn filters are shown 
in Fig. 2. The harmonic cut-off region when Xe gas and Al filter are used is around 30 eV (and the highest har-
monic observed is the 23rd), while harmonics higher than the 15th are not transmitted through the Sn filter. In Ar 
the cut-off region extends to about 48 eV (the highest harmonic observed is the 31st).

Figure 4 shows the dependence of the energy of the XUV radiation (integrated over the Al-filter-selected har-
monics spectrum and measured with the PDXUV) on the argon gas pressure (changed by varying the delay of the 
gas nozles, both positioned at z = 0, with respect to the arrival time of the laser pulse) as well as the comparison 
between one gas jet and one gas cell with respect to the XUV energy emission. In particular, Fig. 4a shows the 
emitted XUV pulse energy as a function of the time delay between the trigger pulse of the GJ1 nozzle opening and 
the laser pulse, for an arbitrary IR intensity well below the saturation threshold. The emission maximizes for a 
time delay of 600 μs. At this value the harmonic signal was then further optimized by setting the IR intensity just 
below the ionization saturation intensity. Figure 4b shows essentially the same behavior for GJ1 and GJ2. Figure 4c 
is devoted to the comparison between the XUV pulse energy obtained when using a single gas jet and a cell in 
the present beam line. It presents the XUV pulse energy emitted by (i) GJ1 as a function of the pulsed nozzle time 
delay and (ii) by the gas cell as a function of the cell gas pressure. For the given cell length of 10 cm, the emission 
maximizes for a pressure value between 8 and 9 mbar. The maximum harmonic yield in the cell is found to be 
slightly lower (~25%) than the one of the gas jet. In these measurements Ar is used as generating medium and 
thus the pulse energy throughput is not the highest possible. Apart from the gas-jet/cell comparison measure-
ment, the beam-line is operated exclusively with gas-jets, mainly because at 10 Hz repetition rate they consume 
less gas, and because of their demonstrated slightly higher measured XUV energy throughput. After opting for 
the GJ configuration as the preferable one for the beamline of this work, experimental investigations focused on 
maximizing the photon flux of the emitted XUV radiation. Measurements of the single GJ emission by varying 
the medium position relatively to the driving pulse’s focus are depicted in Fig. 5a,b for Ar and Xe respectively. 
The x-axis reveals the harmonic order, measured in the photoelectron spectrum produced by the unfocused 
XUV beam, the y-axis depicts the distance of gas jet from the position of the IR focus and the z-axis the XUV 
pulse energy. Having optimized the emission resulting from the single GJ configuration further enhancement of 
the harmonic yield was achieved by applying quasi- phase-matching conditions using two gas jets. The same gas 
is used in both jets. Results are shown in Fig. 5c,d. The dependence of the harmonic yield, generated by Ar and 
Xe gas, on the distance between GJ2 and GJ1 is shown in Fig. 5c,d, respectively. The x-axis denotes the distance 

Figure 3.  IR and XUV beam profiles. (a) IR beam profile at the focal plane measured by a commercial CCD 
profile camera. (b) XUV beam profile recorded using the BPXUV. For this measurement Xe gas was used as 
harmonic generation medium. (c) Knife edge measurement of the XUV beam profile presented with black dots 
while the red dots show the obtained intensity distribution. The colored area is defined by a Gaussian fit to the 
measured data. In both (b,c) measurements, harmonics are generated using xenon with the GJ placed at the IR 
focus.
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Figure 4.  Harmonic emission using a single pulsed gas-jet and the comparison with a single gas-cell. (a,b) 
Pulse energy of the XUV radiation emitted by GJ1 and GJ2, respectively, as a function of the delay between the 
laser pulse arrival at the focus and the opening of the nozzle. Both jets are positioned at z = 0. The time delay of 
≈600 μs corresponds to the value where the laser pulse meets the maximum atomic density. The dots are the 
measured data and the red line is a Gaussian fit. (c) Comparison of a single gas jet vs 10 cm long gas cell yield 
for optimized conditions.The upper part axis represents the time delay of the pulsed nozzle while the lower one 
the measured pressure of the Gas cell. In all panels the generated medium was Ar, while the XUV energy was 
determined by PDXUV placed after an Al filter.

Figure 5.  Harmonic generation in single and dual gas-jet configuration. Generation of GW high-harmonics 
using single (a,b) and dual gas-jet (c,d) configuration for Xe and Ar. In all panels the corresponding harmonic 
signal was determined by recording the single-photon photoelectron spectra produced by the interaction of Ar 
gas with the incoming XUV beam after passing trough the Al filter.
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between the two jets, the y-axis the harmonic order and the z-axis the XUV pulse enegy. GJ1 is positioned at fixed 
z ≈ 0 while GJ2 moves at variable positions.

All spectra emitted by Ar extend to higher cut-off energies than those emitted by Xe due to the higher ioni-
zation energy of Ar, while the pulse energy is lower than the one in Xe due to the lower conversion efficiency of 
Ar61,62. When two jets (filled with the same gas) are used a clear modulation of the signal is observed as a function 
of the jet distance. This is attributed to the quasi-phase matching resulting from the jet distance dependent Gouy 
phase and it is verified by numerical calculations59. The maximum measured pulse energy at the source is: I) 75 
μJ (one jet) and 130 μJ (two jets), for Ar driven by 45 mJ IR pulse energy; and II) 135 μJ (one jet) and 230 μJ (two 
jets), for Xe driven by 25 mJ IR pulse energy. This last value corresponds to ~5·1013 photons/pulse, a photon flux 
that competes with photon fluxes of FELs in this spectral region. More details on the above quasi-phase-matching 
generation scheme and XUV throughputs can be found in ref. 59.

The pulse energy measurement procedure followed is described below. Once optimization of harmonic emis-
sion is achieved, the XUV Photodiode (Opto Diode AXUV100G) is placed after the Sn filter (F). Figure 6 shows 
the photodiode signal of the radiation transmitted through the Sn filter produced with the single (blue shaded 
area) and the dual (red shaded area) GJ configuration. The black line is IR light detected by the PDXUV, when the 
gas jet of the HH generation was off. Although significantly small, this signal was subtracted from the measured 
total one, when harmonic generation was on.

The signal was measured with an oscilloscope (50 Ω input impedance) and the measured trace was integrated. 
The pulse energy EPD measured at the position where the photodiode was placed is calculated by
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where ST is the total time integrated photodiode signal, SIR is the time integrated photodiode signal when the 
harmonic generation is off, e is the electron charge and R is the oscilloscope impedance. The quantum efficiency 
of the photodiode as a function of the photon energy is provided by the manufacturing company (See legend of 
Fig. 6). The pulse energy E at the harmonic generation source is given by:
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e q

q q
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η
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where Tq
Sn is the 4% transmission of the Sn filter in this spectral region measured by recording the harmonic 

spectrum with and without filter, and Rq
Si is the ~50–60% reflectivity of the Si plate. It is worth noting that after 

having published in ref. 59 the above given XUV pulse energies, a second slightly different calibration curve was 
published in the documents of the manufacturing company of the photodiode. Using this second calibration 
curve the above given and in ref. 59 published XUV pulse energy values reduce by 35% i.e. for Ar 48 μJ (one jet) 
and 85 μJ (two jets) and for Xe 88 μJ (one jet) and 150 μJ (two jets) for Xe.

Figure 6.  Measurement of the XUV energy. XUV photodiode signal obtained with one GJ (blue shaded area), 
two GJs (red shaded) and with the harmonic generation switched off (black line). For the extraction of the pulse 
energy the XUV photodiode quantum efficiency as a function of photon energy provided by the manufacturing 
company Opto Diode Corp was used.
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Temporal resolution.  The temporal resolution of the beam line has been tested by measuring the beam 
pointing stability at the end station, the performance of the split mirror device and its interferometric stability. 
This has been done using the IR laser beam and a CW diode laser at 532 nm wavelength.

Figure 7a shows a schematic of the split mirror assembly. The focal area of the gold coated spherical mirror 
was magnified by a lens and imaged by a CCD camera. Figure 7b shows the calculated (left panels) and measured 
(right panels) images of the focal spot area for two different delays, i.e. for two different displacements of the 
one-half of the mirror. The upper pannels show the intensity distribution at the focus formed when the phase dif-
ference between the two parts of the laser wave-front reflected by the two mirror halves is equal or close to 2nπ, n 
= 0, 1, 2, 3…, i.e. when the delay between the two wave-fronts is ~nTL, with TL being the period of the laser field.

The phase difference is controlled by finely adjusting the position of the piezoelectric translator connected 
with the one part of the split mirror. The position of the piezo translation stage was measured by a capacitive 
sensor feedback system of the piezo system. When the phase difference of the two wave-fronts becomes equal or 
close to (2n + 1)π, n = 0, 1, 2, 3…., i.e. when the delay between the two wave-fronts is (n + 1/2)TL, the intensity 
distribution at the focus splits into two bright spots shown at the lower part of Fig. 7b. The two bright spots ideally 
have the same intensity. Additionally, a higher-order autocorrelation trace of the fundamental laser field (IR) was 
recorded. For this acquisition, the harmonic generation was turned off and all filters were removed, thus ioniza-
tion of Ar occurs only through the fundamental laser frequency by multi-IR-photon absorption.

The measured trace is shown in Fig. 7c where the interferometric interference fringes are clearly visible. The 
red dashed line is the cycle average of the data. The interference fringes are used for the calibration of the delay 
scale of the measured autocorrelation traces. The period of the observed oscillation, depicted in the expanded 
AC area trace in Fig. 7d is equal to the laser period that is 2.67 fs, where the red line is a cosine fit in the measured 
data.

Figure 7.  Split mirror arrangement. (a) A schematic of the experimental set-up of the autocorrelator consisting 
of a split spherical mirror and a TOF spectrometer. (b) Calculated (left panels) and measured (right panels) 
transverse intensity distribution of a CW 532 nm laser at the focus of the spherical mirror for Δτ = 0 and Δτ 
= TL/2 (double maximum distribution) delay. (c) High-order autocorrelation trace of the fundamental laser 
field (IR) obtained measuring the Ar+ yield as a function of the time delay between the two pulses produced by 
the split mirror. For this acquisition, the harmonic generation was turned off and the Sn filter was removed. (d) 
Expanded area of the AC trace. The signal is oscillating at the laser period of 2.67 fs.
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Shot-to-shot fluctuations of the XUV intensity distribution may be introduced because of: i) the non-perfect 
pointing stability of the laser and consequently of the XUV beam and ii) mechanical instabilities of the split 
mirror arrangement. The above factors affect the interferometric stability of the delay line. The interferomet-
ric stability of the split mirror was measured using a CW laser of λ = 532 nm by the following procedure. The 
displacement of the two halves of the spherical mirror was fixed such as introducing a delay of TL/2 (Fig. 8a). 
Consequently in the line-out of the focal spot area, the integrated areas of the two gates L and R, introduced 
in Fig. 8b, are essentially equal. Any deviation from this picture can be correlated to the instability of the split 
spherical mirror, since it originates from the optical path difference between the two interfering wave fronts. The 
interferometric stability of the split mirror device is extracted from the standard deviation of the mean value of 
the probability distribution for 1260 points as a function of time and is found to be ≈17 asec (Fig. 8c,d).

The interferometric stability of the device may be different when the IR laser is used as its pointing stability 
is not the same with that of the CW one. The pointing stability of the IR was measured with an IR beam profiler 
placed just in front of the split mirror. The shot to shot position of the maximum of the intensity distribution 
is plotted in Fig. 9 for 150 laser shots. The mean FWHM of the contour is about 75 μm and thus substantially 
smaller than the 3 mm FWHM of the XUV intensity distribution at the split mirror, not affecting the measured 
interferometric stability and time resolution.

Non-Linear XUV Optics Using the 20-GW XUV Beam-Line
The highest focused XUV intensity achieved was ~7·1015 W/cm2 assuming a 10 fs long pulse train envelope59, 
an XUV focal spot size of 2 μm measured with an ion-microscope67, the gold reflectivity (~12%) of the spheri-
cal mirror, the ~60% reflectivity of the Si plate, the ~20% transmition of the Sn filter for the given wavelengths 
and the 230 μJ generated pulse energy at the harmonic source. Such intensity allows the investigation of 
multi-XUV-photon multiple ionization. Here, we summarize the results obtained in He, Ar and Ne atoms. Some 
of the multi-XUV-photon schemes of this chapter have been used for the measurement of the attosecond pulse 
duration through 2nd IVAC measurements (schemes in He and Ar), which will be described in the next section.

Figure 10a shows the measured ion mass spectrum of He, in which He+ is clearly observable. It should be 
noted that for this measurement an Sn filter was used. The XUV intensity dependence of the ion yield is depicted 
in Fig. 10b. The slope of the fitted line in the He+ data is 2.1 ± 0.2, as expected for the underlying two photon ion-
ization process, while the slope of the line fitted in the H2O + date is 1.2 ± 0.1, as water molecules are single pho-
ton ionized at the XUV photon energies used. The verified two-XUV-photon ionization of He is a very convenient 
process in performing 2nd order autocorrelation measurements of XUV radiation with wavelengths >51 nm. The 

Figure 8.  Stability measurements of the split-mirror autocorrelator. (a,b) Measured transverse intensity 
distribution of a CW 532 nm laser at the focus of the spherical mirror for Δτ = TL/2 (double maximum 
distribution) delay. It is noted that in this graph TL corresponds to the period of the 532 nm CW laser. (c) The 
difference of the integrated signals of the Gate L and R. (d) Probability distribution of the above difference (1260 
points were accumulated). The standard deviation of the mean yields a temporal resolution of ∼17 asec.
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Ar and Ne ion TOF mass spectra are shown in Fig. 11a,b respectively. The latter reveals the formation of singly 
and doubly charged Ne, while the former shows recorded charge states of Ar up to +4 (Ar4+). Figure 12 depicts 
the ionization schemes of Ne and Ar, while Fig. 13a shows the dependence of the Ar2+, Ar3+ and N2 + yield and 
Fig. 13b the dependence of the Ne+, Ne2+ and N2

+ yield on the XUV pulse intensity IXUV.
The Ar+ ion mass peak of Fig. 11b was used for the calibration of the XUV energy scale (x-axis) of the Ne ion 

yield power dependence graph (Fig. 13b). The black dashed-dot lines in Fig. 13 are linear fits to the raw data. The 
error bars represent one standard deviation of the mean.

The results for Ar gas have been extensively discussed in ref. 59. In brief, intensity dependence measurements 
performed for Ar+, Ar2+ and Ar3+ were supported by numerical calculations revealing the dominant channels 
of these multi-XUV-photon multiple ionization studies. Comparison with the data obtained using FEL source 
indicates that there are differences in multiphoton ionization induced by the two different sources, which can be 
attributed to the different photon statistics of the two sources59.

As expected for a single-photon ionization process, the dependence of the Ne+ and N2
+ yields on IXUV is linear 

(Fig. 13b). The slope of the Ne2+ yield is found to be 3.1 ± 0.4 compatible with a three-photon ionization process. 
For the photon energies employed in this experiment both the sequential and the direct double ionization of 
Neon are three photon processes. Above the ionization saturation intensity the slope becomes 1.5±0.1. For the 

Figure 9.  Measurement of the IR laser pointing instability. The contour illustrates the shot to shot distribution 
of the maximum of the IR laser intensity distribution measured just before the split mirror. The colorbar shows 
the normalized probability distribution of laser shots.

Figure 10.  2-XUV-photon ionization process of He. (a) TOF mass spectrum produced by the interaction of the 
XUV comb (11th−15th) with He gas.(b) XUV intensity dependence of the He+. The slope of 2.1 ± 0.2 ascertains 
the second-order nonlinearity of the ionization process. The intensity axis in (b) has been calibrated using the 
O+ ion signal, which is linear with the XUV intensity.
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next charge state, i.e. Ne3+, six or more photon absorption is required. This charge state is not observable in the 
measured ion mass spectra.

Temporal Characterization of the Attosecond Pulse Trains
After having set up, characterized and tested the high photon flux beam-line, measurements towards temporal 
characterization of the APTs synthesized by the harmonic spectrum have been performed. It is worth noting that 
in these measurements the diameter of the aperture (A) in the “XUV filtering and diagnostics” chamber (Fig. 1) 
was reduced as to decrease the XUV signal to about half of its maximum value. Thus the outer part of the XUV 
beam cross-section was blocked. Consequently i) aberrations in the XUV beam were reduced and ii) the ratio of 
the short to long trajectory contribution in the transmitted XUV beam was increased. The method used is the 2nd 

Figure 11.  Time of Flight mass spectrum of Ar and Ne. (a) TOF mass spectrum produced by the interaction of 
the focused 11th−15th harmonics with Ar. The spectrum shows multiple charged Ar ions (Arn+) with n up to +4. 
(b) Measured Ne ion mass spectrum produced by the XUV radiation. In the spectrum two Ne+ ion mass peaks 
are to be seen corresponding to the two most abundant isotopes, 20Ne and 22Ne. A small Ne2+ peak and an Ar+ 
peak are also observed. The Ar+ peak originating from residual Ar gas is used for calibration of the mass ion 
spectrometer.

Figure 12.  Multi-XUV-photon multiple ionization scheme. The ionization energy level schemes for Ar and Ne 
(excluding higher order processes (ATI) and decays to excited ionic states) depicting the direct and sequential 
channels.
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IVAC utilizing the delay line and TOF spectrometer discussed in section 3 and shown in Fig. 7a. As second order 
non-linear process, the two-XUV-photon ionization of both Ar+ and He were used. This is in order to demon-
strate different two-photon schemes that can be used in pulse duration measurements at higher photon energies. 
In performing the 2nd IVAC measurements the gas pressure in the interaction area was kept as low as possible in 
order to minimize the space charge effects which become visible by broadening the TOF ion-mass peaks. In Ar 
the traces are obtained by the superposition of the harmonics transmitted through the Sn filter. Before satura-
tion, the Ar2+ yield as a function of the IXUV in log-log scale has a linear dependence with slope ~259. This slope 
is compatible with either two-XUV-photon direct double ionization of Ar or two-XUV-photon ionization of Ar+ 
after saturation of the single photon ionization of Ar (see Fig. 12). Numerical calculations in59 have shown that 
the latter channel, i.e. saturated single photon ionization of Ar followed by two photon ionization of Ar+ is the 
dominant channel in the IXUV range in which the present experiments have been performed.

Measured 2nd IVAC traces are shown in Fig. 14a,b. The blue rhombus is the trace obtained from the single 
photon ionization of H2O. As expected for a linear process the IVAC shows no modulation. The Ar2+ ion yield 
(produced by the XUV radiation generated using only one gas jet) is measured here as a function of the delay 
between the two XUV pulses introduced by the translation of one part of the bisected spherical mirror. The gas 
jet in the HHG chamber was set at 20 cm after the laser focus in order to minimize the contribution of the long 
electron trajectory. Low temporal resolution scans recorded with a step of 350 asec have been performed in deter-
mining the duration of the APT envelope (Fig. 14a). The red points are the raw data, averages of 50 laser points 
and the error bar corresponds to the standard deviation of the mean value. The black curve is a Gaussian fit to the 
data. The fit results in an XUV pulse envelope having a duration of 9.8 ± 0.9 fs, verifying the estimated duration 
used in ref. 59. A fine scan using a time delay step of 50 asec is shown in Fig. 14b. The Ar2+ ion yield, as expected, is 
modulated with the half period of the driving field. The gray circles are the recorded raw data (averages of 50 laser 
shots). The raw data in the fine scan of Fig. 14b are fluctuating around the mean value mainly due to interferomet-
ric instabilities (within the cycle of the XUV field) and XUV beam pointing instabilities, which are both enhanced 
by the non-linearity of the process. Long averaging and calculating moving averages substantially reduce the 
strong shot-to-shot fluctuation of the recoded data. The red circles are the moving averages of the raw data taken 
over 10 points. The black curve is fit of a series of Gaussian distributions to the averaged points. In this fit the free 
parameters are the common width, height of the Gaussians as well as the peak to peak distance. Furthermore the 
comb of Gaussians are multiplied by a fixed envelope distribution taken from the fit of Fig. 14a. The pulse width 
resulting from the Gaussian distributions is found to be τXUV = 650 ± 80 asec. The error of 80 asec appearing in all 
measurements is the largest resulted standard deviation, among all the fits in the raw data of all measured traces. 
The above pulse duration of the attosecond pulses in the APT is synthesized essentially by the three harmonics 
11th, 13th and 15th. Since here only one gas jet was utilized, the APT beam-line power to be rigorously reported 
is 11.0 ± 3.5 GW, the error originating mainly from the uncertainty in the calibration of the XUV photodiode.

The two-XUV-photon ionization of He+ has also been used to measure the produced APTs through 2nd IVAC, 
shown in Fig. 15a and alongside with Fig. 15b showing a 2nd IVAC trace of Ar2+. The trace of Fig. 15b is a different 
run than the one shown in Fig. 14b verifying reproducibility of the results. All points, error bars and curves are as 
those in Fig. 14b. with the only difference being that here we do not use any envelope distribution in the fit either 

Figure 13.  Ion yield dependence on the XUV radiation. XUV intensity dependence of different charge states 
of Ar (a) and Ne (b). In both panels the black dashed lines depict a linear fit on the raw data and the error bars 
represent one standard deviation of the mean. The slopes of the lines in both measurements, are in agreement 
with lowest-order pertubation theory i.e. with the order of the underlying non-linear process.
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Figure 14.  Measured 2nd IVAC trace i.e. Ar2+ ion signal as a function of the XUV-XUV delay line. The XUV 
radiation is produced by a single gas jet of xenon and is transmitted through a Sn filter. (a) A coarse time delay 
scan with 350 asec step is revealing a modulation in Ar2+ ion signal represented by the red circles, while the blue 
rhombus depicting the single photon ionization of H2O shows no modulation. A Gaussian fit in the data points 
of Ar2+ yields a time duration of τXUV = 9.8 ± 0.9 fs. (b) A fine scan with time delay step of 50 asec. The gray 
circles correspond to the raw data recorded for Ar2+. The moving averages of the raw data taken over 10 points 
are represented by the red circles. The black curve is a fit of a sequence of gaussian pulses in the averaged points.

Figure 15.  (a) Measured 2nd IVAC trace of the He+ (b) 2nd IVAC trace of the Ar2+ ion signal as a fuction of the 
delay of the XUV-XUV delay line. The gray circles correspond to the raw data recorded, the moving averages 
of the raw data taken over 10 points are represented by the red circles. The black curves is a Gaussian fit over 
the averaged points. The temporal width of the Gaussian fit corresponds to a pulse duration of 670 ± 80 as and 
650 ± 80, for He+ and Ar2+ respectively.
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for the He or the Ar trace. This is because in these runs the peak height distribution within the error bars did not 
depict any envelope type modulation. The pulse duration measured using He as non-linear medium is 670 ± 80 
asec and the one of the superposition of harmonics 11th, 13th and 15th measured in Ar2+ is the same as the one of 
Fig. 14b. The two values are well within the error bar and thus essentially identical.

The measured durations here are similar to those retrieved in previous experiments implemented in a 3 m 
focal length beam-line applying 2nd IVAC in two photon ionization of He but about 65% longer than those meas-
ured through the RABBIT technique39. The discrepancy between the 2nd IVAC and RABBIT originates from the 
fact that 2nd IVAC measures averages of spatiotemporally dependent pulse durations and the contribution of both 
long and short trajectories, while RABBIT measures average phases39. An additional effect to be considered is 
pointed out recently in refs. 66,68. Different harmonics, due to their different divergence are focused at different 
positions, have different focal spots and therefore lead to only partial spatial overlap of the superimposed har-
monics and to different Gouy phase contributions in the harmonic superposition. At specific conditions, e.g. 
spectrum with harmonics of very different order, the spatial overlap becomes notably small and the Gouy phase 
difference large, thus reducing a lot the temporal confinement. 2nd IVAC is sensitive to these effects and thus 
reveals fairly realistic pulse durations. However, for the three harmonics employed in this experiment substantial 
spatial overlap is present as indicated by the results of a recent work69, were separation of the harmonic foci was 
not observed.

In order to verify the significant spatial overlap of the three harmonics used in the 2nd IVAC measurements we 
have performed calculations of the focal areas of the three harmonics, for a bandwidth spanning from the 9th to 
the 17th harmonic and Xe gas as harmonic generating medium. We are using the expression 
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and the beam waist of the harmonic q, wf  is the waist size of the laser beam, S L,α  is the S and L trajectory coeffi-
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 where qeff 

is the effective nonlinearity coefficient with qeff ≈ 5 for all the harmonics laying in the plateau of the harmonic 
spectrum69,71,72. For a peak intensity 1014 W/cm2 all the studied harmonics are laying in the plateau and the trajec-
tory coefficient αS,L is extracted by solving the three-step semi-classical model73. The results are summarized in 
Table 1.

After extracting the divergence of the different harmonics, the virtual source positions for each of the gener-
ated harmonics is calculated assuming only short trajectory contribution. The focus positions of the harmonics, 
after reflection on the spherical mirror of focal length f = 5 cm, are calculated using geometrical optics. Here the 
paraxial approximation is applied since the divergence of the harmonics is below the paraxial limit. The results of 
the calculations are shown in Fig. 16.

Harmonic order 9 11 13 15 17

λq(nm) 88.9 72.7 61.5 53.3 47.0

αS 1 0.435 −0.4 −1.5 −2.96

αL −23.97 −23.56 −22.88 −21.96 −20.71

θS(mrad) 0.195 0.15 0.127 0.126 0.148

θL(mrad) 1.74 1.40 1.15 0.96 0.79

Table 1.  Parameters of the 9th to the 17th harmonics generated in Xe. The intensity of the laser field used is 
1014 W/cm2 and the unit for α is 10−14 W−1·cm2.

Figure 16.  Calculated focal areas of the five harmonics 9th, 11th, 13th, 15th and 17th. The graph depicts the 
harmonic beam waist as a function of the distance from the focus of the spherical mirror. The x-axis shows the 
focus position of the harmonics on the propagation axis. The focus position of the harmonics is found to be ≈ 
290 μm away from the focus of the 5 cm mirror. Their beam waist ratios are 0.99:1.01:1:0.87:0.67 for harmonic 
9th, 11th, 13th, 15th and 17th respectively.
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The distance of the positions of the five foci is 8.2 μm between the 9th and 11th, 6.3 μm between the 11th and 13th har-
monic, ~0 μm between the 13th and 15th harmonic, 5.9 μm between the 15th and 17th harmonic and thus it is negligibly 
small with respect to their confocal parameter (≈170 μm for 13th harmonic). The size of the focal spots is slightly differ-
ent. The ratios for the beam waists at the focus are 0.99:1.01:1:0.87:0.67 for the harmonics 9th, 11th, 13th, 15th and 17th 
respectively. Under these conditions, the spatial overlap of the five harmonics is substantial. The Gouy phase at the beam 
waist for each harmonic can be calculated and is shown in Fig. 17. Its variation for the different harmonics (assuming as 
central frequency the 13th harmonic) ϕ ϕ ϕ ϕ ϕ= . = . = = = .0 24 rad, 0 08 rad, 0 rad, 0 rad, 0 13 rad9 11 13 15 17  
is also negligibly small. In this case, the duration of the APT pulses is not significantly affected. In fact, the different beam 
waists of the 11th, 13th, 15th harmonics lead to more similar amplitudes of the interfering harmonics than those 
generated.

Similar calculations have been further performed for the long electron trajectories, which present larger har-
monic divergence. In this case, the virtual foci are placed closer to the focusing element. It is found that the differ-
ence of the foci positions between L and S trajectories is ≈30 μm which is consistent with previous experimental 
findings69,72,74 and also smaller than the confocal parameter, thus not substantially affecting the APT pulse dura-
tion in particular because the long trajectory contributions are reduced through the geometry used.

Conclusions
In summary, a detailed description of an ultra-intense attosecond XUV beam line has been presented. A ten GW 
class average peak power attosecond source in the XUV spectral region 15–25 eV is demonstrated. These specifica-
tions are to our knowledge unique for an XUV source. While in a previous publication the high power of the source 
(20 GW) was reported59 attosecond confinement, although expected, could not be rigorously claimed as the previous 
work did not include any pulse duration measurements. In the present work, APT durations of the order of 650 asec 
have been measured opening the way to ten-GW class attosecond XUV sources. The source is based on harmonic 
generation in long (9 m) focusing geometry of the driving IR laser radiation. The pulse duration of both the APT 
pulses and the envelope have been measured though 2nd IVAC i) in He employing two-XUV-photon ionization as a 
second order process as well as ii) in Ar exploiting two-XUV-photon ionization of Ar+ under saturation of neutral 
Ar ionization. Measurements with both gases resulted in the same pulse durations within the experimental error. 
High non-linear XUV-optics in terms of multiple multi-XUV-photon ionization of He, Ar and Ne atoms, have been 
further demonstrated using the above beam line. The combination of high pulse energy and short duration opens 
up excellent perspectives for sub-fs XUV-pump-XUV-probe experiments in all states of matter. At the same time 
the XUV intensity levels reached enable the study of strong field effects in the XUV spectral region. As a further 
perspective, scaling previous parameters of isolated attosecond pulses64, our source holds promise of generating few 
μJ level isolated attosecond pulses through polarization gating approaches. Those are advanced perspectives for the 
Hellenic National Research Infrastructure HELLAS-CH, part of which is the present beam line.

The results of the present work further hints towards an unprecedented performance of the two 1-kHz repetition 
rate attosecond beam lines of the Extreme Light Infrastructure – Attosecond Light Pulse Source (ELI-ALPS) facility 
currently being under implementation75, driven by shorter laser pulses with similar pulse energies. The geometry 
of one of the two beam-lines of ELI-ALPS is very close to that of the present source, while the second one is several 
times longer and offers phase matching control capacities. Thus, it is expected to further scale up the source through-
put. The 1 kHz repetition rate of these sources in combination with the CEP stabilized driving laser will provide the 
by far best ever conditions for attosecond XUV-pump-XUV-probe investigations using isolated attosecond pulses 
and kinematically nearly complete experiments through e-e, e-ion and ion-ion coincidence measurements.

Received: 29 November 2019; Accepted: 29 January 2020;
Published: xx xx xxxx

References
	 1.	 Träger, F. ed. Springer handbook of lasers and optics (Springer, Dordrecht, New York, 2012).
	 2.	 Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81, 163–234, https://doi.org/10.1103/RevModPhys.81.163 (2009).
	 3.	 Paul, P. M. et al. Observation of a train of attosecond pulses from high harmonic generation. Science (New York, N.Y.) 292, 

1689–1692, https://doi.org/10.1126/science.1059413 (2001).

Figure 17.  Calculated Gouy phase shift of the five harmonics 9th, 11th, 13th, 15th and 17th. The x-axis shows the 
focus position of the harmonics on the propagation axis. The focus position of the harmonics is found to be ≈ 
290 μm away from the focus position of the 5 cm mirror.

https://doi.org/10.1038/s41598-020-60331-9
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1126/science.1059413


1 6Scientific Reports |         (2020) 10:3759  | https://doi.org/10.1038/s41598-020-60331-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 4.	 Mairesse, Y. & Quéré, F. Frequency-resolved optical gating for complete reconstruction of attosecond bursts. Phys. Rev. A 71, 803, 
https://doi.org/10.1103/PhysRevA.71.011401 (2005).

	 5.	 Chini, M., Gilbertson, S., Khan, S. D. & Chang, Z. Characterizing ultrabroadband attosecond lasers. OPTICS EXPRESS 18, 
13006–13016, https://doi.org/10.1364/OE.18.013006 (2010).

	 6.	 Conference on Lasers and Electro-Optics (CLEO), 2013. 9–14 June 2013, San Jose, CA, USA (IEEE, Piscataway, NJ, 2013).
	 7.	 Gruson, V. et al. Attosecond dynamics through a Fano resonance: Monitoring the birth of a photoelectron. Science (New York, N.Y.) 

354, 734–738, https://doi.org/10.1126/science.aah5188 (2016).
	 8.	 Spanner, M., Bertrand, J. B. & Villeneuve, D. M. In situ attosecond pulse characterization techniques to measure the electromagnetic 

phase. Phys. Rev. A 94; https://doi.org/10.1103/PhysRevA.94.023825 (2016).
	 9.	 Mairesse, Y. et al. High harmonic XUV spectral phase interferometry for direct electric-field reconstruction. Phys. Rev. Lett. 94, 

173903, https://doi.org/10.1103/PhysRevLett.94.173903 (2005).
	10.	 Iaconis, C. & Walmsley, I. A. Self-Referencing Spectral Interferometry For Measuring Ultrashort Optical Pulses - Quantum 

Electronics, IEEE Journal of // Self-referencing spectral interferometry for measuring ultrashort optical pulses. IEEE J. Quantum 
Electron. 35, 501–509, https://doi.org/10.1109/3.753654 (1999).

	11.	 Eckle, P. et al. Attosecond angular streaking. Nat Phys 4, 565–570, https://doi.org/10.1038/nphys982 (2008).
	12.	 Pedatzur, O. et al. Double-blind holography of attosecond pulses. Nature Photonics 13, 91–95, https://doi.org/10.1038/s41566-018-

0308-z (2019).
	13.	 Carpeggiani, P. et al. Vectorial optical field reconstruction by attosecond spatial interferometry. Nature Photon 11, 383–389, https://

doi.org/10.1038/nphoton.2017.73 (2017).
	14.	 Constant, E., Taranukhin, V. D., Stolow, A. & Corkum, P. B. Methods for the measurement of the duration of high-harmonic pulses. 

Phys. Rev. A 56, 3870–3878, https://doi.org/10.1103/PhysRevA.56.3870 (1997).
	15.	 Orfanos, I. et al. Attosecond pulse metrology. APL Photonics 4, 80901, https://doi.org/10.1063/1.5086773 (2019).
	16.	 Drescher, M. et al. Time-resolved atomic inner-shell spectroscopy. Nature 419, 803–807, https://doi.org/10.1038/nature01143 

(2002).
	17.	 Uiberacker, M. et al. Attosecond real-time observation of electron tunnelling in atoms. Nature 446, 627–632, https://doi.org/10.1038/

nature05648 (2007).
	18.	 Goulielmakis, E. et al. Direct measurement of light waves. Science (New York, N.Y.) 305, 1267–1269, https://doi.org/10.1126/

science.1100866 (2004).
	19.	 Itatani, J. et al. Tomographic imaging of molecular orbitals. Nature 432, 867–871, https://doi.org/10.1038/nature03183 (2004).
	20.	 Cavalieri, A. L. et al. Attosecond spectroscopy in condensed matter. Nature 449, 1029–1032, https://doi.org/10.1038/nature06229 

(2007).
	21.	 Schultze, M. et al. Delay in photoemission. Science (New York, N.Y.) 328, 1658–1662, https://doi.org/10.1126/science.1189401 

(2010).
	22.	 Isinger, M. et al. Photoionization in the time and frequency domain. Science (New York, N.Y.) 358, 893–896, https://doi.org/10.1126/

science.aao7043 (2017).
	23.	 Goulielmakis, E. et al. Real-time observation of valence electron motion. Nature 466, 739–743, https://doi.org/10.1038/nature09212 

(2010).
	24.	 Calegari, F. et al. Ultrafast electron dynamics in phenylalanine initiated by attosecond pulses. Science (New York, N.Y.) 346, 336–339, 

https://doi.org/10.1126/science.1254061 (2014).
	25.	 Kraus, P. M. et al. Measurement and laser control of attosecond charge migration in ionized iodoacetylene. Science (New York, N.Y.) 

350, 790–795, https://doi.org/10.1126/science.aab2160 (2015).
	26.	 Beaulieu, S. et al. Attosecond-resolved photoionization of chiral molecules. Science (New York, N.Y.) 358, 1288–1294, https://doi.

org/10.1126/science.aao5624 (2017).
	27.	 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 7, 781–784, https://doi.org/10.1038/nphys2033 (2011).
	28.	 Carpeggiani, P. A. et al. Disclosing intrinsic molecular dynamics on the 1-fs scale through extreme-ultraviolet pump-probe 

measurements. Phys. Rev. A 89; https://doi.org/10.1103/PhysRevA.89.023420 (2014).
	29.	 Nabekawa, Y. et al. Sub-10-fs control of dissociation pathways in the hydrogen molecular ion with a few-pulse attosecond pulse 

train. Nature communications 7, 12835, https://doi.org/10.1038/ncomms12835 (2016).
	30.	 Palacios, A., González-Castrillo, A. & Martín, F. Molecular interferometer to decode attosecond electron-nuclear dynamics. 

Proceedings of the National Academy of Sciences of the United States of America 111, 3973–3978, https://doi.org/10.1073/
pnas.1316762111 (2014).

	31.	 Takahashi, E. J., Lan, P., Mucke, O. D., Nabekawa, Y. & Midorikawa, K. Attosecond nonlinear optics using gigawatt-scale isolated 
attosecond pulses. Nature communications 4, 2691, https://doi.org/10.1038/ncomms3691 (2013).

	32.	 Tzallas, P., Charalambidis, D., Papadogiannis, N. A., Witte, K. & Tsakiris, G. D. Direct observation of attosecond light bunching. 
Nature 426, 267–271, https://doi.org/10.1038/nature02091 (2003).

	33.	 Nikolopoulos, L. A. A. et al. Second order autocorrelation of an XUV attosecond pulse train. Physical review letters 94, 113905, 
https://doi.org/10.1103/PhysRevLett.94.113905 (2005).

	34.	 Nabekawa, Y. et al. Interferometric autocorrelation of an attosecond pulse train in the single-cycle regime. Physical review letters 97, 
153904, https://doi.org/10.1103/PhysRevLett.97.153904 (2006).

	35.	 Nabekawa, Y. et al. Conclusive evidence of an attosecond pulse train observed with the mode-resolved autocorrelation technique. 
Physical review letters 96, 83901, https://doi.org/10.1103/PhysRevLett.96.083901 (2006).

	36.	 Faucher, O. et al. Four-dimensional investigation of the 2nd order volume autocorrelation technique. Appl. Phys. B 97, 505–510, 
https://doi.org/10.1007/s00340-009-3559-z (2009).

	37.	 Heissler, P. et al. Two-photon above-threshold ionization using extreme-ultraviolet harmonic emission from relativistic laser–plasma 
interaction. New J. Phys. 14, 43025, https://doi.org/10.1088/1367-2630/14/4/043025 (2012).

	38.	 Kolliopoulos, G. et al. Single-shot autocorrelator for extreme-ultraviolet radiation. J. Opt. Soc. Am. B 31, 926, https://doi.org/10.1364/
JOSAB.31.000926 (2014).

	39.	 Kruse, J. E. et al. Inconsistencies between two attosecond pulse metrology methods. A comparative study. Phys. Rev. A 82; https://
doi.org/10.1103/PhysRevA.82.021402 (2010).

	40.	 Kobayashi, Y., Sekikawa, T., Nabekawa, Y. & Watanabe, S. 27-fs extreme ultraviolet pulse generation by high-order harmonics. Opt. 
Lett. 23, 64, https://doi.org/10.1364/OL.23.000064 (1998).

	41.	 Descamps, D., Roos, L., Delfin, C., L’Huillier, A. & Wahlström, C.-G. Two- and three-photon ionization of rare gases using 
femtosecond harmonic pulses generated in a gas medium. Phys. Rev. A 64, 273, https://doi.org/10.1103/PhysRevA.64.031404 (2001).

	42.	 Sekikawa, T., Ohno, T., Yamazaki, T., Nabekawa, Y. & Watanabe, S. Pulse Compression of a High-Order Harmonic by Compensating 
the Atomic Dipole Phase. Phys. Rev. Lett. 83, 2564–2567, https://doi.org/10.1103/PhysRevLett.83.2564 (1999).

	43.	 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. Physical review letters 94, 43001, https://doi.org/10.1103/
PhysRevLett.94.043001 (2005).

	44.	 Manschwetus, B. et al. Two-photon double ionization of neon using an intense attosecond pulse train. Phys. Rev. A 93; https://doi.
org/10.1103/PhysRevA.93.061402 (2016).

https://doi.org/10.1038/s41598-020-60331-9
https://doi.org/10.1103/PhysRevA.71.011401
https://doi.org/10.1364/OE.18.013006
https://doi.org/10.1126/science.aah5188
https://doi.org/10.1103/PhysRevA.94.023825
https://doi.org/10.1103/PhysRevLett.94.173903
https://doi.org/10.1109/3.753654
https://doi.org/10.1038/nphys982
https://doi.org/10.1038/s41566-018-0308-z
https://doi.org/10.1038/s41566-018-0308-z
https://doi.org/10.1038/nphoton.2017.73
https://doi.org/10.1038/nphoton.2017.73
https://doi.org/10.1103/PhysRevA.56.3870
https://doi.org/10.1063/1.5086773
https://doi.org/10.1038/nature01143
https://doi.org/10.1038/nature05648
https://doi.org/10.1038/nature05648
https://doi.org/10.1126/science.1100866
https://doi.org/10.1126/science.1100866
https://doi.org/10.1038/nature03183
https://doi.org/10.1038/nature06229
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.aao7043
https://doi.org/10.1126/science.aao7043
https://doi.org/10.1038/nature09212
https://doi.org/10.1126/science.1254061
https://doi.org/10.1126/science.aab2160
https://doi.org/10.1126/science.aao5624
https://doi.org/10.1126/science.aao5624
https://doi.org/10.1038/nphys2033
https://doi.org/10.1103/PhysRevA.89.023420
https://doi.org/10.1038/ncomms12835
https://doi.org/10.1073/pnas.1316762111
https://doi.org/10.1073/pnas.1316762111
https://doi.org/10.1038/ncomms3691
https://doi.org/10.1038/nature02091
https://doi.org/10.1103/PhysRevLett.94.113905
https://doi.org/10.1103/PhysRevLett.97.153904
https://doi.org/10.1103/PhysRevLett.96.083901
https://doi.org/10.1007/s00340-009-3559-z
https://doi.org/10.1088/1367-2630/14/4/043025
https://doi.org/10.1364/JOSAB.31.000926
https://doi.org/10.1364/JOSAB.31.000926
https://doi.org/10.1103/PhysRevA.82.021402
https://doi.org/10.1103/PhysRevA.82.021402
https://doi.org/10.1364/OL.23.000064
https://doi.org/10.1103/PhysRevA.64.031404
https://doi.org/10.1103/PhysRevLett.83.2564
https://doi.org/10.1103/PhysRevLett.94.043001
https://doi.org/10.1103/PhysRevLett.94.043001
https://doi.org/10.1103/PhysRevA.93.061402
https://doi.org/10.1103/PhysRevA.93.061402


17Scientific Reports |         (2020) 10:3759  | https://doi.org/10.1038/s41598-020-60331-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

	45.	 Miyamoto, N. et al. Observation of two-photon above-threshold ionization of rare gases by xuv harmonic photons. Physical review 
letters 93, 83903, https://doi.org/10.1103/PhysRevLett.93.083903 (2004).

	46.	 Sekikawa, T., Katsura, T., Miura, S. & Watanabe, S. Measurement of the intensity-dependent atomic dipole phase of a high harmonic 
by frequency-resolved optical gating. Physical review letters 88, 193902, https://doi.org/10.1103/PhysRevLett.88.193902 (2002).

	47.	 Chatziathanasiou, S. et al. Generation of Attosecond Light Pulses from Gas and Solid State Media. Photonics 4, 26, https://doi.
org/10.3390/photonics4020026 (2017).

	48.	 Chen, S., Rever, M., Zhang, P., Theobald, W. & Umstadter, D. Observation of relativistic cross-phase modulation in high-intensity 
laser-plasma interactions. Physical review. E, Statistical, nonlinear, and soft matter physics 74, 46406, https://doi.org/10.1103/
PhysRevE.74.046406 (2006).

	49.	 Gordienko, S., Pukhov, A., Shorokhov, O. & Baeva, T. Relativistic Doppler effect: universal spectra and zeptosecond pulses. Phys. 
Rev. Lett. 93, 115002, https://doi.org/10.1103/PhysRevLett.93.115002 (2004).

	50.	 Bulanov, S. V., Naumova, N. M. & Pegoraro, F. Interaction of an ultrashort, relativistically strong laser pulse with an overdense 
plasma. Physics of Plasmas 1, 745–757, https://doi.org/10.1063/1.870766 (1994).

	51.	 Tarasevitch, A., Lobov, K., Wünsche, C. & Linde, Dvonder Transition to the relativistic regime in high order harmonic generation. 
Phys. Rev. Lett. 98, 103902, https://doi.org/10.1103/PhysRevLett.98.103902 (2007).

	52.	 Jafari, B. & Soofi, H. High bandwidth and responsivity mid-infrared graphene photodetector based on a modified metal-dielectric-
graphene architecture. Applied optics 58, 6280–6287, https://doi.org/10.1364/AO.58.006280 (2019).

	53.	 Kahaly, S. et al. Direct observation of density-gradient effects in harmonic generation from plasma mirrors. Physical review letters 
110, 175001, https://doi.org/10.1103/PhysRevLett.110.175001 (2013).

	54.	 Thaury, C. et al. Plasma mirrors for ultrahigh-intensity optics. Nat Phys 3, 424–429, https://doi.org/10.1038/nphys595 (2007).
	55.	 Tsakiris, G. D., Eidmann, K., Meyer-ter-Vehn, J. & Krausz, F. Route to intense single attosecond pulses. J. Opt. Soc. Am. B 8, 19, 

https://doi.org/10.1088/1367-2630/8/1/019 (2006).
	56.	 Nomura, Y. et al. Attosecond phase locking of harmonics emitted from laser-produced plasmas. Nat Phys 5, 124–128, https://doi.

org/10.1038/nphys1155 (2008).
	57.	 Heyl, C. M., Arnold, C. L., Couairon, A. & L’Huillier, A. Introduction to macroscopic power scaling principles for high-order 

harmonic generation. J. Phys. B: At. Mol. Opt. Phys. 50, 13001, https://doi.org/10.1088/1361-6455/50/1/013001 (2017).
	58.	 Seres, J. et al. Coherent superposition of laser-driven soft-X-ray harmonics from successive sources. Nat Phys 3, 878–883, https://doi.

org/10.1038/nphys775 (2007).
	59.	 Nayak, A. et al. Multiple ionization of argon via multi-XUV-photon absorption induced by 20-GW high-order harmonic laser 

pulses. Phys. Rev. A 98, 66, https://doi.org/10.1103/PhysRevA.98.023426 (2018).
	60.	 Duris, J. et al. Tunable isolated attosecond X-ray pulses with gigawatt peak power from a free-electron laser. Nature Photonics 14, 

30–36, https://doi.org/10.1038/s41566-019-0549-5 (2020).
	61.	 Constant, E. et al. Optimizing High Harmonic Generation in Absorbing Gases: Model and Experiment. Phys. Rev. Lett. 82, 

1668–1671, https://doi.org/10.1103/PhysRevLett.82.1668 (1999).
	62.	 Hergott, J.-F. et al. Extreme-ultraviolet high-order harmonic pulses in the microjoule range. Phys. Rev. A 66; https://doi.org/10.1103/

PhysRevA.66.021801 (2002).
	63.	 Tzallas, P. et al. Generation of intense continuum extreme-ultraviolet radiation by many-cycle laser fields. Nat Phys 3, 846–850, 

https://doi.org/10.1038/nphys747 (2007).
	64.	 Skantzakis, E., Tzallas, P., Kruse, J., Kalpouzos, C. & Charalambidis, D. Coherent continuum extreme ultraviolet radiation in the 

sub-100-nJ range generated by a high-power many-cycle laser field. Opt. Lett. 34, 1732–1734, https://doi.org/10.1364/OL.34.001732 
(2009).

	65.	 Kolliopoulos, G., Carpeggiani, P. A., Rompotis, D., Charalambidis, D. & Tzallas, P. A compact collinear polarization gating scheme 
for many cycle laser pulses. The Review of scientific instruments 83, 63102, https://doi.org/10.1063/1.4725590 (2012).

	66.	 Dacasa, H. et al. Single-shot extreme-ultraviolet wavefront measurements of high-order harmonics. Opt. Express 27, 2656–2670, 
https://doi.org/10.1364/OE.27.002656 (2019).

	67.	 Tzallas, P. et al. Time gated ion microscopy of light-atom interactions. J. Opt. 20, 24018, https://doi.org/10.1088/2040-8986/aaa326 
(2018).

	68.	 Isinger, M. et al. Accuracy and precision of the RABBIT technique. Philosophical transactions. Series A, Mathematical, physical, and 
engineering sciences 377, 20170475, https://doi.org/10.1098/rsta.2017.0475 (2019).

	69.	 Chatziathanasiou, S., Kahaly, S., Charalambidis, D., Tzallas, P. & Skantzakis, E. Imaging the source of high-harmonics generated in 
atomic gas media. Opt. Express 27, 9733, https://doi.org/10.1364/OE.27.009733 (2019).

	70.	 He, X. et al. Spatial and spectral properties of the high-order harmonic emission in argon for seeding applications. Phys. Rev. A 79, 
888, https://doi.org/10.1103/PhysRevA.79.063829 (2009).

	71.	 Wahlstroem, C.-G. et al. High-order harmonic generation in rare gases with an intense short-pulse laser. Phys. Rev. A 48, 4709–4720, 
https://doi.org/10.1103/PhysRevA.48.4709 (1993).

	72.	 Quintard, L. et al. Optics-less focusing of XUV high-order harmonics. Science advances 5, eaau7175, https://doi.org/10.1126/sciadv.
aau7175 (2019).

	73.	 Lewenstein, M., Balcou, P., Ivanov, M. Y., L’Huillier, A. & Corkum, P. B. Theory of high-harmonic generation by low-frequency laser 
fields. Phys. Rev. A 49, 2117–2132, https://doi.org/10.1103/PhysRevA.49.2117 (1994).

	74.	 Wikmark, H. et al. Spatiotemporal coupling of attosecond pulses. Proceedings of the National Academy of Sciences of the United 
States of America; https://doi.org/10.1073/pnas.1817626116 (2019).

	75.	 Kühn, S. et al. The ELI-ALPS facility. The next generation of attosecond sources. J. Phys. B: At. Mol. Opt. Phys. 50, 132002, https://
doi.org/10.1088/1361-6455/aa6ee8 (2017).

Acknowledgements
We acknowledge support of this work by the LASERLAB- EUROPE (EC’s Seventh Framework Programme Grant 
No. 284464), Hellenic Foundation for Research and Innovation (HFRI) and the General Secretariat for Research 
and Technology (GSRT) under grant agreements [GAICPEU (Grant No 645)] and the HFRI PhD Fellowship 
grant (GA. no. 4816), “HELLAS-CH” (MIS Grant No. 5002735) [which is implemented under the “Action for 
Strengthening Research and Innovation Infrastructures,” funded by the Operational Program “Competitiveness, 
Entrepreneurship and Innovation” (NSRF 2014–2020) and co-financed by Greece and the European Union 
(European Regional Development Fund)], and the European Union’s Horizon 2020 research ELI-ALPS is 
supported by the European Union and cofinanced by the European Regional Development Fund (GINOP Grant 
No. 2.3.6-15-2015-00001), and innovation program under Marie Sklodowska-Curie MEDEA Grant No. 641789. 
JP, PJ and ALH acknowledge the support of the Swedish Research Council, the Swedish Foundation for Strategic 
Research and the Knut and Alice Wallenberg Foundation. We thank G. Konstantinidis and G. Deligiorgis from 
the Materials and Devices Division of FORTH-IESL for their support in maintaining the quality of the optical 
components.

https://doi.org/10.1038/s41598-020-60331-9
https://doi.org/10.1103/PhysRevLett.93.083903
https://doi.org/10.1103/PhysRevLett.88.193902
https://doi.org/10.3390/photonics4020026
https://doi.org/10.3390/photonics4020026
https://doi.org/10.1103/PhysRevE.74.046406
https://doi.org/10.1103/PhysRevE.74.046406
https://doi.org/10.1103/PhysRevLett.93.115002
https://doi.org/10.1063/1.870766
https://doi.org/10.1103/PhysRevLett.98.103902
https://doi.org/10.1364/AO.58.006280
https://doi.org/10.1103/PhysRevLett.110.175001
https://doi.org/10.1038/nphys595
https://doi.org/10.1088/1367-2630/8/1/019
https://doi.org/10.1038/nphys1155
https://doi.org/10.1038/nphys1155
https://doi.org/10.1088/1361-6455/50/1/013001
https://doi.org/10.1038/nphys775
https://doi.org/10.1038/nphys775
https://doi.org/10.1103/PhysRevA.98.023426
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1103/PhysRevLett.82.1668
https://doi.org/10.1103/PhysRevA.66.021801
https://doi.org/10.1103/PhysRevA.66.021801
https://doi.org/10.1038/nphys747
https://doi.org/10.1364/OL.34.001732
https://doi.org/10.1063/1.4725590
https://doi.org/10.1364/OE.27.002656
https://doi.org/10.1088/2040-8986/aaa326
https://doi.org/10.1098/rsta.2017.0475
https://doi.org/10.1364/OE.27.009733
https://doi.org/10.1103/PhysRevA.79.063829
https://doi.org/10.1103/PhysRevA.48.4709
https://doi.org/10.1126/sciadv.aau7175
https://doi.org/10.1126/sciadv.aau7175
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1073/pnas.1817626116
https://doi.org/10.1088/1361-6455/aa6ee8
https://doi.org/10.1088/1361-6455/aa6ee8


1 8Scientific Reports |         (2020) 10:3759  | https://doi.org/10.1038/s41598-020-60331-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
I.M., I.O., E.S., I.L. have participated in all experimental runs, in the data analysis and in the preparation of the 
manuscript, and P.T. has designed the beamline and participated in all parts of the work, A.N. participated in the 
Ar measurements and did numerical calculation, J.P. and B.M. participated in the Ne and He measurements, C.K. 
did laser work and participated in the preparation of the manuscript, N.P. has performed all I.T. and automation 
work, M.D. and S.K. took part in initial experimental runs and in the data analysis, K.V., P.J. and A.L’H. 
contributed to the evaluation of the beam-line, to the preparation of the non-linear studies and to the preparation 
of the manuscript and DC has coordinated the work and contributed to the majority of its different parts.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-60331-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Α 10-gigawatt attosecond source for non-linear XUV optics and XUV-pump-XUV-probe studies

	The High XUV Photon Flux Source

	The 20-GW XUV beam-line. 

	Characterization of the XUV Beam-line

	Vacuum conditions. 
	Measurement and optimization of the XUV pulse energy. 
	Temporal resolution. 

	Non-Linear XUV Optics Using the 20-GW XUV Beam-Line

	Temporal Characterization of the Attosecond Pulse Trains

	Conclusions

	Acknowledgements

	Figure 1 The 20-GW XUV beam line.
	Figure 2 Harmonic spectra recorded by FFS after spectral selection by metallic foils.
	Figure 3 IR and XUV beam profiles.
	Figure 4 Harmonic emission using a single pulsed gas-jet and the comparison with a single gas-cell.
	Figure 5 Harmonic generation in single and dual gas-jet configuration.
	Figure 6 Measurement of the XUV energy.
	Figure 7 Split mirror arrangement.
	Figure 8 Stability measurements of the split-mirror autocorrelator.
	Figure 9 Measurement of the IR laser pointing instability.
	Figure 10 2-XUV-photon ionization process of He.
	Figure 11 Time of Flight mass spectrum of Ar and Ne.
	Figure 12 Multi-XUV-photon multiple ionization scheme.
	Figure 13 Ion yield dependence on the XUV radiation.
	Figure 14 Measured 2nd IVAC trace i.
	Figure 15 (a) Measured 2nd IVAC trace of the He+ (b) 2nd IVAC trace of the Ar2+ ion signal as a fuction of the delay of the XUV-XUV delay line.
	Figure 16 Calculated focal areas of the five harmonics 9th, 11th, 13th, 15th and 17th.
	Figure 17 Calculated Gouy phase shift of the five harmonics 9th, 11th, 13th, 15th and 17th.
	Table 1 Parameters of the 9th to the 17th harmonics generated in Xe.




