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Abstract: We perform wavefront measurements of high-order harmonics using an extreme-
ultraviolet (XUV) Hartmann sensor and study how their spatial properties vary with different
generation parameters, such as pressure in the nonlinear medium, fundamental pulse energy and
duration as well as beam size. In some conditions, excellent wavefront quality (up to λ/11) was
obtained. The high throughput of the intense XUV beamline at the Lund Laser Centre allows us
to perform single-shot measurements of both the full harmonic beam generated in argon and
individual harmonics selected by multilayer mirrors. We theoretically analyze the relationship
between the spatial properties of the fundamental and those of the generated high-order harmonics,
thus gaining insight into the fundamental mechanisms involved in high-order harmonic generation
(HHG).

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-order harmonic generation (HHG) in gases [1, 2] is a highly nonlinear process which
provides spatially and temporally coherent ultrashort pulses [3, 4] in the extreme ultraviolet
(XUV) and X-ray domains [5–7]. HHG has applications in many research fields, such as nonlinear
XUV optics [8], attosecond physics [9, 10], XUV spectroscopy [11], and plasma physics [12, 13].

Generating high-order harmonic beams with high spatial quality is of crucial importance for
applications like imaging [14], holography [15], or as a seed of a plasma amplifier [16] or a
free-electron laser [17]. Good spatial quality also allows for tighter focusing [18–21], leading to
higher intensities, important for experiments involving nonlinear phenomena, such as two-photon
ionization of gases [22, 23]. The study of harmonic wavefronts can lead to better knowledge of
the physical process of HHG, and suggest new ways of optimizing the resulting XUV beams in
terms of power and spatial quality.

One of the first experiments performed to study the wavefronts of high-order harmonics made
use of the technique of point diffraction interferometry [24] with, however, limited precision in the
wavefront measurements. Furthermore, only the defocus was characterized, without measuring
other aberrations such as astigmatism or coma. Other similar techniques include lateral shearing
interferometry [25] and slit diffraction, also called spectral wavefront optical reconstruction by
diffraction (SWORD) [26,27]. The latter involves measuring the radiation diffracted from a slit
scanned in front of a spectrometer, thus measuring the wavefronts and intensity profiles along
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one direction for all harmonic orders simultaneously. This method is well suited for sources
where rotational symmetry can be assumed, which is not the case in the present work. Complete
two-dimensional measurements of the wavefront can be achieved by rotating the measurement
setup by 90◦. In either case, this technique always requires many laser shots per measurement.
XUV Hartmann wavefront sensors (WFS), while lacking the spectral resolution found in

SWORD, provide high accuracy and allow for the measurement of the two-dimensional wavefront
and intensity profile of a light pulse simultaneously [28]. Previousmeasurements of the wavefronts
of high-order harmonics with this method use multiple shots [29, 30], required for HHG with
infrared (IR) lasers with pulse energies in the few mJ range, repetition rates of the order of kHz,
and short focal lengths. Thousands of shots are typically needed to be accumulated in order to
record usable wavefront and intensity maps, thus providing only averages and no information on
shot-to-shot stability. Hartmann sensors have, however, the potential for single-shot acquisitions
provided that the measured pulse carries enough energy.
In HHG, a spectrum of several odd-order harmonics of the fundamental is obtained, corre-

sponding in the time domain to an attosecond pulse train (APT). Depending on the application, it
is interesting to measure the wavefront of the APT or of the individual harmonic components. The
latter measurements require separation or selection of the harmonics, e.g. with multilayer mirrors,
or the use of spectrally-resolved techniques such as SWORD or the Hartmann sensor-based
method developed in [31]. Full beam APT wavefront measurements are useful to optimize and
characterize the focus of attosecond pulses [21].

In this paper, we report the results of an experiment carried out at the intense XUV beamline
at the Lund Laser Centre, with the main goal of investigating how the harmonic wavefront relates
to the spatial properties of the driving IR beam. Another goal was to study in detail how it varies
depending on the generation parameters, such as pressure of the nonlinear medium, diameter of
the fundamental beam, and its pulse energy and duration. This is, to the best of our knowledge,
the first systematic study of the effects these parameters have on the wavefronts of APTs based
on single-shot measurements. Such measurements were made possible by the high throughput
of this beamline, and provide useful information about the shot-to-shot variations of the XUV
wavefronts. Additionally, we used multilayer mirrors to measure how the spatial properties
change with the harmonic order. The obtained data can thus give insight on the fundamental
mechanisms involved in HHG. We then present a new theoretical model of the wavefront transfer
from the fundamental pulse to the harmonics, as well as numerical simulations based on it
to explain the data from the experiment. Lastly, we use a deformable mirror (DM) on the IR
beampath to modify the wavefront of the driving beam, and we studied its influence on the
harmonic wavefronts. We found that using it led to significant improvement of the spatial quality
of the high-order harmonics as well as the conversion efficiency.

2. Experimental setup

The setup used in this experiment is shown in Fig. 1(a). The Ti:Sapphire laser emits linearly
polarized 40-fs pulses of 800-nm wavelength, at a repetition rate of 10 Hz. The high-order
harmonics are generated in loose focusing geometry to optimize the conversion efficiency [32],
by using a lens with a focal length of 8.7 m, and a 6-cm-long cylindrical gas cell filled with argon.
The IR beam, which has a 1/e2 diameter of 35 mm, can be apertured by an iris placed before
the lens. Between this iris and the lens there is a DM used at normal incidence. It contains 32
actuators which can modify the IR wavefront aberrations as well as its curvature. The DM was
not used for the measurements reported in sections 3 and 4.
After the cell, the harmonic and IR beams propagate towards a fused silica plate, set at a

grazing angle of 10◦. The plate reflects XUV radiation (R = 50%), but transmits most of the IR
energy thanks to an anti-reflective coating. The beams then propagate through a 200-nm-thick
aluminum filter, that blocks the remaining IR field, and towards a gold-coated flat mirror. The
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mirror can be rotated in order to reflect the harmonic beam towards a spectrometer, the XUV
Hartmann WFS, or a CCD camera to record its far-field intensity profile. The camera has been
calibrated so that it can measure XUV energies as well. Figure 1(b) shows a typical harmonic
spectrum generated in this setup.
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Fig. 1. (a) Schematic drawing of the experimental setup for the measurement of single-shot
high-order harmonic wavefronts. The Au mirror can be rotated to send the beam towards the
XUV CCD camera or the spectrometer as well. (b) Typical harmonic spectrum generated
in argon, including raw data showing the beam divergence. (c) Working principle of the
XUV Hartmann wavefront sensor. The sensor contains an array of square subpupils and
a CCD camera. An incoming wavefront is diffracted in each of them and propagated in a
direction depending on the local slope. The resulting diffraction pattern is recorded on the
CCD camera allowing for wavefront reconstruction. AR: Anti-reflective, FS: fused silica.

The working principle of the XUV HartmannWFS is illustrated in Fig. 1(c). The WFS consists
of a mask, also called a Hartmann plate, containing an array of holes, subsequently referred to as
subpupils, placed before a CCD camera at a known distance. The direction of propagation of the
beamlets upon diffraction by the subpupils is given by the local slope of the wavefront at the
plane of the plate. The resulting diffraction patterns are recorded by the CCD camera, and their
positions are then compared to reference positions, obtained via a previous calibration of the
WFS, in order to reconstruct the wavefront [33].

The sensor used in this experiment was built and calibrated by the Laboratoire d’Optique
Appliquée and Imagine Optic. The Hartmann plate contains 34x34 square subpupils of side 110
µm, separated by 387 µm. They are rotated by 25◦ to prevent adjacent diffraction patterns from
overlapping each other on the CCD camera [28], which is placed 211 mm after the Hartmann
plate. Due to the low divergence of the harmonic beam, of the order of 0.2 mrad (see Fig. 1(b)),
the sensor had to be placed as far as possible from the gas cell, about 9.5 m, in order to illuminate
enough subpupils for an accurate wavefront reconstruction. The leakage from a flat mirror was
used to monitor the wavefront of the driving IR beam with a Shack-Hartmann WFS [34].

It is important to note that the harmonic beam is reflected by two mirrors before being measured
by the WFS. These optics introduce additional aberrations in the wavefront which might be
significant, and must then be taken into account. To do so, we calibrated the optics by spatially
filtering the high-order harmonic beam with a 100-µm pinhole placed in the beam path. This
creates a beam with a known reference wavefront which is then reflected by the optics and
measured by the WFS. Any aberrations present on this beam are thus solely caused by the optics.
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3. Full-beam wavefronts

3.1. Single-shot high-order harmonic wavefronts

Throughout this experiment, we measured single-shot wavefronts for different values of the
generation parameters. Figure 2 shows one such measurement, taken in the same generation
conditions as the spectrum presented in Fig. 1(b). The measured quantity is the spatial phase
variation perpendicular to the propagation axis. The obtained wavefront is compared to a
perfect parabolic wavefront, and the difference is expressed in units of the central wavelength
λ, where one λ corresponds to a 2π radian phase variation. The quality of the wavefront is
characterized by the root mean square (RMS) of the difference. In our case, the central wavelength
is λ = λH19 = 42 nm, corresponding to the 19th harmonic order. All RMS values are given as
averages of five shots, together with the corresponding standard deviation, in order to show the
shot-to-shot stability of the high-order harmonic beam.

As shown in Fig. 1(b), our HHG spectrum comprises mainly five harmonics. Using a theoretical
model described in [42], in the conditions used in the present work, we find that the curvature
difference between the harmonic wavefronts stays lower than 5% and close to the curvature of
the full beam. In general, the full beam wavefront is expected to be an average of that of the
individual harmonics.
Figures 2(a) and 2(b) show the intensity distribution and wavefront, respectively, of a single

APT, after filtering out the defocus (i.e. the Zernike polynomial 2r2 − 1) and tilt components. In
this case, the generated wavefront has an RMS value of (0.287 ± 0.064)λ, close to λ/4, averaged
over five separate single-shot measurements.

It is dominated by astigmatism at 0◦, which is consistent with previous experiments carried out
at high repetition rates [29]. The contribution of astigmatism to the wavefront can be numerically
filtered out, resulting in Fig. 2(c). In this case, the RMS is only (0.062 ± 0.006)λ, indicating the
much lower contribution of all other aberrations, such as coma or spherical aberration.
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Fig. 2. Typical single-shot intensity distribution (a) and wavefront (b) of the harmonic beam,
along with the resulting wavefront after numerically ruling out astigmatism (c).

The main results obtained during the experiment are summarized in Fig. 3, where the harmonic
wavefront RMS values are plotted with the energies of the APTs, measured with the calibrated
CCD camera, when varying the IR pulse energy, the aperture diameter, the argon pressure, and
the IR pulse duration (and with it the IR intensity). The latter is modified by introducing group
delay dispersion (GDD) to the pulse with the compressor of the Ti:Sapphire laser chain. In each
set of measurements, one parameter was varied, while the other ones were kept constant. All
data points represent the average of five consecutive single-shot measurements, and the error
bars represent the standard deviation.
The wavefront RMS was observed to vary significantly as a function of the generation

conditions, even becoming as low as λ/10 or as high as λ in some cases. It is also interesting
to note that high APT energies are often paired with larger wavefront aberrations, so that a
compromise must be made between having higher energies or better wavefronts. In all cases,
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Fig. 3. Main data obtained in the experiment, representing the average wavefront RMS
(black) of a single APT as well as its average energy (blue) as a function of (a) IR pulse
energy, (b) iris diameter, (c) argon back pressure, and (d) GDD. The latter includes the
calculated FWHM (full width at half maximum) duration of the IR pulses for each case, in
fs, next to each data point.

however, the harmonic wavefronts were dominated by astigmatism, which may be corrected
with appropriate focusing optics [21, 35, 36]. Additionally, the relative standard deviation for the
wavefront RMS takes values between 15% and 20% in most cases, thus revealing a relatively
good source stability, except for the most extreme cases such as those where the pressure was too
high, or the iris was fully open.
The astigmatism always has similar directions, with only slight variations. We investigated

the possibility that this direction is defined by the polarization of the IR beam by measuring
harmonic wavefronts with three different IR polarization angles: vertical, horizontal, and at 45◦.
The direction of astigmatism, as well as the wavefront itself, remained constant, showing that the
IR polarization has barely any influence on it or none at all. The calibration wavefront measured
prior to the experiment has an RMS of (0.022 ± 0.005)λ, around 10 times smaller than the full
wavefront, indicating that the optics do not introduce any significant aberrations.

3.2. Relation between the IR and harmonic wavefronts

Being a secondary source of radiation, the spatial properties of harmonic radiation are expected to
be influenced by those of the driving pulse. For this reason, the IR wavefront was measured prior
to the experiment, by placing the IR Shack-Hartmann WFS 1.5 m after the gas cell (see Fig. 1).
This step was carried out at atmospheric pressure and without argon in the gas cell. Several
neutral-density filters were placed before the focus to protect the sensor and to avoid nonlinear
effects in air. A single-shot IR wavefront is shown in Fig. 4, obtained with typical beamline
conditions. After these measurements, the sensor was placed behind a mirror to monitor the
IR wavefront during generation through a leak in a mirror. Both positions of the IR sensor are
equivalent in terms of distance to the focusing lens.
The IR beam is slightly elliptical, and the measured wavefront has an average RMS value

of (0.095 ± 0.003)λIR, better than λIR/10. Astigmatism, which largely dominates every XUV
wavefront measured throughout the experiment, is much less significant in the driving beam.
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Fig. 4. Intensity distribution (a) and wavefront (b) of the direct IR beam in typical working
conditions (λIR = 800nm).

Additionally, the IR wavefront was observed to be constant throughout the experiment.
The IR focal spot in the gas cell reconstructed via back propagation of the measured far-field

wavefront can be seen in Fig. 5(a). It has a slightly elliptical shape as well, and the average
FWHM size was 239 ± 1 µm along the major axis and 178 ± 1 µm along the minor axis. Figure
5(b) presents the calculated harmonic source shape, obtained through back propagation of the
measured spatial profile for typical generation conditions (see Fig. 2). Its average FWHM size
was 211 ± 5 µm and 104 ± 3 µm along both axes. The size of the harmonic source was observed
to vary depending on the generation conditions used, being smaller than the IR focal spot. This,
in turn, is most likely caused by the nonlinearity of the HHG process, since the outer parts of the
IR focus are not intense enough to efficiently generate XUV radiation.
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Fig. 5. Side by side comparison between the reconstructed infrared focus (a) and high-order
harmonic source (b). Both images represent typical generation conditions.

4. Wavefronts of single harmonic orders

Different harmonic orders have been found to contain differences in their wavefronts [27]. For
this reason, we used three dielectric multilayer mirrors, with peak reflectivities at different
wavelengths, in order to isolate single harmonic orders in different parts of the spectrum and
compare their wavefronts to each other and to that of the full beam. The optics were placed
before the silica plate and the XUV Hartmann WFS was moved to a new position, as shown in
Fig. 6. Since the silica plate is no longer used to filter the IR beam, two flat silicon mirrors at
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Brewster’s angle are placed instead shortly before the mirrors. The multilayer mirrors consist of
alternating layers of Al/Mo/SiC on fused silica substrates. They are all made for optimal use
at 45◦ incidence, providing reflectivities around 35% for the wavelengths 41.4 nm (H19), 35
nm (H23) and 23.9 nm (H33). A 200-nm-thick aluminum filter is placed before the WFS. A
calibration procedure such as the one described in section 2 was performed with each mirror, in
order to rule out any aberrations they might introduce on the beam upon reflection [37].
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Fig. 6. Experimental setup for the measurement of single harmonic orders with the use of
multilayer mirrors, showing the new placement of the XUVWFS. Inset shows a side view of
the silicon plates used to attenuate the IR beam. MLM: multilayer mirror.

Although only one harmonic order was reflected by each mirror, the APTs had enough energy
to allow for single-shot wavefront acquisitions, mostly due to the higher reflectivities of the
involved optics, as well as the beam being smaller on the sensor due to the shorter distance to
the cell, close to 7 m. As was done previously, five single-shot measurements were taken and
averaged, to account for instabilities. Harmonics 19 and 23 were generated with very similar
conditions. However, in order to observe a sufficient intensity of harmonic 33, the pressure and
the aperture diameter had to be significantly increased. The XUV intensity profiles obtained
with the three mirrors are presented in Figs. 7(a)-7(c). In general, the beam profiles are very
similar for single harmonics and for the full beam shown above, except for the 33rd order, which
is more elongated. This shape was also observed for the full beam at high pressures, which were
required in order to generate this order efficiently.
The obtained wavefronts are presented in Figs. 7(d)-7(f), each represented in terms of its

corresponding wavelength (denoted as λH19, λH23, and λH33). The aberrations introduced by
the mirrors were calibrated and subtracted from these measurements. It can be seen that the
19th order presents no astigmatism, in contrast with the full beam, where astigmatism at 0◦ was
always present. Slight astigmatism appears in the 23rd order, but it is still very low compared
to the full beam. The 33rd order, on the other hand, is completely dominated by astigmatism at
0◦. In particular, its angle of astigmatism is, on average, 8.0◦, very close to the typical values
observed in the full beam.
The average RMS values corresponding to the three orders were 0.062λH19 = λH19/16,

0.084λH23 = λH23/12, and 0.715λH33 = λH33/1.3. In terms of units of length, these RMS values
are 2.57 nm, 2.94 nm, and 17.09 nm, respectively. The relative standard deviation is close to
10% in all cases. In comparison, the full-beam wavefronts seen in Fig. 3 present values typically
around λH19/4 and λH19/3 for conditions similar to those used for harmonics 19 and 23, which are
observed to have much better wavefronts when isolated. Harmonic 33 is not generally observed
in the setup, so the generation conditions were different from the other two orders. In particular,

                                                                                              Vol. 27, No. 3 | 4 Feb 2019 | OPTICS EXPRESS 2662 



 

x (mm)

1.00
 

0.75
 

0.50
 

0.25
 

0.00

I (arb. u.)y (mm)

(a)

-6    -4     -2      0      2      4      6 

6 

4 

2 

0

-2 

-4 

-6 x (mm)

y (mm)

(b)

I (arb. u.)
1.00

 
0.75

 

0.50
 

0.25
 

0.00

-6    -4     -2      0      2      4      6 
x (mm)

y (mm)

(c)

I (arb. u.)
1.00

 
0.75

 
0.50

 

0.25
 

0.00

6 

4 

2 

0

-2 

-4 

-6 

-6    -4     -2      0      2      4      6 

6 

4 

2 

0

-2 

-4 

-6 

x (mm)

Φ (λH19)y (mm)

(d)

-6    -4     -2      0      2      4      6 
x (mm)

y (mm)

(e)

Φ (λH23)

-6    -4     -2      0      2      4      6 
x (mm)

y (mm)

(f)

Φ (λH33)

-6    -4    -2      0      2      4      6 

4 

6 

2 

0

-2 

-4 

-6 

6 

4 

2 

0

-2 

-4 

-6 

6 

4 

2 

0

-2 

-4 

-6 

0.27
 

0.13
 

0.00
 

-0.13

 
-0.27

0.20
 

0.10
 

0.00
 

-0.10

 
-0.20

1.66
 

0.83
 

0.00
 

-0.83

 
-1.66

1.00
 

0.75

 
0.50

 
0.25

 
0.00

x (μm)

1.00

 
0.75

 
0.50

 

0.25
 

0.00

I (arb. u.)y (μm)

(g)250 

100

0

-100

-250

-250       -100      0      100        250
x (μm)

1.00

 
0.75

 
0.50

 

0.25
 

0.00

I (arb.u.)y (μm)

(h)250 

100

0

-100

-250

-250       -100      0      100        250
x (μm)

I (arb. u.)y (μm)

(i)250 

100

0

-100

-250

-250       -100      0      100        250

H19 H23 H33

In
te

ns
ity

W
av

ef
ro

n
t

R
ec

on
st

ru
ct

ed
  X

U
V

 s
ou

rc
e

Fig. 7. Single-shot high-order harmonic intensity distributions (a-c), wavefronts (d-f), and
reconstructed harmonic sources (g-i) for the 19th, 23rd, and 33rd harmonic orders. Note that
the wavefronts are expressed in terms of each order’s particular wavelength.

the pressure and IR pulse energies had to be increased, leading to distortions of the IR pulse
in the medium via nonlinear effects [38], which may account for the more aberrated wavefront
found in this harmonic order.

Lastly, the harmonic sources for each harmonic order, obtained via back propagation, are also
presented in Figs. 7(g)-7(i). As expected from the measured wavefronts, the calculated sources
for the 19th and 23rd orders are regular and slightly elliptical, similar to the best cases measured
for the full harmonic beam, while it is slightly larger and highly distorted for the 33rd. This order
has, however, much lower intensity than the other two in typical working conditions, so it will
not provide a large contribution to the shape of the full beam.

5. Theoretical interpretation

In order to better understand the spatial properties of high-order harmonics, we develop a simple
model based on propagation by means of diffraction integrals and on a semi-classical description
of the HHG process, neglecting propagation effects. The fundamental field evaluated in a certain
plane zIR (see Fig. 8) can be written as a product of an amplitude and a phase term, as

E(x, y, zIR) ∝ |E(x, y, zIR)| exp (−iφ(x, y, zIR)). (1)

This field is then propagated to the generation position by calculating [39]
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E(x, y, zG) = FT−1
[
Ẽ(kx, ky, zIR) exp

(
−i(zG − zIR)

√
k2 − k2

x − k2
y

)]
, (2)

where Ẽq(kx, ky, zIR) is the spatial Fourier transform of the IR field E(x, y, zIR). zG was chosen
to be -80 mm for H19 and H23 in the simulations presented below, and -130 mm for H33, in
order to be consistent with the experimental measurements shown above.

1: measure IR2: propagate IR to 
generation plane

3: generate XUV

4: propagate XUV 
to far �eldzIR=1.5 m zXUV=7 mzGzXUVF zIRF=0

5: propagate to XUV focus

Fig. 8. Principle of the simulations. The IR field is obtained from the experimental
wavefronts and intensity maps recorded at position zIR. It is back propagated to the position
zG, where the harmonics are generated. The harmonic field is then propagated to the position
zXUV, where it is analyzed. Finally it can also be back propagated to its focus zXUVF.

The generated qth harmonic field is approximated by

Eq(x, y, zG) ∝ |E(x, y, zG)|
p exp [−iqφ(x, y, zG) − iφd(x, y, zG)]. (3)

The amplitude is assumed to vary slowly with the amplitude of the fundamental field, with a
power p typically of the order of 4 [40]. The phase of the harmonic field is the sum of q times the
phase φ(x, y, zG) of the IR field and the dipole phase φd(x, y, zG) originating from the generation
process. Note that this simple model does not take into account propagation in the nonlinear
medium or phase-matching effects. Considering only the short trajectory of the electron in the
continuum, assumed to be classical, and neglecting spatially-independent terms, this phase can
be approximated as [41, 42]

φd(x, y, zG) =
γs(q − qp)

2ω2

I(x, y, zG)
, (4)

where γs = 1.030 × 10−18 s2Wcm−2 for 800 nm wavelength and I(x, y, zG) is the IR intensity.
The intensity is chosen to be 3 × 1014 W/cm2 for H19 and H23, and 4 × 1014 W/cm2 for H33, in
order to replicate the experimental conditions. The quantity qp is defined as Ip/~ω, where Ip is
the ionization potential and ω is the IR frequency. The harmonic field is then propagated to a
plane where it is spatially characterized (zXUV) as in Eq. (2). It can also be back propagated to its
focus (zXUVF).
Figure 9 presents calculations of the 19th, 23rd and 33rd harmonic fields using the measured

IR field presented in Fig. 4. These simulated results can be compared with the experimental
results in Fig. 7. In each case, we present the far field profile calculated at z = zXUV = 7 m, the
wavefront and the reconstructed XUV source, calculated via back propagation. Experiments
and simulations agree reasonably well for the far field intensity profiles. The beams were quite
astigmatic around the XUV focal region in the simulations. The presented results are those
obtained at approximately the medial focus. Finally, the XUV wavefronts are found to be
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Fig. 9. Simulations of high-order harmonic intensity distributions (a-c), wavefronts (d-f),
and reconstructed harmonic sources (g-i) for the 19th, 23rd, and 33rd harmonic orders.

dominated by astigmatism, as in the experiment. The simulations reproduce qualitatively the
measured wavefront.

In Fig. 10, we show the respective influence of the IR phase aberrations which are transferred
to the XUV and the effect of the dipole phase, which depends on the elliptical intensity profile of
the IR, on the spatial properties of the 19th order. Comparing the wavefronts plotted in Figs. 10(e)
and 7(d), we can conclude that the wavefront of the 19th harmonic, which exhibits astigmatism
at ' 45◦, is mostly influenced by the IR phase. However, the harmonic intensity profile (see
Fig. 9(a)) cannot be reproduced by considering only the IR phase transfer, and shows a strong
influence of the dipole phase. In conclusion, both effects must be taken into account in order to
understand the spatial properties of the generated harmonics, since they have a similar order of
magnitude. Note that the interplay between IR phase transfer and dipole phase strongly depends
on the generation conditions.

6. Using IR adaptive optics to improve the XUV wavefronts

Having demonstrated that the spatial properties of the high-order harmonics are strongly influenced
by the wavefront and focusing of the driving pulses, it should then be possible to improve them
by modifying the IR focus by means of adaptive optics. In this study, we analyzed how the spatial
properties of the high-order harmonic beam, as well as the conversion efficiency, are modified
with the use of the IR DM.

DMs have been used in the past to modify the wavefront of the driving beam for HHG in
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Fig. 10. Simulations of intensity distributions (a-c) and wavefronts (d-f) for the focused IR
beam and far-field 19th harmonic with the IR-phase transfer only and with dipole phase only.

setups with high repetition rates. This has been done to modify the astigmatism in the harmonic
wavefront [29], and also to improve phase matching and thus the energy in the resulting APTs [43].
In the present work, we investigate the influence of the IR wavefront on the spatial properties of
single high-order harmonic APTs, including all generated harmonic orders.
We simultaneously measured IR and harmonic wavefronts for different DM configurations,

while all other previously mentioned generation parameters were kept unchanged. Figure 11
presents several measurements of the IR wavefront and the wavefront of the full harmonic beam,
taken while modifying the DM in order to improve the latter. Each wavefront is normalized to its
corresponding wavelength, with the RMS values included in the figure. The harmonic spectrum
did not change significantly when varying the settings on the DM (see Fig. 1(b)).
Each column of Fig. 11 shows the IR and harmonic wavefronts, as well as the harmonic

intensity distribution for one of the three cases presented. The first IR wavefront, seen in
Fig. 11(a), has larger IR astigmatism than the rest. The resulting harmonic wavefront presents
large astigmatism as well, but at 45◦. The beam is also larger and has low energy. Figure 11(b)
presents an intermediate case, where the DM configuration improves the IR wavefront and thus
both the conversion efficiency and the harmonic wavefront. The resulting harmonic beam is
smaller and less elliptical than observed in Figs. 2 and 7, as well as three times more energetic.
However, consistently with previous measurements, the harmonic wavefront is mainly astigmatic
at 0◦, whereas the IR wavefront presents more astigmatism at 45◦. In the final configuration,
shown in Fig. 11(c), the IR wavefront presents less aberration than in both 11(a) and 11(b).
However, this improvement does not significantly change the harmonic wavefront, which is only
slightly better, having an RMS of λ/11. The energy was not further increased from the previous
measurement. In summary, by tweaking the DM to improve the IR wavefront, we were able
to reduce the average XUV wavefront aberrations from λ/4 to λ/11, as well as to increase the
energy of the APTs by a factor of 3.
These results again show the importance of the IR beam’s spatial properties on the HHG

process, since it affects not only the high-order harmonic beam wavefront, but also its shape
and size, as well as the conversion efficiency. The experimental results clearly show that the
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Fig. 11. Direct comparison between the IR wavefronts measured with three different DM
configurations (a-c) and the corresponding full-spectrum single-shot XUV wavefronts (d-f)
and far-field intensity distributions for each case (g-i). The RMS values are included under
each wavefront. Note that the intensity scale is different in (g) to make the beam more visible
due to its lower energy.

XUV wavefront results from more than a just a direct transfer from the IR to the XUV, which is
confirmed by the model presented above. The IR wavefront, however, is especially important due
to how it affects its focusing. The use of the DM provided significant wavefront improvement
with respect to the values typically found in previous measurements performed without it. The
control it provides on the XUV wavefront is complex, since changing the IR wavefront modifies
the intensity distribution at focus and thus the dipole phase during HHG (see previous section).
Nonetheless, using an IR DM provides a cheaper alternative to the use of less accessible DMs for
the XUV domain [44].

7. Conclusions

The XUV Hartmann sensor provides a versatile tool for spatial metrology of pulsed XUV beams.
The single-shot harmonic wavefronts measured in this experiment had typical RMS values of the
order of λ/4. The high XUV energies obtained in this beamline allowed us to take single-shot
high-order harmonic wavefront measurements, in turn providing information on the shot-to-shot
wavefront stability. The relative standard deviation of the wavefront RMS takes values between
15% and 20% in most cases, thus revealing a relatively good source stability, except for the most
extreme cases such as those with the highest pressures, or where the iris was fully open. It is also
interesting to note that high XUV energies are often paired with larger wavefront aberrations.
The results of our single-shot wavefront measurements are similar to previously published
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studies involving multishot measurements in beamlines with high repetition rates, in that the
harmonic wavefront always presents a very prominent astigmatism, which was not observed in
the IR beam. The fact that astigmatism is also observed in other high-order harmonic beamlines
can be attributed to the difficulty in focusing the IR beam in a perfectly symmetrical manner.
The observed predominant direction of astigmatism, around 0◦, might be due to the optics used
to handle the IR beam. These include in particular a compressor at the end of the amplification
chain, which has a similar geometry in most Ti:Sapphire laser systems and might introduce small
aberrations that cause the focal spot to deviate from a perfect Gaussian profile. Other aberrations
such as coma or spherical aberration are much less significant. In fact, if the astigmatism is
corrected with appropriate focusing optics, RMS values lower than λ/10 can be obtained, even
diffraction-limited beams in some of the cases reported here before the use of the DM. It was
found, however, that the best wavefronts are generally obtained at the cost of low harmonic
energies. During this experiment, we also confirmed that the direction of polarization of the IR
pulse has no influence on the harmonic wavefront. Additionally, the study of single harmonic
orders by means of multilayer mirrors suggests that not all orders carry the same amount of
astigmatism.
The experimental data indicate that the full spatial profile (amplitude and phase) of the IR

affects the harmonics, rather than just its wavefront. We thus propose a theoretical model which
describes the transfer of the spatial profile from the IR to the harmonics through two effects, the
direct transfer from IR wavefront to XUV wavefront by frequency upconversion and the transfer
from the IR intensity profile to the XUV wavefront through the dipole phase. The curvature
induced by the dipole phase is generally comparable in magnitude to that due to the IR beam
curvature, so it must be taken into account as well. It must be noted that the model does not
account for phase matching effects or propagation of the IR pulse in the gas, so its results are not
perfectly accurate at this stage. The simulations presented here show a satisfactory agreement
with the experimental data when using typical generation conditions.

In conclusion, while the generation parameters affect the harmonic wavefront RMS, the shape
of the IR focus was found to have a larger impact on the spatial properties of the XUV beam. We
demonstrate that they can be improved to a large extent by using IR adaptive optics to modify the
IR wavefront, and thus its focus. This also had a significant effect on the APT energy, increasing
it by a factor of up to three compared to previous measurements without the DM. Being able to
tailor the spatial properties of the harmonics with this method provides a useful alternative to the
use of a more expensive DM for the XUV domain, which would also provide lower reflectivity.
Furthermore, a computerized closed-loop program could be implemented in the beamline, which
would use data from the XUV sensor to find the DM configuration which provides the best
harmonic wavefront, the highest energy, or the most circular beam shape.

Future steps involve improving the theoretical model as well as performing further experiments
to learn more about the transfer of spatial properties in order to improve the quality of the
generated XUV beams, as well as to compare the experimental results with the simulations. This,
in turn, will lead to better focusing and thus higher XUV intensities.
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