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Abstract

We present a systematic study on the control of Cooper minimum (CM) in the high-order
harmonics spectra generated during the interaction of Ar gas with ultrashort near-infrared laser
pulses. Tailoring the width and depth of CM in argon is demonstrated by changing the gas jet
position with respect to the focal plane of focusing lens and by defocusing-assisted
phase-matching. We further analyze the influence of single- and two-color laser pump schemes on
the appearance of CM. The application of two orthogonally-polarized fields of fundamental
radiation and its second harmonic, which is also used to generate controllable yields of odd

and even harmonics, led to diminishing the CM in the harmonic spectra. Our experimental
findings are supported by theoretical calculations that solve the time-dependent Schrodinger
equation in the microscopic domain, and take into account the phase matching in the macroscopic
domain.

1. Introduction

High-order harmonic generation (HHG) in gases is a well-developed technique for generating coherent
extreme ultraviolet (XUV) radiation [1]. Among the motivations for investigating HHG is to probe and
characterize atomic and molecular structures using high-order harmonic emission on attosecond timescale
[2]. The observation of distinct local minimum in the high-order harmonic emission from noble gas targets
can be considered a finger print of these targets [3—5]. This so called Cooper minimum (CM) is also
present in the XUV photoionization of noble gases [6]. The appearance of the minimum in the harmonics
distribution from single-atom HHG spectrum of Ar has been attributed to radiative recombination of an
electron to atomic ion, which is the inverse process of photoionization where the cross section has a
minimum. Analyzing the characteristics of CM in the HHG spectra has been also extended to molecules
[7].

HHG can be well explained by the three-step model proposed by Corkum [8], where the radiative
recombination step is more precisely described by quantitative rescattering (QRS) theory [9], which relates
the minimum of HHG to the minimum of the photoionization cross section of the parent atomic target
[10]. Apart from describing HHG in the microscopic domain, which can be calculated using the strong field
approximation (SFA), QRS theory, or by directly solving the time-dependent Schrodinger equation, one has
to consider also the phase matching effects in the macroscopic domain. For example, macroscopic
propagation effects are different for HHGs from Bessel beams compared to Gaussian beams [11], although
the atomic HHG with both beams at the microscopic level are the same. This also shows the complexity of
the HHG at the macroscopic scale.
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Figure 1. High-repetition rate near-infrared source for generation of coherent XUV pulses. We used the 600 yJ pulses from Yb
fiber laser at central wavelength of 1030 nm, 36 fs pulse duration, and 50 kHz repetition rate. Inset shows the raw image of
high-order harmonics spectrum generated in argon with indication of Cooper minimum (CM) and distinction of harmonic
divergences.

The interest in the spectral minima of HHG is related to the photoionization studies of atoms or
molecules from different atomic or molecular orbitals. Based on QRS theory, CM occurs when the
photoionization cross-section goes through a minimum. In the case of Ar, the driving field of the laser pulse
removes an electron from the 3p orbital and therefore recombination occurs back to the 3p state. The
Cooper minimum in argon is very prominent at around 49 eV and has been extensively studied [12—15].
The first study of CM in HHG was described in reference [12].

In this work, we analyze methods to control the dynamics of CM under different experimental
conditions and explain this process by studying atomic HHG at the microscopic level as well as phase
matching effects at the macroscopic level. We consider the influence of single- and two-color fields from
near-infrared laser pulses on the behavior of CM by analyzing HHG spectra in Ar gas. We investigate HHG
in gases (atoms and molecules) with very similar ionization potential using single-color, and two-color
orthogonally-polarized laser fields at high pulse repetition rate (50 kHz). The variation in the width and the
depth of CM in the XUV harmonic spectra generated in Ar gas was explored by changing the position of
gas jet with respect to the focal plane and by defocusing-assisted phase mismatch, in addition to applying
two orthogonally-polarized laser pulses. The interaction of atoms with two orthogonally-polarized fields
has been an effective tool for enhancing the harmonic yield and for simultaneous generation of odd and
even orders of harmonics in laser-produced plasmas [16]. Furthermore, we perform a theoretical study that
solves the time-dependent Schrodinger equation to obtain atomic HHG in microscopic level and consider
the phase matching effects at the macroscopic level. Our theoretical results are in good agreement with the
experimental ones in reproducing the position of the observed minimum and in describing the
disappearance of CM when two electromagnetic fields interact with Ar atoms.

2. Experimental arrangements

The experimental setup is shown in figure 1. The high repetition rate fiber laser system provides driving
laser pulse with 36 fs duration and 0.6 m]J energy at a central wavelength of 1030 nm. The beam was focused
using a focusing lens with f = 400 mm into a gas jet installed on translating stage inside the vacuum
chamber.

The focusing conditions provided spot size of 50 pm radius. The corresponding confocal parameter of
the focused diffraction-limited beam was ~15.2 mm. The estimated intensity of the driving 1030 nm beam
was ~2 x 1014 W em™2,

We used an iris aperture to control the beam diameter and energy of the focused pulses. The energy of
the driving pulse was changed from 370 pJ up to 600 uJ after going through the irises of 8 and 20 mm
diameters, respectively. The intensity was varied by changing the diameters of the aperture. This allowed us
controlling the intensity as well as the defocusing-assisted phase matching conditions. For the second
harmonic (SH) generation, a type-I beta-barium borate (BBO) crystal was placed inside the vacuum
chamber on the path of the focused driving beam to avoid extra group velocity dispersion when going
through the window of the chamber and the focusing lens, as well as to exclude the beam walk-off. SH
conversion efficiency of ~3% was obtained by using 0.1 mm thick BBO crystal. The raw image of HHG
spectrum generated in argon at the maximal intensity of laser pulses is shown in figure 1. CM is clearly
distinguished in the HHG spectrum by the difference in the divergence and brightness of harmonics at its
location. Gas jet with a circular nozzle of 1.5 mm diameter was used as a target. The inner diameter of the
gas nozzle (1 mm) was considered to be the effective length of the nonlinear media. The pressure of gases
was maintained at ~10* Pa (70 Torr) inside the vacuum chamber at the area of interaction with the
femtosecond pulses. The HHG spectrum was analyzed using XUV spectrometer.
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Figure 2. Harmonic spectra generated in noble and molecular gases of similar ionization potential. (a) Spectra of harmonics
produced in argon (upper panel, first ionization potential 15.759 eV), nitrogen (middle panel, ionization potential 15.58 eV for
molecular HOMO orbital 20,), and oxygen (bottom panel, ionization potential 12.07 eV for molecular HOMO orbital 27,)
using 600 1 pulses. The dashed black arrow shows the position of CM in the spectrum of HHG in Ar gas. (b) Raw images of
harmonics [argon (upper panel), nitrogen (middle panel), and oxygen (bottom panel)]. The CM is seen at around of 24 nm in
the case of argon gas. White arrow shows the position of CM. The saturated images of harmonics are presented for better viewing
of harmonic orders and divergence variations in the cases of three gases.

3. Experimental results

Figure 2 shows the comparative spectral and spatial distributions of the high-order harmonics (HH)
generated in Ar, N, and O, at very similar experimental conditions. Due to the closeness of the ionization
potentials in Ar and N, gases we observed similar harmonic cutoffs for 1030 nm, 36 fs pulses. However, a
characteristic CM centered at ~25 nm is observed only in the case of Ar [figures 2(a) and (b), upper
panels]. In the case of O, with ionization potential of 12.07 eV, the extension of harmonic cutoff is
attributed to the ionization suppression, which has been demonstrated in [17]. In the case of O,, due to the
dependence of the cutoff energy on the wavelength (Ecyofr ~ I X M%), it was possible to produce 80 eV
photons at an intensity less than 2.1 x 10'* W cm™? using 1030 nm pulses. An extended plateau, as well as
relatively strong 11th (A = 93.6 nm) and 13th (A = 79.2 nm) harmonics, were observed in the case of
nitrogen gas [figure 2(b), middle panel], when compared to the other two gases (Ar and O,) at the same
experimental conditions. In the case of O,, we observed gradual decrease of harmonic yield starting from
25th order [figures 2(a) and (b), bottom panels].

The intensities of different harmonics as well as the width and depth of CM were analyzed at different
experimental conditions, particularly by varying the intensity and spatial conditions of the driving 1030 nm
pulses and by using two-color laser pump, as shown in figure 3. In these experiments we changed the
driving beam sizes using an iris with variable diameter. We also moved the gas jet at different positions with
respect to the focal plane of focusing lens. The disappearance of CM by changing the phase-matching
conditions based on the defocusing-assisted phase mismatch of the driving pulses in Ar is shown in
figure 3(a) [E,, = 470 uJ, at the 12 mm beam diameter after the iris]. We also analyzed the dependence of
CM width on the energy of the driving laser pulses. The panels in figure 3(a) show the dependence of
harmonic cutoff energy on the energy of the driving femtosecond pulses. The increase of the energy of laser
pulses led to increase in the cutoff energy. During these experiments, harmonics up to the 69th order [A =
14.9 nm, upper panel of figure 3(a)] were observed. In the case of two-color pump scheme, no CM was
observed with the variation of the beam diameter [figure 3(b)], but, we observed strong odd and even
harmonics yields as a function of the total energy of the driving and SH pulses (E,, + Ea,).

Figure 4 shows the variations of HHG spectra at different positions of the gas jet with respect to the
focal plane of the focusing lens. The focal plane was determined by measuring the minimal size of focused
beam. We measured the beam profile by using CCD camera-based beam profiler (Thorlabs) at the low
energy of driving pulses. We found the minimal beam spot size by scanning the beam profiler along the
propagation direction of the driving pulses. We analyzed the variations of the width and depth of CM by
changing the position of the Ar gas jet. In the upper panel (z = 43 mm) of figure 4(a), HHG spectrum of
Ar is shown for the position when the gas jet was placed after the focal plane of the focusing lens. In this
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Figure 3. Spectra of harmonics generated in Ar at different experimental conditions. (a) Modification of cutoff energy by
changing the diameter of the iris placed in front of the focusing spherical lens in the case of single-color pump (1030 nm). The
dashed black line shows the position of CM at the photon energy ~49 eV (H41). The solid arrows show the width of CM. (b)
Same dependences are presented in the case of orthogonally polarized two-color pump (1030 nm + 515 nm) of argon, which
show the absence of CM. Dashed black line in this figure shows the position of CM in the case of single-color pump.

case one can see wide and deep CM in the harmonic spectrum. By moving the gas jet towards the focal
plane (middle panel z = 0), the CM became larger. Meanwhile, when the gas jet was placed before laser
focus (bottom panel of figure 4(a), z = —3 mm), the width of CM again became narrower. The confocal
parameter of focused radiation was equal to ~15.2 mm. Thus even at these ratios between the confocal
parameter and variations of jet position the small deviation from focal position led to almost complete
disappearance of CM. Notice that in the case of molecular gas (O,, figure 4(b)), no significant change in the
harmonic spectra at these three positions of gas jet was observed. Since the IR intensities at z = +3 mm and
—3 mm are approximately the same as far as the focus size is concerned, the difference of the HHG in the
upper and lower panels of figure 4(b) originates from the difference in the phase matching conditions. The
contribution of the short trajectories of free electron for harmonic generation is optimal at the conditions
when gas target is located before the focal plane of focusing lens. We also observed the high divergence of
HHG in the cutoff range for the position when the gas jet is located behind the focal plane.

The appearance of Cooper minimum in the spectra of high-order harmonics is associated with the
photoionization of argon in XUV range. The CM width in HHG spectrum is conventionally defined by the
variation of the harmonics intensity in the vicinity of the CM position. In our case, this parameter was
determined by measuring the intensity of weakest harmonic in the CM and defining the lower- and
higher-harmonic orders intensities of which were twice stronger with regard to the CM harmonic (H41). In
other words, the width of this minimum is defined by full width half minimum of the valley, by analogy
with the full width half maximum of the intensity distribution in the cases of determination of the beam
sizes, spectra, etc. The width of CM did not change significantly with the decrease of the energy of the
driving pulse in the case of single-color pump (figure 3(a)) and was maximal at the position of Ar gas jet at
the focal plane (figure 4(a)).

Our theoretical estimates (see section 4) show that the CM width can be slightly broadened by the
strong IR laser field due to the ac stark shift. However, this range of laser intensities was not reached during
these experiments. Based on experimental results one can estimate the intensity of driving pulses (~2 x
10'* W cm™2) at which CM width remains almost unchanged.
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Figure 4. Dependences of harmonic spectra on the position of the gas jet with regard to the focal plane of focusing lens in the
case of single-color pump. (a) Variation of the width and depth of CM in the HHG spectrum of Ar using 1030 nm laser pulses.
Vertical dashed black line shows the position of CM. Horizontal arrows show the width of CM. The largest value of CM width
was observed at the position of gas jet in the focal plane (z = 0 mm). (b) Variation of maximal harmonic order by changing the
position of O, gas jet. One can see the absence of CM in the case of oxygen. The Ar and O, gas jets were installed at different
positions with respect to the laser focus on z-axis of the propagation of laser beam. Upper panels correspond to z = 43 mm (i.e.
behind the focal plane); middle panels correspond to z = 0 (i.e. focal plane); bottom panels correspond to z = —3 mm (i.e. in
front of focal plane) positions of gas jet.

4. Theoretical results

To understand the underlying mechanisms of the experimental observations, we also studied theoretically
HHG of Ar atoms by solving the time-dependent Schrodinger equation (TDSE) under the single active
electron approximation with a model potential [18]. Since orthogonally-polarized laser fields were used in
the experiment, we solved the full three-dimensional TDSE [17, 19]. To consider the focal volume effect and
phase matching in the propagation, we solved the TDSE thousand times for different IR intensities and
different ratios of the two-color laser fields. Since CM may be washed out after the phase matching process
as shown in figure 4(a), we present the atomic HHG without the focal volume averaging and phase
matching first to study the dynamics of the CM in HHG at the atomic level. The convergence of the
simulation was checked by comparing the results from length and acceleration forms and we only present
the HHG from the acceleration form. Figure 5 shows the HHG of Ar atoms in orthogonally-polarized laser
fields. We also plotted the experimental single photoionization cross section [20] and our simulations based
on the linear response theory [21]. In the simulations, we directly calculated the polarizability, with its real
part relating to the refractive index of Ar gas, and the imaginary part representing the photoabsorption as
shown in figure 5(a). Our simulations are in good agreement with the measurements for the
photoionization as shown in figure 5(a) as well as for other atomic systems [22, 23].

Using our present model potential, the single photoionization cross section to the d-partial wave reaches
zero or CM around 40 eV, which is lower than the measured one [20]. There is no CM for the 3p —
s-partial wave in that energy regime, and the cross section is much smaller. In the simulations, we chose the
z-direction as the propagation direction of the IR pulses, and the x-direction as the direction of
polarization. The polarization of the second harmonic laser field is along the y-direction.

To clearly show the physical origin of the CM, we also plot the HHG from Ar 3p, (with magnetic
quantum number = 0) in the single color laser field in figure 5(b). During the conservation of the magnetic
quantum number, the 3p, state can only reach a state with magnetic quantum number m = %1, not an
s-state by a photon polarized in the x-direction, therefore, s-partial wave does not contribute to the HHG
and there is very deep minimum around harmonic order of 30. This shows that the present model potential
can be used to investigate the CM qualitatively although it differs from the measured one in position.
Without the second harmonic laser, the HHG shows a clear CM in the power spectra as shown in
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figure 5(b) even after we sum all the contributions from 3p_,, 3p, states coherently (the subscripts stand for
the magnetic quantum numbers). The position is shifted and the width is broadened by the IR laser field
due to the ac stark shift. The CM exists even in a very strong laser field. When a second harmonic laser field
(polarized in the y-direction) orthogonal to the fundamental one (polarized in the x-direction) is added,
both even and odd harmonics appear with even harmonics polarizing along the y-direction and odd
harmonics polarizing along the x-direction as shown in figure 5(c). As the intensity of the second
harmonics increases further, as shown in figure 5(d), the CM almost disappears. From the QRS theory [24],
the time-dependent induced dipole is proportional to the transition dipole as well as the components of the
given partial wave in the rescattering wave packet.

The CM or the zero of the transition matrix element from the ground state is determined by the
differences of quantum defects between the initial and the final states [25—27], which is insensitive to the
wavefunction or the external field in the outer region. The CM can be modified either by very strong
external field, which modifies the behavior of wavefunction in the inner region, or by changing the
trajectory of the rescattering electron to increase the non-CM partial wave contributions. Adding a second
harmonic laser, the uni-directional rescattering electron is drifted off the lateral direction [28]. This
modification of trajectory results in increasing the s-wave contribution and washing out the CM. If the
intensity of the second harmonic increases further, the CM can be washed out completely, which is also
consistent with the experimental results shown in figure 3(b). To see how the CM is washed out by the
second laser field in atomic level, we show the HHG from 3p,, as a function of the intensity of the second
laser field as shown in figure 6.

The CM around the HHG order of 3p,, is getting shadow when the second laser field is added, and
finally disappears completely as the intensity increases further. Note that the measured HHG comes from all
the sub orbitals of 3p, and 3p,, is a minor contributor. We use it to illustrate the mechanism of the CM in
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Figure 7. HHG of Ar atoms as a function of the gas jet position. The parameters used in the propagation are gas pressure of 70
Torr, jet diameter of 1 mm, and confocal parameter of 15 mm. The dashed lines mark the gas jet positions corresponding to the
measurements in figure 4(a).

the two-color laser fields. We do not see clear sharp HHG peaks in figures 5 and 6 for atomic HHG. The
measured HHG spectra are macroscopic spectra and propagation effects have to be considered.
The dipole corresponding to the measured one can be written as:

N / dam (@, 7,2) €®(#72) ¢ T(92) rdrdz, (1)

Here, dym(g, 1, 2) is the atomic dipole of harmonic order g emitted at space (r, z), and @(q, 1, z) is the
propagation phase, which comes from differences of the geometry phase, atomic dispersion phase, and
ionized electron plasma phase between the IR laser and the HHG. I'(g, z), self-absorption, can be expressed
as:

r (q, z) = /G (qw) n(z) dz, (2)

with o(qw) being the photoabsorption cross section and #(z) is the gas density at z position. Unlike other
theories that use the strong field approximation, we do not need atomic dipole phase from the long or short
trajectories since this is taken into account automatically in our TDSE simulations. The detailed expressions
of @(g, 1, z) is given in reference [29]. We ignored the r-dependent geometric phase and only considered
one-dimensional propagation. For atomic dispersion of HHG, we calculated the polarizability using the
linear response theory [21]. Using the present experimental parameters, we calculated the macroscopic
HHG. Figure 7 shows the HHG after the propagation as a function of the gas jet position. Here we assumed
that the laser propagates along the z-axis as shown in figure 1. Although the IR intensity is symmetric about
the focal plane, the HHG is not symmetric due to phase matching in the propagation. As shown in

figure 4(a), the delayed maximum [27] after the CM in the HHG is broader at +3 mm, and is narrower at
—3 mm, which is consistent with the simulations results in figure 7.

5. Summary

The disappearance of CM in the XUV harmonics spectra of Ar gas was observed in this work at different
conditions of gas HHG experiments. The disappearance of the CM can be attributed to single atom
responses in the microscopic domain as well as the phase matching conditions in the macroscopic domain.
The CM at the microscopic level can be destroyed by adding a second orthogonal field, and the CM in the
macroscopic can be tuned by the phase matching or changing the gas jet positions. Divergence of XUV
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harmonics indicates a single active electron behavior in the electric field of femtosecond pulses due to the
existence of both long and short trajectories [30]. Two-color HHG can minimize the divergence and
improve the flux at the same time by tuning the relative phase of the two-color field to selectively enhance
the short over the long trajectory emission. The width and depth of CM in XUV harmonics spectra in Ar
gas was explored by changing beam aperture, the position of gas jet, and pumping by two
orthogonally-polarized laser fields. We noted that the investigation nature of HHG in atoms or molecules,
especially with CM, requires precise knowledge of the exact position of gas jet during the experimental
studies.

The dynamics of Cooper-like minima near the cutoff of the HHG spectra from N, molecules were
explored by Bertrand et al [31]. It was shown that the CM minimum in the transition moment along the
molecular axis appears at about 45 eV, which is attributed to the transition moment going through a
minimum due to destructive interference between dominant partial wave components. The dynamics of
Cooper-like minima near the cutoff of the HHG spectra from N, molecules driven by intense femtosecond
lasers at three different wavelengths (i.e., 1300, 1400 and 1500 nm) were explored by Li ef al [32]. Variation
in the CM position, from 80 eV to 102 eV, for N, molecules was observed by changing the intensity of the
laser pulses. It was shown that the spectral depth position depends linearly on the peak intensity of the
driving field. Since there are competing channels the laser intensity and/or phase matching can change both
the position and pattern of CM in N, HHG spectra. In our case we did not reach HHG orders up to 93 eV
spectral range for N, gas at the present laser energy and wavelength. The observed harmonic spectra for N,
and O, were typical HHG spectra that can be described by Lewenstien three-step model based on the strong
field approximation [33]. The spectra observed for these two molecules are typical ones with universal
shape of HHG distribution, in which it falls for the first few order of harmonics, then exhibits a plateau
where all harmonics have the same strength, and ends up with a sharp cutoff. The measured recombination
dipole matrix phase agrees well with the predictions based on the scattering phases and amplitudes of the
interfering s- and d-channel contributions to the complementary photoionization process [34].

6. Conclusion

In conclusion, we analyzed the variations of the Cooper minimum (CM) in the HHG spectra generated
during the interaction of Ar gas with 1030 nm, 35 fs, 50 kHz laser pulses. The control of the depth and
width of CM in argon gas was demonstrated by changing the jet position with respect to the focal plane of
focusing lens and by defocusing-assisted phase matching. The dynamics of the odd and even harmonic
yields were investigated by applying orthogonally-polarized fields of the fundamental radiation and its
second harmonic. Our experimental findings are supported by theoretical calculations that solve the
time-dependent Schrodinger equation in microscopic domain, and take into account the phase matching in
the macroscopic domain.
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