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Many applications of the extreme ultraviolet (XUV) radiation obtained by high-order harmonic generation (HHG) in gases require
a small focus area in order to enable attosecond pulses to reach a high intensity. Here, high-order harmonics generated in Ar with a
multiterawatt laser system in a loose focusing geometry are focused to a few micrometers using two toroidal mirrors in a Wolter
configuration with a high demagnification factor. Using a knife-edge measurement technique, we determine the position and
size of the XUV foci as a function of harmonic order. We show that the focus properties vary with harmonic order and the
generation conditions. Simulations, based on a classical description of the harmonic dipole phase and assuming that the
individual harmonics can be described as Gaussian beams, reproduce the experimental behavior. We discuss how the generation
geometry affects the intensity and duration of the focused attosecond pulses.

1. Introduction

High-order harmonic generation (HHG) is a highly nonlin-
ear process that converts intense low-frequency light into
attosecond pulse trains in the extreme ultraviolet (XUV)
spectral region. In spite of a low conversion efficiency
[1-3], the choice of appropriate gas targets combined with
the use of loose focusing geometries has led to high pulse
energies on the order of microjoules [4-8]. The high
intensity that can potentially be achieved by focusing this
radiation opens the way to multiphoton ionization pro-
cesses in the XUV range [7, 9-12], and in particular to
nonlinear XUV pump-XUV probe studies with attosecond
resolution [13-15]. While XUV and X-ray radiation from
free-electron lasers provide the required intensities for
these types of studies [16, 17], they have only recently
started to demonstrate the generation of attosecond pulses
[18]. Using these sources for experiments is still very chal-
lenging, whereas HHG-based sources already provide a
mature technology for nonlinear pump-probe experiments
in the attosecond range.

To obtain both high intensity and attosecond pulse dura-
tion in the interaction with a low-density gas target, it is
important to focus the broadband radiation on a small spot.
This requires focusing the different harmonic components
at the same position. Focusing of high-order harmonics has
been achieved using ellipsoidal mirrors [19, 20], pairs of
toroidal mirrors at grazing incidence [21-23], or spherical
mirrors at normal incidence for low photon energy [8, 24].
Focal spot sizes of the order of a few ym for the emitted
harmonics in a certain spectral range are typically obtained.
The methods used for measuring these spot sizes vary from
direct techniques like the knife-edge method [20, 25-27] or
microscopy [21] to indirect ones based on wavefront deter-
mination [23, 28-30]. Recently, focus sizes of the order of
0.3 x0.4um? have been measured for harmonics between
10 and 20nm (i.e., 60-120eV) focused with an ellipsoidal
mirror [31].

Previous studies [30, 32-36] have shown that high-order
harmonics have different wavefronts at the exit of the nonlin-
ear medium, which can be convergent or divergent [35],
corresponding to a real or virtual focus, respectively. The
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wavefront curvature of the harmonics is the sum of that of
the driving laser and an additional contribution originating
from the process behind the generation of high-order har-
monics. The resulting harmonic radius of curvature and spa-
tial profile [37] depends on harmonic order, laser intensity,
and generation position. When they are refocused, this
results in separated waist positions along the propagation
direction, thus affecting the focusing properties of the har-
monics and the peak intensity and pulse duration of the
focused attosecond pulses. Although theoretically predicted
in [34, 35], and experimentally shown for the total harmonic
beam in [38], no experiments have yet quantitatively exam-
ined the influence of the generation geometry on the focus
position, waist, and intensity of individual harmonics and
attosecond pulses.

In the present study, we generate high-order harmonics
in argon using a 45m], 40fs, Ti:Sapphire laser in a loose
focusing geometry. We refocus the XUV radiation with a pair
of toroidal mirrors in a Wolter configuration [23, 39] in order
to achieve broadband focusing with a high demagnification
factor. A knife-edge technique [20, 25-27] is used to measure
the individual harmonic focus positions for different loca-
tions of the gas target relative to the laser focus in the gener-
ation chamber. In some cases, the harmonics are found to be
refocused at positions that evolve strongly with the harmonic
order. The observed experimental trends can be explained by
a simple model which takes into account the intensity depen-
dence of the spectral phase of the attosecond pulses, also
called the dipole phase [34, 35]. We find that the chromatic
aberrations induced by the dipole phase affect strongly the
temporal profile and intensity of the focused attosecond
pulses.

2. Experimental Method

The experimental setup used in this study is sketched in
Figure 1. We use a multiterawatt Ti:Sapphire laser system
delivering 40 fs, 806 nm, and 45 m]J pulses [7]. A deformable
mirror (DM), used together with an infrared wavefront sen-
sor, allows us to correct for spatial aberrations and to control
the IR focusing position with respect to the generation
medium by introducing a slight curvature to the beam. After
aberration correction, the measured laser wavefront has an
RMS value of about 1/40, corresponding to a Strehl ratio of
0.97. After going through an iris, the infrared beam is loosely
focused with an 8.7m spherical mirror into a 1cm long,
pulsed, Ar gas cell, generating high-order harmonics up to
45eV. We estimate that the IR waists are approximately
340-360 ym with corresponding Rayleigh lengths of 45 to
50 cm for the different focal lengths used in the experiment.

The XUV radiation is reflected, at a 10° grazing incidence
angle, by a fused silica (FS) plate, which is antireflection-
coated for the IR, and spectrally filtered by a 200 nm Al filter.
The FS plate and Al filter allow us to completely eliminate the
IR. Further, the broadband beam is refocused by Wolter
optics, consisting of a prealigned assembly of two toroidal
mirrors from Thales SESO, designed to image the generation
medium, after 6 m propagation, with a high demagnification
factor and minimal aberrations in the XUV range. The graz-
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FIGURE 1: Schematic representation of the experimental setup. The
spatially filtered IR beam (red) is first wavefront-corrected by a
deformable mirror before it goes through an iris and is reflected
by a focusing mirror. High-order harmonics (blue) are generated
in an argon gas cell. The IR is filtered out by an IR antireflection-
coated fused silica plate followed by an aluminum filter. In the
application chamber, the harmonic beam is focused by the Wolter
optics. The knife is placed around the focus, and the beam is
detected by a flat-field spectrometer.

ing incidence angle on the two toroidal mirrors is 15°, giving
a total deviation angle of 60°. The Wolter optics assembly is
aligned in our beamline by using a homemade XUV Hart-
mann wavefront sensor. The tangential focal lengths are
265.3 mm and 545.2 mm for the first and second mirror while
the sagittal focal lengths are 265.0 mm and 544.4 mm. The
combined focal length of 164.2mm provides a demagnifi-
cation factor of 35. A homemade flat-field spectrometer,
based on a Hitachi aberration-corrected concave grating,
images the focus in the vertical direction onto a micro-
channel plate (MCP). In this configuration, no entrance
slit is needed and the entire beam is characterized. The
grating disperses the harmonics along the vertical axis of
the MCP, while the far field spatial profile is recorded
along the horizontal axis.

For each position of the cell relative to the IR focus along
the propagation direction Z, called “generation position,” we
measure the focus position of the harmonics in the applica-
tion chamber. Harmonic spectra are recorded for different
X (transverse to the beam) and z; (along the beam) positions
of a knife-edge located close to the focus (see Figure 1). A
rough estimate of the focus position for each harmonic can
be obtained by looking at the diffraction image position of
the knife-edge on the spatial profile recorded by the spec-
trometer. If the knife is after the focus, the shadow is on the
same side as the knife, while if the focus is after, it is on the
opposite side. This is illustrated in Figure 2, showing spectra
obtained without the knife-edge (a) and for three positions of
the knife-edge (b-d). In (b) (respectively, d), the knife is
before (after) the focus for all harmonic orders and the
shadow is observed on the right (left) sides of the profile. In
(c), the shadow of the knife is on the right side for the
lower-order harmonics while it is on the left side for the
higher-order harmonics. This means that the knife is before
the focus for the lower-order harmonics, and after the focus
for the higher orders. The harmonics in the middle are less
affected by the knife, which indicates that it is located close
to their focus. These results show that the harmonics are
indeed focused at different positions along the propagation
axis.
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FIGURE 2: Measured spectra with no knife (a), the knife before (b)
and after (d) the focus, and the knife in the focal region (c). The
second-order diffraction from the spectrometer grating is
numerically filtered out. The insets in (b) and (d) illustrate the
position of the knife relative to the focus and its shadow. The
knife positions in (b-d) are z, = —8.3, z;, =0 mm, and z; =9.1 mm.

Mapping out the individual harmonic focus positions
requires scanning both x; and z; in small steps. Instead, we
use a faster and less tedious method based on measurements
at only four positions in z, outside the Rayleigh range
(zg = I mm), two before and two after the focus, which is
sufficient to extract the position of each focus. Figure 3
illustrates this method for the 21* harmonic. The har-
monic intensity as a function of knife insertion (x) is
recorded for each knife-edge position along the propaga-
tion direction (z,) (see Figure 3(a)). Assuming Gaussian
beams, this data is then fitted to a normalized error function,
f(x) = {erf [b(x, — )] + 1}/2, representing the integral of a
Gaussian function exp [~b*(x — ¢)*] from —co to x; . For each
knife-edge position, the 1/¢* beam waist radius (w, = \V/2/b)
is obtained from the fit. The position of the harmonic focus
(z,) can be determined by performing a linear fit of the beam
widths, after mirroring those corresponding to the knife-edge
position behind the focus (Figure 3(b)). If we assume that the
harmonics are ideal Gaussian beams with M? = 1, the beam
waists (w,) can also be estimated as A,/(n0,), where A, is

the wavelength of the g™ harmonic and 6, the (half) diver-
gence angle. Note that w, represents a lower limit to the
beam waist and that a better estimation would require a mea-

surement of the quality factor M?, which has not been done
in the present work.

3. Theoretical Model

HHG can be described by a three-step process: tunneling ion-
ization, electron acceleration by the laser field, and recombi-
nation [40, 41]. In the second step, the electron wave packet
accumulates a phase, called the dipole phase, which is then
transferred to the harmonic field. Two families of trajectories,
related to the time spent by the electron in the continuum
(“short” or “long”), have been identified and observed exper-
imentally [42, 43]. The dipole phase is often expressed as al,
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FiGUre 3: Illustration of our analysis method for one harmonic
order (21). (a) Normalized harmonic intensity as a function of
knife-edge insertion (blue dots). An error function is fitted to the
data (red curve), allowing us to determine the beam width at 1/¢2,
marked with a red circle in (b). (b) Measured beam widths for
four different knife-edge positions along the propagation
direction (black dots). A linear fit (green curve) is performed
between these widths, after mirroring two of them relative to the
horizontal axis (black circles). The focus is the position where
the fit crosses zero.

where a depends on the harmonic order and electron trajec-
tory, and I is the intensity of the driving laser [44]. This
expression is derived by using the strong-field approximation
to solve the time-dependent Schrédinger equation (TDSE) of
the single-atom response. Instead, we use an analytical
expression derived by solving Newton’s equation of motion
[34, 45]:

Vi
Di(q, 1) = a;l + 1, (qw - w,) + 7(qw—wp)z, (1)

where i refers to the trajectory (short or long), q is the har-
monic order, I and w are the fundamental intensity and
angular frequency, respectively, w, is the angular frequency
corresponding to the ionization energy, and f,; is a return
time, as explained in [34]. We here consider only the contri-
bution from the short trajectory, which is mainly observed in
our experiment. In Equation (1), the quantity «; is indepen-
dent of the harmonic order and is equal to zero for the short
trajectory, while the quantity y, is equal to 1.03 x 107¥s?2
Wcm 72 for a driving laser of 800 nm. The first and third
terms depend on the laser intensity, leading to an order-
dependent wavefront curvature.

We assume that high-order harmonics are generated at
position Z relative to the IR focus (located at Z = 0) in a thin
medium [46]. For a Gaussian fundamental beam, with a pro-
file I, exp [-2r*/w*(Z)], where I, is the peak intensity, r is the
radial coordinate, and w(Z) is the beam width at position Z,
the r-dependence of the dipole phase can be approximated by

2
2alywy 5 2y (9 —w,) 2
w'(Z) Lywg

(2)

The generated harmonic field also includes an r-depen-
dent phase contribution from the fundamental, which is
equal to gkr?/2R(Z), where k is the fundamental wavevector
and R(Z) is its radius of curvature. The total radius of
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FIGURE 4: Calculated harmonic focus positions as a function of
generation position Z, in the HHG chamber (a, ¢) and after being
refocused, in the application chamber (b, d). In (e, f), the
corresponding waists are shown. The simulation is run without (a,
b) and with (c-f) the dipole phase included. The harmonic order
goes from 11 (red) to 25 (blue). The dashed lines in (d) and (f)
simulate the experimental conditions, where the relative medium-
laser focus distance is varied by changing the focal length of the
generating laser with a deformable mirror.

curvature of the harmonic field, corresponding to one trajec-
tory i, is given by

1 1
Ri(2) R(Z)

4o, I wic
w*(Z)qw

. 4y, (qa) - wp)zc
Lywiqw

(3)

where c is the speed of light and wy is the fundamental beam
waist [34].

To fully characterize the harmonic beams, the width at
the generation position is estimated by assuming that the
harmonic intensity (I q) is proportional to the fundamental

intensity to the power of p (I qoclg) [46-50], where the

degree of nonlinearity, p, is assumed to be equal to 4, which
is confirmed by TDSE calculations [34]. The harmonic
width, at the position of the gas target, is then simply half
the width of the driving laser. Assuming Gaussian optics
for the harmonic beam, knowing the width and radius of cur-
vature at the generation position Z allows us to determine the
beam properties at any position.

Figure 4 shows the calculated focus positions and waist
size, with respect to the IR focus, for harmonic 11 to 25 as a
function of generation position Z. The left column shows
the (virtual or real) focus positions and waists at generation
while the right column shows the foci and waists of the refo-
cused beams. The first row (a, b) shows results obtained with-
out the dipole phase. In this case, the harmonics have the
same wavefront, which is equal to that of the fundamental.
When they are generated at the IR waist, they have the same
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focus, which is identical to the IR focus (Figure 4(a)). How-
ever, for this generation position (Z =0), the harmonics are
not refocused at the same focus position in the application
chamber (Figure 4(b)). In this very loose focusing geometry,
some harmonics have very long Rayleigh lengths. Conse-
quently, the focusing optics is not fully in the far field, so that
the curvatures of the harmonics at this position are slightly
harmonic-dependent. Therefore, the harmonics will be
focused at slightly different positions. In this case, where
the dipole phase is not included, the foci in the application
chamber are overlapped for all harmonics, when the genera-
tion medium is slightly before the IR focal spot. This is a clear
deviation from the predictions of geometrical optics, due to
the long Rayleigh lengths mentioned above.

The second row (c, d) is calculated including the dipole
phase. This leads to an asymmetric focus position distribu-
tion for positive and negative generation positions. Further-
more, there is no generation position where all harmonics
are focused at the same position. We also show in (e, f) the
harmonic waists both in the generation and application
chambers, including the dipole phase in the calculations.

Finally, we also simulate the experimental conditions,
where the cell position is fixed and where the focal length is
slightly varied in order to change the relative position
between the generation and the IR focus. As expected, the
results, shown as dashed lines in Figures 4(d) and 4(f), pres-
ent the same qualitative behavior as when the focal length is
not varied (solid lines), and only minor quantitative differ-
ences. The simulation with the varying focal length is used
in the comparison with the experimental results.

4. Results

To describe our experimental geometry, where the genera-
tion cell is fixed and the position of the IR focus varied,
we introduce AZ =Z - Z,, which is the medium position
(Z,,) relative to the IR focus (Z;). Similarly, in the appli-
cation chamber, we refer to the refocused focus positions

in the coordinate Az =z, — z,, where z, is the position of the

refocused IR, which was estimated from the simulations.
The 19™ harmonic is removed from the dataset because its
position on the detector coincides with a damaged area on
the microchannel plate of the spectrometer, making its detec-
tion unreliable.

The results of our knife-edge measurements are shown in
Figures 5(a)-5(e), for different generation positions, as
shown at the top of the figure. The experimental data are
compared with simulations (dashed line) using the model
presented above. The different harmonics are found to be
focused at different positions, with a separation of up to
1.5mm, which is significant since the harmonic Rayleigh
lengths are typically around 1 mm. This effect decreases as
the generation position moves towards and beyond the laser
focus. When the medium is before the focus (see
Figures 5(a)-5(c)), the lower-order harmonics are focused
approximately one mm after the higher-order harmonics,
on different sides of the IR focus. When the generation
medium is centered at the infrared focus or beyond (see
Figures 5(d) and 5(e)), all of the harmonics are focused much
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FIGURE 5: Measured (solid line) and simulated (dashed line) focus positions of harmonics 11-25 for five different generation positions in
relation to the IR focus. The insets indicate the geometry of the generation in the five cases. The medium is represented by the vertical
blue line, while the position of the IR focus is indicated in red. The error bars are obtained from the standard deviation of the fit

performed in Figure 3.
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the same harmonic orders (f-j).

closer to each other, at a position before the IR focus. Simu-
lations reproduce the main features of the experimental data,
which indicates that, despite its simplicity, our model
describes the physics behind the focusing properties of
high-order harmonics well [34, 35].

In Figures 6(a)-6(e), we present the measured (solid line)
and simulated (dashed line) beam waists (w,), for a few har-
monics (13, 15, 17, 21, and 23), as a function of generation
position. As explained in the experimental section, the mea-
sured beam waists should be considered lower limits. We find
that the harmonic waist sizes decrease with order. For har-
monics 13, 15, and 17 (a—c), the generation position leading
to the maximum waist moves progressively from around
AZ =0 to negative values. The measured values for the
harmonic beam waists are consistent with (but slightly
below) previous spectrally integrated measurements, which
were performed by wavefront analysis of the total beam com-
bined with numerical back-propagation and gave 3.6 x 4
pm? FWHM (3.1 x 3.4um? half-width at 1/¢?) [23]. The
simulations in Figure 6 (a—e, dashed lines) follow qualita-
tively the experimental results, with slightly larger waists.
This difference might be due to a deviation of the experi-
mental laser (and consequently harmonic) beams from a
Gaussian behavior (i.e., M?>1). Another possible cause
of the discrepancy between the experimental results and

our simulations could be that the dipole phase is more
complex than the model dipole or that phase-matching
impacts also the wavefront of the XUV beam. Despite the
approximation of our model, the agreement is very
satisfactory.

Figures 6(f)-6(j) show the focus positions (blue) and
yield (orange) for the same harmonics, as a function of gen-
eration position. Simulations, indicated by dashed lines,
agree well with the experimental measurements. As shown
in Figure 5, the harmonic focus position varies with the gen-
eration geometry, especially for the lower-order harmonics.
The harmonic yield, on the other hand, is relatively insensi-
tive to the generation position over the studied range.

5. Discussion

Our results can be used to estimate not only the intensity of
the refocused individual harmonics but also that of the atto-
second pulses in the train, in which case the relative phase of
the harmonics has to be included [8]. The electric field
describing the attosecond pulse train can be expressed as

E(t,r,z)= Y \/1,(t1,2) exp (iqwt +ig, (1, Z)), (4)

q
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and peak intensity (green) as a function of AZ are plotted in
the intensity-AZ-plane. Estimated peak intensity as a function
of the transverse coordinate x and Az for generation positions:
AZ =-150mm (e), AZ=0 (f), and AZ=150mm (g).

where I, are the relative experimental harmonic intensities.
The phases, ¢,, are the sum of the Gouy phase obtained by

using the experimentally determined position of the focus
and Rayleigh length for each harmonic and the inherent
phase due to the generation process (see Equation (1)), also
called attochirp [51].

In Figures 7(a)-7(c), we show the estimated attosecond
pulse intensity on axis in the application chamber, as a func-
tion of time and position along the propagation axis (Az), for
three generation positions, AZ =-150mm (a), AZ=0 (b),
and AZ =150 mm (c). This is obtained using Equation (4)
for each Az and taking the absolute square to get the inten-
sity. The peak of the attosecond pulse intensity is extracted
from these results and shown in Figure 7(d) in black as a
function of Az, for different generation positions (AZ). The
intensity variation for each harmonic is marked in color
going from the 11" (red) to 25" (blue). Figure 7(d) also
shows the maximum XUV peak intensity (green) and the
total yield (red) for each generation position. Furthermore,
the intensity distribution as a function of the transverse coor-
dinate x and Az is shown for AZ = -150mm (e), AZ =0 (f),
and AZ =150 mm (g).
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As seen in Figure 7, the distribution of harmonic focus
positions is clearly broader when the cell is before the IR
focus (negative AZ), as shown in panels (a) and (e). In con-
trast, the foci are closer to each other along the propagation
axis when the cell is located at the IR focus or beyond, as
shown in panels (b, ¢) and (f, g). The maximum intensity is
obtained for AZ =0 and Az =-0.47 mm, as seen in panels
(b) and (f). When AZ < 0, the harmonics are focused at dif-
ferent positions, while when AZ > 0, the generation efficiency
decreases. The total yield and the maximum intensity vary
differently with respect to the generation position, as shown
in Figure 7(d).

From the estimated spatiotemporal intensities in
Figure 7, we find for the conditions where the maximum
intensity is obtained (AZ =0 and Az =—-0.47 mm), an aver-
age pulse duration of the individual attosecond pulses of
~200 as and a beam waist of ~1.5um. Combining this
with the XUV pulse energy, measured using an X-ray
CCD camera (Andor) to be 1.6nJ, and a harmonic pulse
duration of 20fs (half of the IR pulse duration, according
to the same power law used for the harmonic beam widths
above), gives an estimate of the maximum XUV peak
intensity of 10" W/cm?2. This corresponds to an intensity
of 1 on the vertical axis in Figure 7(d).

6. Conclusion

By inserting a knife before and after the focus and scanning it
through the XUV beam, we have mapped out the focus posi-
tion and estimated the waist size of each individual har-
monic, as a function of the position of the gas cell relative
to the IR focus. The key conclusion of this work is that the
harmonics’ focusing properties are found to depend on the
order and the generation position. We interpret this effect
as a consequence of the intensity-dependent dipole phase.
The experimental data agree with relatively simple simula-
tions based on an analytical expression for the dipole phase
[34, 35], the assumption that the harmonics can be repre-
sented as Gaussian beams [33], and without taking into
account propagation effects in the nonlinear medium. These
measurements allow us to estimate the focused intensity of
the individual harmonics and the attosecond pulses in the
train and to define the optimal conditions to achieve high-
intensity attosecond illumination. We find that these optimal
conditions do not necessarily coincide with those leading to
the highest yield. Even when the yield is approximately con-
stant, the harmonic focusing properties can change signifi-
cantly and thus affect the pulse duration and intensity of
the attosecond pulses.
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