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ABSTRACT
We numerically investigate generation of harmonics in the water window region (down to 2.8 nm) by 2 um femtosecond pulses propagating ,
w
in hollow core waveguides filled with high pressure He. Numerical calculations are based on a three dimensional macroscopic model, which ¢
solves the pulse propagation by a split-step method, uses the strong field approximation to evaluate the single atom response, and integrates §
it coherently to obtain the harmonic field. Two configurations for the waveguides are considered: the standard one with a constant diameter R
of 70um and a conical one with a decreasing diameter from 70 to 50 um. We demonstrate that harmonic field enhancement can be §
obtained in spectral domains of great practical interest, from 2.8 to 20 nm, and identify quasi-phase matching induced by multimode g
beating as the mechanism responsible for this enhancement.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0212075
I. INTRODUCTION hollow core waveguides (HCWs), allow gas confinement at high
Generation and use of attosecond pulses received recently the pressures ar}d keep ,hlsh laser intensity over longer 1nte.raction
. - . oo lengths, leading to a significant chance to increase the HHG yield.
full confirmation as a promising field of investigation for future and ‘ . . :
. . . . . The ways to increase the macroscopic HHG vyield are mainly
emerging technologies, being the topic of the Nobel Prize awarded . O . o
1 . . . . three: (i) to have a driving field intensity high enough and over a
for 2023." Despite the low efficiency, high-order harmonics genera- 1 . . . . .
) . . ) . arge spatial region, such as to induce an intense single atom
tion (HHG) in (mainly noble) gases remains the main method to d a high-ord & (G h densitv of el
btain extreme ultraviolet (XUV) or soft X-ray (SXR) attosecond response and a high-order cutoff, (ii) to have a density of clemen-
° 5 ' Yo tary emitters as high as possible, and (iii) to create conditions for
pulses” because they can be obtained at large repetition rates and do phase matching (PM),” which is to have constructive interference
not need very .hlg.h laser intensities. Briefly, a f?m’Eosecond pplse of " between the single atomic emission and the harmonic field builtup
infrared or mid-infrared (MIR) wavelength will interact with the at a specific point. This last condition is the most important one
target atom or molecule and via the well-known three-step process ¢ difficult to realize because PM usually happens in small spatial
(electron ionization, acceleration, and recombination) will generate a regions compared to the whole extension of the medium and in a
single or a train of attosecond bursts.” The gas medium is tradition- narrow temporal window compared to the whole extension of the
ally supplied in a jet or in a static cell, but the alternative to use pulse. The higher the photon energy, the shorter the coherence
dielectric structures to host the gas and to guide the ultrafast beam is length and the temporal window in which PM happens so many
a one way to increase the HHG efficiency and therefore, it is of  groups tried to find conditions for quasi-phase matching (QPM)
obvious practical interest. Such structures, in particular, dielectric by inducing intensity and phase modulation of the driving field by
J. Appl. Phys. 136, 043102 (2024); doi: 10.1063/5.0212075 136, 0431021
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using modulated waveguides®™ or a second counterpropagating

field.” A distinct approach'™'' to induce the QPM was to use the
driving field intensity variations induced by mode beating along
the propagation direction.

An HHG spectrum starts with a few high intensity harmon-
ics, then continues in the plateau of many harmonics of slowly
decreasing intensity, and ends abruptly at cut-off harmonics of
maximum order [ »+3.17U,, I, and Up being, respectively, the
ionization potential of the atom and the ponderomotive energy of an
electron in an electromagnetic field U, = E*/4w* (in atomic units).
To increase the cut-off energy, one needs to increase the laser inten-
sity or the laser wavelength. Power scaling'” is limited by the level of
ionization, which depletes the neutral atom population and, in free
space geometries, induces beam defocusing due to the divergent lens
created by the free electrons. Using a longer wavelength''* is more
promising (provided the MIR source is available) as the cutoff is pro-
portional to the square of the central wavelength A, although the
conversion efficiency of HHG decreases as 17, where 5 < a < 6."”
In principle, a femtosecond MIR source can generate up to SXR radi-
ation without the need to go to high ionization levels, which can
strongly alter the beam intensity and phase.

Attempts to generate coherent radiation in the water window
range have been experimentally reported either using optical
parameter amplifiers at 1.85um central wavelength and kHz repe-
tition rates'” or using optical parametric chirped-pulse amplifiers
at 2.1um'®"” or 1.6um,"® which can be scaled up in terms of
average powers. One of the frequent approaches to increase the
HHG flux was to search for conditions in which quasi-phase
matching (QPM) of energy or momentum of photons is fulfilled;*
see a review on this topic.” Periodic (sub-millimeter) modulation
of the HCW diameter will translate into an intensity modulation
of the driving beam and produce harmonic enhancement in the
90 eV’ or water window® regions. As the needed periodic modula-
tions in the HCW become very short, there are technical limita-
tions in achieving further growth of the harmonic cutoff in the
SXR regions.

Modeling HHG in HCW complements the experimental
efforts, and the tools used for calculating the nonlinear propagation
in capillary fibers were recently reviewed by Crego et al.'’ Starting
from the standard split-step method,”>*' time independent or time-
dependent models can be built in one dimension or up to three
spatial dimensions. The time-dependent models can be further used
to calculate the macroscopic response of the medium and then the
macroscopic harmonic field built inside the HCW in various config-
urations. For example, Nurhuda et al.** computed the field distribu-
tion in a variable pressure setup to avoid or postpone self-focusing,
while Jin et al. extended the split-step method to two™ and three™*
fields of different frequencies to generate a synthesized waveform.
A multimode generalized Schrédinger equation”” was extended to
include ionization and plasma effects and, again using the split-
step method, was used to calculate the field evolution and the
plasma structure”® inside the capillary.

In the present paper, we explore HHG in an unexplored regime
of generation: we assume a 25 fs laser pulse of 2000 nm central wave-
length propagating in an 8 mm long HCW filled with 10 bar of He.
Two geometries are considered: the standard one with a constant
diameter of 70 um along the HCW and a conical one with decreasing
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diameter from 70 to 50 um. We show that the conical geometry has
promising potential for generating XUV toward SXR attosecond
bursts of light, in a spectral region of great interest for applications.

Il. MATERIALS AND METHODS

Numerical calculations have been carried out using a 3D non-
adiabatic model; see Refs. 27-29 for details, which calculates the
macroscopic HHG field in three main steps. First, the propagation
equation for the full laser field in the HCW is solved. In an ionized
gas, the pulse evolution can be described by the wave equation in a
time domain,

1 0*Ei(r,z,t) o?
V2E(r, 2, t) — C_ZIOT =S (U—mpkzn. (1)

Here, o is the central angular frequency of the driving field, while
Neg is the space- and time-dependent effective refractive index of
the medium,

@* (e 1, 2, 1)
N (> ey 1,2, 1) = g (110) + M (m)I(r, 2, £) = —F— ———. (2)
As seen in Eq. (2), the refractive index includes three contributions:
the first term 7, = 1 + 8; — if8; accounts for the dispersion §; and
absorption B, and depends linearly on the density of the neutral
atoms n,(7, z, t) = ny(z) — n.(r, z, t). The second term contains
the intensity-dependent nonlinear refractive index 7,, which repre-
sents the optical Kerr-effect. Here, ny(z) is the total particle density
and I(r, z, t) is the instantaneous laser intensity. The last term
accounts for plasma defocusing, where cop(r, z, t) is the plasma
angular frequency and n,(r, z, t) is the free electron density calcu-
lated from the ionization rates™ for He. Since ionization is the first
step during a laser—atom interaction, the plasma formation is inevi-
table in the interaction volume, and, in most cases, this last term
dominates the fast variation of the medium refractive index. Here,
B, and &, are computed from atomic form factors for He,”' while
n, for He is taken from Ref. 32. In the range of low photon ener-
gies, we used the Sellmeier equation’ to obtain the refractive index
for He and fused silica.

After transforming Eq. (1) in the moving frame (r, 2, t'),
applying the paraxial approximation, and going to the spectral
domain via the Fourier transform, it becomes

: o3 ’
ZITwaEl(r’ 2.0) G(r, 7, w), (3)

Vib:l(h Z,0) - 7

where
E(r,7,0) = F[El(r, Z, 1))

is the Fourier transform of E;(r, Z/, t'), and

. . [ @? 2
G(r,7,w) = F{C—fEl(r, Z,t) - 2% [61 +mI(r, 2, )E(r, 2, t’)}

(4)

is the Fourier transform of the free term.
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The model was first developed for free space;”’~*” however, for
propagation in the HCW, we used the split-step method. The first
step solves the homogeneous part of Eq. (3) by advancing one step
each spectral component along the propagation direction while
assuming the field as a superposition of EH,,, eigenmodes to
satisfy the boundary conditions in the hollow dielectric waveguide™*
for a linearly polarized field. For a detailed description of this pro-
cedure, see Ref. 23.

The second step solves Eq. (3) with the free term included but
without the diffraction term, that is, a first order differential equa-
tion. Since the free term contains the solution itself, we apply here
an iterative procedure as follows: (i) the field E;(r, Z/, ®) is Fourier
transformed to obtain E, (r, 2/, t), (ii) recalculate the free term in the
time domain, then use Eq. (4) to obtain G(r, z’, ), and (iii) solves
the first order differential equation over the same dz step and obtain
a new E;(r, Z/, w); repeat steps from (i) to (iii) until the difference
between two successive solutions is below a specified threshold. The
number of iterations depends on the propagation conditions, such as
pressure, ionization fraction, gas nature, etc., but usually is more
than two, which proves the necessity of the iterations.

The solution E; (r, z, t) is then used to calculate the gas polari-
zation P,(r, z, t) in the strong field approximation™ over the whole
interaction region. A single dipole response to the field, dy(r, z, t),
was obtained computing the Lewenstein integral,”” and this is the
most time consuming part of the model. Macroscopic polarization
P(r, z, t) = (no(z) — n.(r, z, t))du(r, z, t) was used to solve the
propagation equation for the harmonic field Ej(r, z, t),

1’ PE(r,z, 1) PPulr, z, t)

V2Eu(r, z, t) — —
R o

(©)
which have the same form as Eq. (1), but having atomic polarization
as a source. This equation was solved with the method developed”’
for the free space, because the single atom polarization is closely con-
fined around the HCW axis and practically does not interact with
guide walls. Our previous reports of modeling experimental data™*®
demonstrate that this assumption is a valid one. In this equation, the
refractive index 7 takes into account the atom dispersion and absorp-
tion but ignores free electron dispersion because the plasma frequency
is much lower than the frequencies of high-order harmonics.

For the parameters used in building the model, we set a spatial
grid of 400/250 nodes in axial/radial directions and a temporal
domain of 128 optical cycles, each cycle having 2048 points, as the
full electric field needs to be described. A full runtime depends on
the machine used, being in the range of a few hours.

Ill. RESULTS

The main result of the propagation model is the electric field
Ei(r, z, t) or equivalently E, (r, z, ®) inside the HCW, but additional
results include (r, z) maps of the peak intensity and phase of the
electric field and also maps of the electron density and the refractive
index resulted after propagation. Other quantities, such as pulse
energy, mode energies, mode amplitudes as well as spectral charac-
teristics of the field, can also be extracted from the calculation.

The HHG model yields the harmonic field Ey(r, z, ®) inside
the HCW and other useful quantities, such as the total harmonic
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power generated at a specific frequency, a total power spectrum at
exit or at user specified axial positions, spatial maps of the single
atom polarizations and macroscopic harmonic fields, as well as far
field reaching a specific position relevant for the experiment.

The model allows for a variety of beam profiles at the injection
plane (Gaussian, truncated Gaussian, Bessel, etc.) as well as for an
arbitrary pressure profile along the z direction. The initial field can
be specified in time or in a frequency domain. The layout of the
model was designed closely connected to the experimental configu-
ration used in Refs. * and *’ assuming the same HCW architecture,
but different values for the pulse energy and duration, central wave-
length, focusing geometry, gas pressure, and HCW size, which will
be detailed later.

A. Testing the propagation model

Testing the model against experimental data was a necessary
step in the model development. Here, we have to mention that a
very good agreement was found between experimental data report-
ing dependence along the propagation direction of Ar fluores-
cence’” and the total electron density obtained from simulations.”

Successful tests’ were also performed against results
obtained from solving the Schrodinger equation for pulse propa-
gation in the HCW.?° In addition, we used two different methods
to validate the split-step method: one solving the propagation
equation in the time domain by finite differences and the other
using normal mode decomposition in the frequency domain to
solve Maxwell’s equations. Both methods are available in
Lumerical software,”’ and in this framework, we built a three
dimensional model for pulse propagation in a straight HCW in
vacuum. The Gaussian profile obeying the optimal coupling con-
dition for the beam size was assumed at an injection plane.
We have to mention that, for reasons of memory and run-time
limitations, the Lumerical calculations were performed only on a
smaller size HCW. While with a split-step method we solved the
propagation in a HCW having length L = 8 mm and diameter

1.2 T T T T T T T

1.0

—— Split-step
Lumerical EME
——— Lumerical FDTD

0.8+

0.6

0.4 +

Normalized intensity

0.2 T
0.0 041

012 013 014 0?5 056 0i7 0.8
z (mm)
FIG. 1. On-axis normalized intensity calculated for a HCW with the split-step

method described in Sec |l and with two Ansys Lumerical modules: Eigen Mode
Expansion (EME) and Finite Difference Time Domain (FDTD).
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D = 70um, with Lumerical models, the waveguide was scaled
down to L/10 in length and D/+/10 in diameter. In the end, split-
step results were also adjusted to take into account the different
attenuation factors’® in the two waveguides. The results are given
in Fig. 1, and as one can see, the agreement between the
Lumerical results and the split-step method was satisfactory.

Simulation results of the model for HHG conditions close to
specific experimental situations using 800 nm pulses and a pressure
profile similar to the one used here™”” or in a multijet configura-
tion™® were reported earlier.

B. Influence of the initial beam profile at an
injection plane

The large majority of the results reported in the literature’**

are obtained assuming that the initial profile of the field at the
entrance of the HCW (with a radius a) is a Bessel profile, because the
Gaussian having the waist at an optimal coupling value, w = 2a/, is
very close to the Jy(r/a) profile. However, we found out that the
propagation along the HCW is noticeably dependent on the choice of
the initial profile. The difference comes from the modal decomposi-
tion of the two profiles. While the Bessel profile contains only the
fundamental mode EHj;, the Gauss profile decomposition contains
also higher order modes. Although the amplitudes of these modes are
small compared to fundamental, the beating of these modes produces
oscillations of the total field during propagation. In Fig. 1, these oscil-
lations are clearly present, regardless of the method used to calculate
the field.

The mode beating for a 25 fs pulse at 2000 nm central wave-
length can be seen in Fig. 2(a), where for three different plateau
pressures, we show the on-axis peak intensities along 8 mm in the
HCW of constant 70 um diameter. The pressure profile was calcu-
lated* in an OpenFoam"' model taking into account the injection
and exit holes for the gas in the HCW. As one can note, the mode
beating survives at all pressures and maintains the positions of
minima and maxima at different pressures; however, the intensity
for 10 bar peak pressure drops more with the propagation distance.
The pulse energy loss is also dependent on pressure being around
30% for 1 bar and 50% for 10 bar peak pressure. Figure 2(b) shows
the energies of the three lowest order modes, which confirm the
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transfer of energy between the modes and produce oscillations of
the total field intensity via mode beating. Seen in Fig. 2(c) are the
radial profiles of the driving field intensity for a few z positions,
including the HCW exit. The deviations from a Gaussian profile
are obvious, but due to the low ionization fraction, the profiles pre-
serve a high intensity close to the axis and decrease continuously
toward the HCW walls. The radial profiles for a few harmonics at
the HCW exit are also shown, confirming the HHG in a region
well confined around the guide axis.

On the other hand, the Bessel initial profile will yield a much
smoother intensity profile in the guide and a different phase of the
driving field, and this will produce different HHG conditions in
terms of a single atom response and phase matching. Therefore,
from the point of view of achieving a realistic description of the
HHG process, the choice of the initial radial profile as close as pos-
sible to the experiment is very important, although it looks a rather
technical detail.

C. Beam propagation in modulated HCW

One can build a large variety of HCW as well as various config-
urations”” for the gas flow. The combination of these parameters can
lead to a variety of driving field intensity and pressure profiles, which
will govern the efficiency of the HHG process and the spectral com-
position of the attosecond pulse trains. One of the structures that is
proposed here for an HHG experiment is the HCW with a variable
diameter. In such a structure, the mode beating has a variable
period; therefore, in principle, one could control the evolution of the
laser intensity and phase in order to optimize the HHG yield.

We consider in the following two cases of cylindrical and
conical shapes, the first one with a constant diameter of 70 um, the
second having a linearly variable diameter starting from 70 um at a
beam input and ending after 8 mm with a diameter of 50 um.
A pulse of 25fs duration, 0.15m] energy, and 2000 nm central
wavelength propagates in the He gas at 10 bar peak pressure. The
input peak intensity depends on the initial waveguide diameter as
we imposed best coupling in each case.

The on-axis peak intensities along the waveguide are shown in
Fig. 3(a) for the two cases. These peak intensities are one order of
magnitude higher than the damage threshold"” for fused silica,

......... 10
el e @
------ cone =
L 79 cylinder 8 :’:_/
b - 3
o 61 —— 1 bar 6 © N
Z —— 5 bar £=¥ qC,
2 54| —— 10 bar s e =4
‘0 i\ \ °
5 M\ o\ g
4 N At S AN
13
3 T 0 0
0 1 2 3 4 5 6 7 8 0 1

T T T T T
conical HCW (c)
——z=08mm |
z=1.6mm
——z=24mm |
z=32mm

Harmonic intensities at exit (arb. units)

Intensity (10" W/cm?)
w

z (mm)

FIG. 2. (a) On-axis peak intensities in the cylindrical HCW and for three different pressures. The 10 bar pressure profiles for both cylindrical and conical HCW are also
shown. (b) Mode energies of the first three lowest order modes; the arrows indicate the region where the energy transfer between the first two normal modes takes place.
(c) Radial dependence of the driving field intensity (left axis) after a few propagation distances indicated in the legend. The distortion of the profile is due to the higher
order mode contributions to the total field. Radial profiles at exit for a few harmonics (right axis) are also shown.
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10™ . . . .
10 Polarization at fiber exit (b)
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Harmonic order

FIG. 3. (a) On-axis peak intensity along the propagation distance for cylindrical and conical waveguides as specified in the legend. The pulse energy evolution is also

shown. (b) Single atom polarization at a fiber exit for the two waveguides.

which is approximately 10'* W/cm?. Under optimal launch align-
ment conditions, the proposed guiding structures are capable of
handling these energy densities without being damaged. Indeed,
the main characteristic of hollow core waveguides is that the light is
confined to an air core rather than in a solid material, thus allowing
to work with extremely high laser peak energies, even some order
of magnitude higher than the damage threshold.”” The thermal
load due to radiative losses along the waveguide constitutes a
second source of damage, and overheating of the fused silica sub-
strate might degrade the device; thus, active cooling systems are
experimentally used to mitigate this effect, such as water cooling.**

The intensities shown in Fig. 3(a) demonstrate that by changing
the HCW diameter, one can modify the evolution of the intensity
(and phase, not shown here) inside the HCW. As we see here, one
can prevent the decrease of the peak intensity in the second part of
the waveguide (due to propagation losses) by using the conical con-
vergent waveguide. The most important gain though is the single
atom polarization. This is shown in Fig. 3(b) for the on-axis fiber
exit, and one can see that both the cutoff and the yield are enhanced
in the conical geometry, and this holds for the last 5 mm of propaga-
tion where the intensity of the conical waveguide departs from that
of the cylindrical one. One can also note multiple cutoffs in the
polarization spectra, generated in different half-cycles of the driving
pulse. For the conical case, these multiple cutoffs fall in the spectral
region where an enhancement was observed, as we will see in the
following.

The harmonic spectra built in the two types of waveguides are
shown in Fig. 4, where we represent the yield as an emission power,

a

Y(g, zp) = 271:[ E;(r, zy, q)rdr, (6)

0

in the near field at fiber exit zy = 8 mm. The most striking feature
of the spectrum for the conical HCW is the yield at very high
orders, amplified in a very large order range (from 450 to 700),

which corresponds to photon wavelengths in the range from 2.85
to 4.5 nm. The spectrum shows a cutoff around harmonic order 700,
which corresponds to about 430 eV, which is in the water window
and also above the nitrogen K-edge (410 eV). Two other interesting
spectral ranges show yield enhancement of the power: one around
7.6nm and the other in the 11-13 nm range. The power spectrum
generated in the cylindrical HCW shows less enhancement at very
high orders but a higher yield below order 100 (20 nm).

D. Quasi-phase-matching in HCW

In the following, we will analyze finer details of the HHG
process for the cylindrical and conical geometries. Shown in Fig. 5
is the dependence on the propagation distance of the emission
power Y(g,z) and atomic polarization at 3.75nm photon

1000

800+

cylindrical
—— conical

600+
2.85-45nm

"

400

Near field power spectrum
N
8

o
|

100 200 300 400 500 600 700
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FIG. 4. Harmonic near field at 8 mm, built-up in the conical and cylindrical

HCW. The spectral regions with field enhancement are also mentioned in terms
of wavelengths.
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wavelength (q = 531) for the conical (a) and cylindrical (b) geome-
tries. Here, the emission power is the integral [Eq. (6)] calculated
over the cross section of the guide and for all grid points of the
axial direction, while atomic polarization is an average of the polar-
ization along the radial direction. One can see that the atomic
polarization has strong variations along the propagation direction,
and the emission power shows a steady increase in the first 5 mm
and then a continuous decrease for the next 3 mm. However, in
both cases, we see regions where atomic polarization has strong
yields, alternating with regions with weak signals. This is due to
mode beating inside the HCW, which produces regions of high
driving intensities followed by regions of low intensity and low ion-
ization, thus low polarization signals. In fact, the oscillations that
we see in the driving field intensities in Fig. 3(a) (with maxima
around 1.5, 3, and 4.5 mm) are also observed in the variations of
the polarization with maxima of yield in the same positions. This is
clearly seen in Fig. 5(a) for the conical case, while for the cylindri-
cal geometry [Fig. 5(b)], we observe only two regions with intense
polarization and a steady decrease after. In the last 3 mm, the
atomic polarization for both cases is weaker and does not contrib-
ute anymore to the increase of the total harmonic field.

The alternation of regions of strong and weak sources for har-
monics has been identified'”'" as having potential for inducing a
QPM regime of HHG. In Ref. 11, the propagation of the driving
field was solved only for vacuum and the harmonic buildup was
obtained using a 1D code under optimal matching conditions for
the normalized harmonic source terms. Here, both driving field
and harmonic field were calculated in a 3D geometry assuming an
axial symmetry of the problem and phase matching at a micro-
scopic level dictated by the phases of the single atom response
and the total harmonic field. Our results also suggest a QPM
regime of a harmonic buildup. The evolution of the emission power
in Fig. 5(a), having regions of a strong increase (corresponding to a
high yield of polarization) alternating with regions of almost no
increase (where polarization is weak). For the cylindrical case, the
decrease of the peak intensity of the driving field is dominant over

the beating oscillations so that we only see the first jump in the har-
monic intensity.

In Fig. 6, we present the results of a similar analysis for two
lower order harmonics at 7.6 nm (g = 263) and 5.5nm (g = 361),
which in the power spectrum at a conical HCW exit (Fig. 4) show a
local narrow maximum and, respectively, a minimum of emission.
As the scale is the same as in Fig. 5, one can see that the atomic
polarization is more than two orders of magnitude higher because
we have lower orders, but the emission power evolution does not
follow anymore the maxima of the single atom polarization. Here,
we have two examples in which the coherence length of the QPM fit
only partially (for g = 263) or does not fit (for g = 361) with the
spacing between two successive maxima for the polarization. In
Fig. 6(a), the total emission shows a first maximum corresponding
to the first polarization maximum and a second revival as it over-
laps partially with the second polarization maximum. For ¢ = 361
[Fig. 6(b)], the total emission shows only a region of enhancement
corresponding to the first maximum of polarization while is
clearly not sensitive to its second maximum, as it is also the case
in Fig. 6(a) at the third polarization maximum.

The picture coming out from these results (Figs. 5 and 6) is
that the spatial distribution of the single atom polarization for a
specific range of frequencies is in close dependence on the spatial
distribution of the laser field intensity, which in turn is governed
by the mode beating inside the HCW. The pressure or better the
distribution of pressure influences the strength of the polarization
but less the driving field intensity. When quasi-phase matching
coherence length equals the pace in which polarization varies, we
see the increase in the total harmonic field (Fig. 5); otherwise,
this condition can be partially fulfilled [Fig. 6(a)] or not fulfilled
[Fig. 6(b)]. While polarization has almost constant periodicity in
space, QPM coherence length decreases during propagation so
that the QPM condition deteriorates. This can be seen in all cases
so that toward the exit from the guide, the harmonic yield decreases,
also because of the decrease of the pressure, absorption playing a
minor role for high-order harmonics.
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An interesting issue is HHG at the high pressures’” we assumed
in the calculations. For such a high pressure, the probability of excit-
ing neighboring atoms by laser-released high-energy electrons is not
negligible and has to be considered. Experiments*™" at driving field
intensities around 5 x 10'® W/cm? and in high densities, gas jets
evidenced the presence of different excitation mechanisms that
are contributing in different ratios to the overall x-ray emission
yields. At these high intensities, direct HHG emission competes with
indirect collisions with neighboring atoms by electrons having “drifted
away” from the original parent ion. However, HHG experiments per-
formed at one order of magnitude lower intensity and 3.9 um driving
wavelength*® found that the optimum pressure for an HHG vyield is
around 35 atm. This supports the assumption that at lower intensities,
perturbation of the electron trajectories from the neighboring atoms is
rather a source of decoherence, without affecting too much the single
dipole amplitude and phase and consequently the phase matching
process.

IV. CONCLUSIONS

In the present work, we studied the generation of a high-order
harmonic by mid-infrared femtosecond laser pulses in a high pressure
helium gas sample, confined inside cylindrical or conical hollow wave-
guides. The reduction of the waveguide radius along the propagation,
like in the conical configuration, results to improve the generation
process in terms of a spectral distribution and emission power.
Interestingly, it also shows enhanced emission of wavelength
photons under 14 nm. This buildup of the harmonic field in the
water window region is due to quasi-phase matching induced by
the oscillations of the single atom polarization, which in turn
originates from driving field intensity variations due to mode
beating inside the hollow core waveguide.

From an experimental point of view, these hollow waveguide
structures could be easily produced by laser micromachining tech-
niques as previously demonstrated.”” Technical challenges, such as
implementation of the vacuum system for high gas pressures or

elimination of the thermal load due to radiative losses along the wave-
guide, are still to be solved. The perspective of compact and efficient
laser sources in the extreme ultraviolet region will be of great impact
in fields, such as XUV metrology and photolithography, which pres-
ently rely either on large synchrotron facilities"” or bulk, low efficiency,
plasma based sources.”
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