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Pulse compression to subcycle field waveforms with
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Carefully dispersion- and nonlinearity-managed cascades of gas-filled hollow-core fibers enable, as our theoretical
analysis shows, efficient pulse compression with ultrahigh compression ratios. With dispersion and nonlinearity of
individual fibers in such cascades optimized toward distinctly different goal functions, millijoule picosecond laser

pulses can be compressed to sub-100-GW subcycle field waveforms.
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Hollow-fiber-based pulse compression [1,2] is one of the
key technologies of present-day ultrafast optics, capital-
izing on the earlier groundbreaking achievements in
fiber-based pulse compression [3-5]. Over the past few
years, these technologies have been constantly progress-
ing toward shorter pulsewidths, higher pulse energies,
broader output spectra, and more accurate control over
the properties of compressed pulses [6,7]. As the most
recent breakthrough, synthesis of high-energy subcycle
optical pulses with an unprecedented control over field
waveforms has been demonstrated [8]. Cascading of hol-
low fibers [9] can drastically enhance the spectral broad-
ening and temporal compression of ultrashort laser
pulses [10,11]. The key argument behind this strategy
of pulse compression is based on a simplified theory
of self-phase modulation (SPM), where the deviation of
the instantaneous frequency of the field, w(x), from its
central frequency w, (7 is the retarded time in the frame
of reference related to the pulse), Aw(n) = w(n) — wy, is
controlled by the time derivative of the intensity
envelope I(n) [12], Aw(y) « 0I(y)/on. With a standard es-
timate |0I(n)/on| ~ Iy/z, where I, is the maximum field
intensity and 7 is the pulsewidth, the maximum SPM-
induced bandwidth Awgpy scales as 2. This strong
dependence of Awgpy On 7 suggests that a pulse compres-
sion stage between two hollow fibers of equal length L
can enhance spectral broadening relative to a single
hollow fiber of length 2L.

Here, we show by means of numerical simulations that,
alongside the strong dependence of SPM-induced broad-
ening on the pulsewidth, dispersion becomes a central
factor for the performance of hollow-fiber-cascade pulse
compressors when laser pulses acquire bandwidths sup-
porting compression to single-cycle pulsewidths. In the
following, we identify distinctly different optimization
strategies for individual stages of cascaded hollow-
fiber pulse compressors. While standard hollow-fiber
compressors typically compress sub-50-fs pulses to few-
or single-cycle pulsewidths, cascades of hollow fibers
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(Fig. 1) with carefully optimized dispersion and nonli-
nearity will be shown to allow millijoule picosecond laser
pulses to be compressed to high-contrast sub-100-GW
subcycle field waveforms. This latter option is of special
value for rapidly progressing thin-disk laser sources,
delivering high output powers at multikilohertz and meg-
ahertz repetition rates [13,14].

The model used in this work to simulate the propaga-
tion dynamics of high-energy near-IR laser pulses in
cascades of gas-filled hollow fibers is based on an
appropriate modification of the generalized nonlinear
Schrodinger equation (GNSE) [15-17], which includes
dispersion effects, Kerr nonlinearity of the gas filling
the hollow fiber, ionization-induced loss and nonlinear-
ity, shock-wave effects, as well as the leakage of modes
from the hollow fiber:
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Fig. 1. Pulse compression with cascaded gas-filled hollow

fibers.
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Here, A(n, 2) is the complex field amplitude, A(w, 2) is
its Fourier transform, 7 is the retarded time, w is the
frequency, z is the propagation coordinate, D = f(w) -
P(wg) — 0p/0w|,,,(w — wy) is the dispersion operator, w,
is the central frequency of the input laser field, f(w) is
the propagation constant of the relevant waveguide
mode, a(w) is the linear loss due to hollow-fiber mode
leakage, F is the Fourier transform operator, Ny 1S
the nonlinear refractive index, c is the speed of light in
vacuum, 7' =1 + @'wald/dn, ng is the refractive index at
the frequency w, p is the electron density, W is the photo-
ionization rate, U; = Uy + Uy, Uy is the ionization
potential, Uy = €21/(2egcmen?®) [15] is the energy of
field-induced electron oscillations, p, = wym,&,/e> is the
critical plasma density, m, and e are the electron mass
and charge, respectively, p, is the initial density of neu-
tral species, o(w) = €2t [m,eyc(1 + w?7%)]"! is the inverse
bremsstrahlung cross section, and 7z, is the electron
collision time [16].

In our model, the GNSE is solved jointly with the equa-
tion for electron-density dynamics, including photoioni-
zation and impact ionization. The photoionization rate
was calculated using the Keldysh formalism [18]. Impact
ionization was modeled using the Drude-model formula
for the bremsstrahlung cross section [15]. The gas
dispersion is included in the model using the Sellmeier-
formula coefficients from [19]. Parameters of the gas and
the waveguide are chosen in such a way [20,21] as to
avoid laser-induced damage of the waveguide and to
keep the electron density inside the fiber core seven
to 11 orders of magnitude lower than the critical electron
density.

The input laser pulses were assumed to have a
Gaussian temporal envelope with an FWHM pulsewidth
7o = 1 ps, a central wavelength 4, = 1030 nm, and an en-
ergy Ey = 1.4 mJ. The spectrum of input laser pulses is
shown by the dashed line in Fig. 2. Parameters of the
input laser pulses are chosen in such a way as to mimic
a typical amplified thin-disk laser output [13,14]. Pulse
compression within this range of parameters is known
to be a challenging problem because of the long
pulsewidth and high energy of input laser pulses. We
show below that this problem can be solved with the
use of properly dispersion- and nonlinearity-optimized
cascades of gas-filled hollow-core fibers.

To this end, we consider a cascade of two hollow fibers
(Fig. 1), where SPM-induced spectral broadening in the
first fiber of the cascade is followed by pulse compres-
sion, providing the input for the second hollow fiber of
the cascade. Dispersion and nonlinearity optimization
strategies for the two fibers in the cascade are drastically
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Fig. 2. Pulse compression with a cascade of two gas-filled
hollow fibers consisting of a first fiber withd = 285 pmand L =
200 cm filled with xenon at p = 1 bar and a second fiber with
d = 360 pm and L = 300 cm filled with argon at p = 1.35 bar:
(a), (b) spectra at the input (dashed line) and output (solid line)
of (a) first and (b) second fiber with a dispersion profile as
shown by the dashed-dotted lines. The output spectral phase
is shown by the dotted line. (c), (d) Envelope (solid line)
and phase (dashed-dotted line) of the output of (c) first and
(d) second fiber compressed through a compensation of the lin-
ear chirp only, the phase of the fiber output (dotted line, upper
time scale), and the transform-limited pulse supported by the
entire spectrum at the output of the nonlinear medium (dashed
line). (e), (f) Spectrograms for the pulses at the output of (e)
first and (f) second fibers.

different because of dramatically different pulsewidths
and bandwidths of field waveforms at the input of these
fibers. The first fiber, intended to provide efficient spec-
tral broadening of long, 1 ps laser pulses, is designed in
such a way as to achieve an acceptable compromise be-
tween the efficiency of SPM, which dictates small fiber
inner diameters d, and the waveguide loss combined with
the risk of laser damage of the fiber walls, both rapidly
growing with a decrease in d.

This assignment is fulfilled with a hollow fiber with an
inner diameter d = 285 pm filled with xenon at a pres-
sure p = 1 atm. The fiber length, L = 200 cm, is chosen
in such a way as to maximize SPM-induced spectral
broadening in a fiber with a loss [12]. With such a choice
of parameters, the energy fluence on the fiber walls is at
least two times lower than the laser-damage threshold
(~2 J/cm? [22,23]), while the waveguide loss of 38%, cor-
responding to a throughput of 62%, is still acceptable. The
utility of few-meter-long gas-filled hollow fibers for the
spectral broadening of ultrashort laser pulses has been
demonstrated by Nagy el al. [24]. Xenon is chosen due
to its high nonlinearity. The ionization potential for
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xenon is Uy = 12.06 eV, 7, = 190(Py,/p) fs [15], and
the nonlinear refractive index is m, =8-107"
(D/Patm) cm> WL p.. being the atmospheric pressure
[25]. The input peak power of laser pulses for this set
of parameters, P~ 1.3 GW, is approximately a factor
of 1.5 lower than the critical power of self-focusing for
a freely propagating beam, P, = 3.724%/(8zanyn,), where
ng is the refractive index, giving P.. ~2 GW for Xe at
p~1atm and 1 = 1030 nm.

SPM, which dominates the nonlinear evolution of laser
pulses in the first fiber, gives rise to a trademark symmet-
ric broadening of their spectra [Fig. 2(a)]. The spectral
bandwidth at the fiber output is quite accurately
described in this regime by a standard estimate [12]
e~ey= (1+(0.88-B)?)/2 where € = Awqy/Awin, Aoy,
and Aw,,; are the input and output bandwidths, and B is
the B integral. In the regime of spectral broadening illus-
trated in Fig. 2(a), our numerical simulations give € ~ 26.8
and B ~ 30.8. The ¢, ratio calculated with such a B is only
1% larger, &y ~ 27.1.

Following linear chirp compensation (LCC), e.g., using
a grating pulse compressor, whose throughput is taken
equal to 75%, the fiber output is transformed into a pulse
with the FWHM pulsewidth of the central peak
7~ b51.7 fs. The transform-limited pulsewidth supported
by the entire spectrum of the fiber output is 7; =
51.2 fs [dashed line in Fig. 2(c)], which is only 0.5 fs
shorter than the LCC pulsewidth, indicating efficient sup-
pression of high-order phase distortions [dashed—dotted
line in Fig. 2(c)].

To quantify the quality of pulse compression, we use
the ratio @ = E,/E, of the energy E, contained within
37 in the central peak of the compressed pulse to the total
energy of the output pulse E;. A small ¢ means that a
pulse contains a powerful pedestal, while @ close to unity
corresponds to a high-contrast pulse. For the 51.7 fs com-
pressed pulse behind the first stage of the fiber cascade,
Q1 = E,1/Ey =~ 63% [solid line in Fig. 2(c)], where E; is
the energy of the central peak in the compressed output
and E,; is the total energy of the compressed pulse.

We now let the LCC-compressed output of the first
fiber propagate through the second hollow-filled wave-
guide in our cascade. Since the pulses are much shorter
at this stage of pulse compression, with their SPM-
broadened spectra spanning over more than an octave
toward the output end of the fiber [Fig. 2(b)], self-
steepening starts to contribute to the nonlinear dynam-
ics, enhancing the high-frequency part of the spectrum
and making the phase profile of the field more compli-
cated [dotted line in Fig. 2(d) and the map of Fig. 2(f)].
The phase of the field becomes even more distorted
when the long-wavelength part of the spectrum falls be-
yond the zero-GVD point into the range of anomalous
dispersion [Fig. 2(b)]. In view of these effects, a drasti-
cally different strategy of fiber optimization is needed
at this stage to include conflicting requirements on pulse
parameters imposed by the efficiency of spectral broad-
ening and pulse compression quality.

As the inner diameter of the second fiber is set equal to
its minimum value, d = 240 pm, corresponding to a laser
damage of fiber walls (shown by the dashed vertical line
in Fig. 3), pulses as short as 2.0 fs can be generated
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Fig. 3. Optimization scan for the second fiber in the cascade
for an input laser pulse with a spectrum and temporal envelope
as shown in Figs. 2(a) and 2(c): the LCC-compressed pulse-
width (filled circles), throughput (rectangles), pulse compres-
sion quality (asterisks), and optimal compression length
(open circles) are shown as ordinate axes; the inner fiber
diameter, the second-order fiber dispersion coefficient, and
the on-axis fluence are given along the abscissa axis. The boun-
dary of the fiber laser-damage threshold is shown by the vertical
dashed line.

through an LCC of the output of an a 1.25 m stretch of
hollow fiber filled with argon (ny, =1.15.10"1
(0/Daim) c®> W1 [25], U, =15.76 eV, and 7, = 190
(Pamm/p) fs [14]) at p = 1.35 bar (Figs. 3 and 4). The peak
power of laser pulses at the input of the second fiber,
P~ 6.8 GW, is approximately a factor of 1.5 lower than
the critical power of self-focusing for a freely propagating
beam, P.. ~10 GW for Ar at p~135atm and 1=
1030 nm. The electron density on the axis of the hollow
fiber in this regime was on the order of 104 cm3, still
having virtually no influence on field dynamics. A mod-
erate pulse compression quality in this regime, @y =
E 2 /E s ~ 40% (asterisks in Fig. 3), reflects severe phase
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Fig. 4. Pulse compression with a cascade of two gas-filled
hollow fibers consisting of a first fiber withd = 285 pmand L =
200 cm filled with xenon at p = 1 bar and a second fiber with
d = 240 pm and L = 125 cm filled with argon at p = 1.35 bar:
(a) spectra at the input (dashed line) and output (solid line) of
the second fiber with a dispersion profile as shown by the
dashed—dotted line; the output spectral phase is shown by
the dotted line. (b) Envelope (solid line) and phase (dashed—
dotted line) of the output of the second fiber compressed
through a compensation of the linear chirp only, the phase
of the fiber output (dotted line, upper time scale), and the trans-
form-limited pulse supported by the entire spectrum at the
output of the nonlinear medium (dashed line).



distortions [Figs. 4(a) and 4(b)] arising when the red wing
of the spectrum falls beyond the zero-GVD wavelength
A, ~ 1050 nm [Fig. 4(a)]. With larger fiber inner diame-
ters, the zero-GVD wavelength is shifted to longer wave-
lengths [4, ~ 1300 nm for d = 360 pm; Figs. 2(b) and 3],
allowing slightly longer but still subcycle pulses to be
generated [Figs. 2(d) and 3] with a substantially higher
compression quality and a higher throughput (rectangles
and asterisks in Fig. 3). The on-axis electron density in
this regime never exceeded 10! cm, leading to no
detectable changes in field dynamics.

In Figs. 2(b) and 2(d), we show how an LCC-
compressed output of the first fiber of the cascade
[dashed line in Fig. 2(c)] can be transformed to a sub-
cycle field waveform through spectral broadening in a
hollow fiber with d = 360 pm and L = 300 cm filled with
argon at p = 1.35 atm. Such a fiber provides normal
dispersion up to a zero-GVD wavelength at 1300 nm
[dashed-dotted line in Fig. 2(b)]. The supercontinuum
generated at the output of such a waveguide with a
throughput of 71% has a spectrum spanning over more
than an octave [solid line in Fig. 2(b)], supporting a trans-
form-limited pulse with 7;,~2.8 fs [dashed line in
Fig. 2(d)]. Pulse compression based on LCC yields a
pulse featuring the main peak with 7 ~ 2.8 fs [solid line in
Fig. 2(d)] with a compression quality @, = E)3 /E}, ~ 50%,
where Es is the total energy of the compressed pulse at
the output of the second fiber. The main peak of the com-
pressed pulse carries an energy E,,» ~ 0.17 mJ, providing
a peak power of about 61 GW in a subcycle field
waveform.

For octave-spanning spectra achieved in the second
fiber, supporting single-cycle, and even subcycle trans-
form-limited pulsewidths, self-steepening and high-order
dispersion effects start to play an important role, giving
rise to asymmetric spectra [Fig. 2(b)] and complex phase
profiles [Figs. 2(b) and 2(d)]. In these regimes, simple
relations between the spectral broadening and the B in-
tegral fail. Indeed, while for the B integral achieved in our
simulations presented in Figs. 2(b) and 2(d), B~ 27.7
dictates ¢y ~ 24.4, the spectral broadening observed in
simulations corresponds to ¢~ 13.4.

The optimal fiber length L, for pulse compression in
this regime of extremely short field waveforms can also
drastically differ from the standard result largely based
on slowly varying envelope approximation (SVEA) analy-
sis, giving [5] Loy, ~ (LqLny)/?, where L, = 73|f;| ! is the
dispersion length, 8, = 0°#/dw? is the GVD coefficient,
and L, = ¢/(wnyl) is the nonlinear length. Specifically,
with the dispersion and nonlinear lengths estimated as
L; =76.4 mand L, = 7.6 cm using the input pulsewidth
for the second fiber in our pulse compressor, the SVEA
gives the following optimal fiber length for pulse com-
pression: Loy = 1.4(LyLy)"/? ~ 340 cm. Numerical simu-
lations, on the other hand, show that the optimal
compression is achieved with a 3 m stretch of fiber.

To summarize, we have shown that cascaded hollow-
core fibers with properly managed dispersion and nonli-
nearity can enable a high-throughput compression of
millijoule picosecond laser pulses to high-contrast
sub-100-GW subcycle field waveforms.
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