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Abstract: Post-pulse-compression is demanded to produce energetic few-cycle pulses. We propose
pre-chirp-managed adiabatic soliton compression (ASC) in gas-filled pressure-gradient hollow-core
fibers to suppress the detrimental pedestals and therefore significantly improve the compressed
pulse quality. We show that two-stage ASC can compress 125 pJ, 130 fs pulses at 2 pm to a nearly
two-cycle pulse 15 fs in duration. Our analytical analysis suggests that ASC is in favor of compressing
pulses centered at a longer wavelength. As an example, a 280 uJ, 220 fs Gaussian pulse at 4 pm is
compressed to 60 fs with minimal pedestals. We expect that the resulting high-quality, energetic
few-cycle pulses will find important applications in high-field science.
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1. Introduction

High-energy (>100 uJ) few-cycle optical pulses with high average power (>100 W)
are increasingly demanded by high-field science. To date, nearly all these powerful and
energetic pulses are obtained via post-compression of relatively long pulses [1]. In gen-
eral, pulse compression techniques can be divided into two types: (1) nonlinear spectral
broadening followed by a dispersive device for proper phase compensation and (2) soliton
self-compression without further phase removal. Both types of compression involve strong
nonlinear light-matter interaction such that the optical pulse acquires a huge nonlinear
phase, resulting in substantial spectral broadening. In the first type of pulse compres-
sion (e.g., multi-plate compression), the spectrally broadened pulse develops frequency
chirp and thus requires dispersive devices such as chirped mirrors for pulse dechirping
to generate a few-cycle pulse. In contrast, the second type of compression relies on the
formation of a high-order soliton as a result of pulse propagation in a waveguide with Kerr
nonlinearity and negative group-velocity dispersion (GVD). More specifically, an input
pulse given enough energy evolves into a high-order soliton inside the waveguide and
experiences spectral broadening. Such evolution leads to a compressed, chirp-free pulse,
which does not need an extra dechirping device. Although both types of pulse compression
techniques are successful in producing high-power, energetic few-cycle pulses, they suffer
one common drawback: the compressed pulse exhibits a relatively large pedestal, which
compromises its applications in high-field science. This unwanted pedestal in the first type
of compression arises from the uncompensated high-order spectral phase; for the second
type, it originates from the intrinsic property of a high-order soliton.

Besides high-order soliton compression, compressed chirp-free pulses can also be
obtained using adiabatic soliton compression (ASC) [2-13]. ASC differs from high-order
soliton compression in that the pulse to be compressed evolves into a fundamental soliton
as propagating in a waveguide with negative GVD. A fundamental soliton results from
a balance between Kerr nonlinearity and GVD, and hence increasing the nonlinearity or
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decreasing the GVD along the pulse propagation renders a gradual decrease in the pulse
duration to reinforce a local nonlinearity-GVD balance [2]. Consequently, the input pulse
is continuously compressed along the propagation. Despite the perturbation by high-order
nonlinearities and dispersion, the compressed pulse stays close to be a fundamental soliton,
and the pedestal is significantly suppressed.

ASC has been demonstrated to achieve pulse compression in single-mode fibers with
amplification [3-5], dispersion-decreasing fibers [6-9], and non-uniform grating struc-
tures [10]. All these demonstrations were achieved in fibers with solid cores. Recent years
have seen intense research on nonlinear optical phenomena arising from propagation of
femtosecond pulses inside gas-filled hollow-core fibers (HCFs) [11]. These HCFs are widely
used to implement the above-mentioned two types of pulse compression [1]. However,
ASC in gas-filled hollow-core fibers is rarely investigated. Laegsgaard et al. presented a the-
oretical study on ASC limited by third-order dispersion and the Raman effect in photonic
bandgap fibers [12]. Huang et al. experimentally studied ASC in the presence of strong
ionization, which demonstrated a 300 nm blueshift of the soliton central wavelength [13].
In this paper, we study the ASC of femtosecond pulses in pressure-gradient HCFs, with
the focus on how to optimize the process to produce high-quality, pedestal-free few-cycle
pulses. We show that introducing positive pre-chirp to the pulse prior to compression
facilitates ASC and improves the compressed pulse quality. The pedestal stays ~30 dB
below the pulse peak. We further demonstrate that two-stage ASC can generate two-cycle
pulses at 2 um. We also discuss the performance of ASC in compressing pulses centered at
4 um.

2. Simple Analysis of ASC in Pressure-Gradient HCFs Based on the Soliton
Area Theorem
According to Ref. [14], the GVD of the fundamental mode in an HCF is given by
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where p, is the gas density relative to standard conditions, c the speed of light in vacuum,
ug1 the first zero of the zeroth-order Bessel function of the first kind, and a the core radius.
f(w) = dxM + wd? x(V /2, and 9,, is the derivative with respect to the frequency w.
xV(w) is the linear susceptibility of the gas. Equation (1) shows that GVD includes two
contributions: (1) positive gas dispersion and (2) negative waveguide dispersion.

The Kerr nonlinear parameter of the gas is defined by y = nywy/ (cAeff), where 1,
is the nonlinear index coefficient. A.¢r ~ 1.654? is the effective mode area for a negative-

curvature HCF (e.g., antiresonant HCF) [15]. The nonlinear parameter is related to the gas
density and fiber core radius by
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where 1y corresponds to the nonlinear index coefficient of the gas under standard condi-
tions. The well-known soliton area theorem connects the pulse energy Ej and the full-width
at half-maximum (FWHM) of the fundamental soliton, T, written as
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Plugging Equations (1) and (2) into Equation (3) and considering p, being proportional to
pressure p, we obtain the following equation:
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Equation (4) clearly shows that increasing the gas pressure along an HCF can effectively
decrease the pulse duration. Indeed, pressure-gradient HCFs are widely employed to
control the nonlinear interaction between the filled noble gas and the optical pulse [16-18].
Equation (4) seems to suggest that increasing the input pulse energy is another efficient
way of shorting the pulse duration. However, an increased pulse energy and reduced
duration may result in high enough peak power that causes strong ionization and therefore
degrades the compressed pulse quality. To avoid detrimental ionization effects, we set a
limit to the gas ionization such that the variation of the refractive index induced by gas
ionization is less than the index variation induced by the Kerr effect. Such a limit leads to
following equation that connects the pulse energy, the pulse duration, and the fiber core
radius [19]:

a> ATy “Ef ()
where & ~ 0.45 and 3 ~ 0.51. A3 is a constant, which depends on the filled gas.

A combination of Equations (4) and (5) determines the maximum input pulse energy
and the minimum pulse duration at the output of the pressure-gradient HCF:
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Pout is the gas pressure at the fiber output. In most cases, the gas dispersion is much smaller
than the waveguide dispersion, and therefore Equations (6) and (7) are further simplified as
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Figure 1 shows the dependence of E;;;x and T,,;;, on the HCF core radius at different
gas pressure values. We assume the HCF is filled with helium and the pulse is centered at
2 um, which leads to Az ~ 12.6 um fs*/uJP. Given that the helium pressure at the HCF
output is fixed, E;x increases and T),;,, decreases as the fiber core radius is increased. At a
fixed fiber core radius, increasing the helium pressure reduces both E;;;zx and T,,,;,.

Recent years have seen a huge effort to develop high-energy few-cycle pulses with
the center wavelength at ~4 pm, aiming for driving high-harmonic generation to extend
the cut-off energy and produce keV photons [20,21]. These pulses were obtained via post-
compression of initial ~100-fs pulses delivered by optical parametric amplifiers. Indeed,
ASC in pressure-gradient HCFs is in favor of compressing high-energy pulses at a longer
wavelength. Besides the fiber core radius and gas pressure, two other parameters, A; and
Ajz, appear in Equations (8) and (9). A3 is weakly dependent on the pulse wavelength,
and it is 13.9 um fs* /puJP at 4 um. However, A; is proportional to the fourth power of the
wavelength. As Equation (8) shows, increasing the center wavelength from 2 um to 4 pm
can increase E;;qx by a factor of ~4. Figure 2 shows the dependence of E;;x and T}, on the
core radius of an HCEF at different helium pressure values for the pulse centered at 4 um.
The results indicate that ASC in pressure-gradient HCFs is able to compress sub-m] pulses
at4 um.
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Figure 1. Dependence of E;y (a) and T, (b) on the HCF core radius with the helium pressure at 2 bar, 4 bar, 6 bar, 8 bar,
and 10 bar. The pulse is centered at 2 pm.
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Figure 2. Dependence of E;y (a) and T, (b) on the HCF core radius with the helium pressure at 2 bar, 4 bar, 6 bar, 8 bar,
and 10 bar. The pulse is centered at 4 pm.

3. Simulation Results and Discussion

Although Equations (8) and (9) predict the maximum pulse energy and the minimum
pulse duration as a function of the HCF radius and the filled gas pressure, they provide no
information about the compressed pulse quality. To further investigate the ASC process
in detail, we solve the generalized nonlinear Schrodinger equation (GNLSE), taking into
account dispersion, Kerr nonlinearity, and ionization effects [22]:

,Bm Zat 1 (Up2 ,AefpratNe
=i +9(1+iw, 0 +1i , 10
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where ¢ corresponds to the complex field envelope of the pulse and S, denotes the
mth-order dispersion coefficient calculated at the center frequency wy. Iy, Ne, and A, ff
represent the gas ionization energy, the free-electron density, and the effective mode area,

respectively. The plasma frequency w is given by w), = [¢2N,/ (eom.)] 0% where ¢ is the
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vacuum permittivity, e the electronic charge, and m, the electron mass. The free electron
density N, is given by [23]:
oN,
ot

where W(t) is the ionization rate and Nj is the density of gas atoms. The effects of electron
attachment and recombination are neglected in Equation (2) for pulses shorter than 1 ps. In
this letter, we use Ammosov-Delone-Krainov (ADK) theory to calculate the ionization rate

W(t) [24]: -
4w \ T 4wy

= W(#)(No — Ne), (11)

0.5
where wy = I,/h is the transition frequency and n* = Z (Iph/ Ip> is the effective

principal quantum number. wy = e|E(z, t)| [2m], | %% is the tunneling frequency, in which
the carrier-resolved electric field E(z,t) is given by E(z,t) = ,/2/eonocA.¢s9(z,t), and

ng is the linear refractive index. |Cp«|* = 22" [n*T(n* + 1)T(n*)] ', where Z is the net
resulting charge of the ion, I, is the ionization energy of the hydrogen atom, and I'(x) is
the Euler gamma function. It is noteworthy that Equation (10) remains valid even as the
pulse duration approaches one carrier oscillation cycle [25].
For a pressure-gradient HCEF, the gas pressure along the fiber is given by
z

p? =i+ 1 (k- #)- (13)

po and py denote the pressure at the fiber input end and the output end, respectively. L
represents the fiber length.

In the first simulation, we investigate the ASC of pulses at 2 um in antiresonant HCFs,
which feature a large mode area, low transmission loss, negative dispersion, and broadband
transmission [26]. We assume that the antiresonant HCF is 8 m long with a core radius
of 28 um filled with helium with the pressure varying from py = 0.6 bar to p;, = 2.6 bar.
The input pulse is a transform-limited Gaussian pulse centered at 2 pm with 100 pJ pulse
energy and 110 fs duration. These pulses can be experimentally obtained by state-of-the-art
high-power Tm-fiber amplifier systems [18].

Figure 3a shows the pulse evolution along the fiber in the logarithmic scale. Due to
increased gas pressure leading to a reduced group velocity, the center of gravity of the pulse
shifts toward a later time. The central part of the pulse becomes narrower continuously
during the propagation of the first 5 m; for further propagation, it becomes wider and then
narrower again. During the propagation, the ionization is minimal, as expected. The black
curve in Figure 3b plots the FWHM of the pulse as a function of the propagation distance,
and the blue curve shows the FWHM of the corresponding fundamental soliton that shares
the same energy and nonlinear coefficient as the pulse propagating in the HCF. Clearly,
the pulse duration oscillates around the fundamental soliton duration, indicating that the
pulse adiabatically evolves into a fundamental soliton.

The quality of a pulse is quantified by the Strehl ratio defined by the peak—power
ratio between the compressed pulse and the transform-limited pulse. A pulse with a Strehl
ratio of ~0.8 is regarded as a decent pulse. However, most high-energy pulses obtained
by post-compression exhibit much lower Strehl ratios, with a large portion of energy
shed in pedestals and satellite pulses. Figure 3c plots the output pulse (black curve), the
transform-limited pulse calculated from the output spectrum (red dashed curve), and the
fundamental soliton determined by the dispersion/nonlinearity at the fiber output (blue
curve). The input 110 fs pulse is compressed to 38 fs, which is close to the transform-limited
pulse with the Strehl ratio reaching as high as ~0.99. The pedestal stays >28 dB below
the pulse peak; the central part of the compressed pulse has an excellent overlap with the
fundamental soliton pulse and contains 97.5% of the total pulse energy.
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The results in Figure 3b shows that the pulse evolves toward a fundamental soliton.
However, the output spectrum (Figure 3d) clearly indicates that the compressed pulse devi-
ates much from an ideal fundamental soliton that features a spectrum of hyperbolic secant
shape. It is well known that pre-chirping the input pulse into an optical fiber can be used to
control the nonlinear propagation. The pre-chirp management technique has been applied
to nonlinear pulse amplification [27,28], delivery of femtosecond pulses [29-31], nonlin-
ear pulse compression [32-34], dispersive wave generation [35], soliton self-frequency
shift [36], and self-phase modulation enabled spectral selection for generating widely
tunable femtosecond pulses [37]. Here we propose to pre-chirp the input pulse to control
ASC in pressure-gradient HCFs. Figure 4 shows the simulation results corresponding to
the ASC of a positively chirped pulse. In the simulation, we added 2000 fs? group-delay
dispersion (GDD) to positively pre-chirp the 100 pJ, 110 fs Gaussian pulse to a duration
of 120 fs. All other parameters remained unchanged. Figure 4a plots the pulse evolution.
A comparison between Figures 3a and 4a shows that introducing pre-chirp reduces the
duration oscillation of the central part in the compressed pulse. This is more evidently
revealed by the results in Figure 4b: due to the negative GVD, the positively chirped
pulse is shortened more rapidly at the beginning of the compression; the FWHM of the
compressed pulse quickly converges to the FWHM of the fundamental soliton after 3 m
propagation. At the HCF output, the optical spectrum (black curve in Figure 4d) is close
to the soliton spectrum (blue curve in Figure 4d). Consequently, compared with the ASC
of the un-chirped pulse, pre-chirp-managed ASC leads to a compressed pulse with the
pedestal further suppressed (Figure 4c). In this case, the pedestal stays >37 dB below the
pulse peak. The input pre-chirped 120 fs pulse is compressed to 37 fs (corresponding
to 5.5 cycles) with the Strehl ratio reaching as high as ~0.99, and the central part of the
compressed pulse contains 99% of the total pulse energy.

The results in Figure 4 demonstrate that pre-chirp-managed ASC in pressure-gradient
HCFs can produce high-quality few-cycle pulses with the pedestal significantly suppressed.
However, our extensive simulation shows that the compression ratio is limited to 3—4 to
suppress the pedestal by more than 30 dB. This is caused by the characteristic pressure
gradient determined by Equation (10): the square of the gas pressure increases linearly
with the fiber length, and accordingly the adiabatic soliton duration drops sharply at
the beginning of the HCF and then quickly flattens out. It is hard (if not impossible) to
achieve a higher compression ratio via just pre-chirping the input pulse to reinforce the
ASC. This drawback of low compression ratio can be alleviated by cascading the ASC in
multiple stages.

The results in Figure 5 show two-stage pre-chirp-managed ASC that compresses an
initial unchirped 125 pJ, 130 fs pulse down to 15 fs in duration. In the first stage, the
5-m-long HCF has a core radius of 30 um, and the helium pressure varies from pg = 0.2 bar
to pr, = 1.4 bar. The 5-m-long HCF in the second stage has a core radius of 45 pm, and the
helium pressure varies from py = 0.5 bar to p;, = 6 bar. We assume a coupling loss of 20%
such that the pulse energy is reduced to 100 pJ at the input of the second HCE. Given the
core difference (30 um versus 45 um) between the two HCFs, the first fiber has a GVD about
2.25 times larger than the second one, since gas dispersion is much smaller compared with
waveguide dispersion. As the results in Refs. [38,39] have shown, a soliton experiencing an
abrupt dispersion change may cause dispersive shedding and soliton degradation. Such a
detrimental effect can be mitigated by introducing a finite-length fiber junction between the
two fibers with a large dispersion difference [38,39]. In our situation, instead of adding a
fiber junction, we properly pre-chirp the soliton before entering the second HCF to ensure
ASC. More specifically, we add 2500 fs? (500 fs>) GDD to the pulse at the input of the
first (second) HCEF. The input pulse is compressed to 54 fs inside the first HCF and then
compressed to 15 fs by the second HCF corresponding to 2.3 optical cycles.

It is noteworthy that using gas-filled HCFs to self-compress 2 pm pulses to few-
cycle duration has been experimentally demonstrated by several groups [18,40]. The self-
compression was based on high-order soliton compression, and therefore the compressed
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pulse quality was compromised. For example, Gebhardt et al. employed a 42 cm gas-
filled antiresonant HCF to compress 34.4 pJ pulses centered at 1.8 um from 110 fs to 13 fs.
However, the compressed 2.1-cycle pulse has elongated pedestals that are less than 10 dB
below the main peak [18]. Assisted by numerical simulation, the authors estimated that
the central part of the pulse only includes 60% of the pulse energy [18]. In contrast, our
results in Figure 5 show that two-stage pre-chirp-managed ASC in pressure-gradient HCFs
can generate nearly pedestal-free nearly two-cycle pulses with ~98% energy confined in
the central part of the compressed pulse.
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Figure 3. ASC of an unchirped 110 fs, 100 pJ pulse at 2 um. (a) Pulse evolution as a function of propagation distance. The
intensity is shown in log scale. (b) FWHM of a fundamental soliton (blue curve) and FWHM of a compressed pulse (black
curve) versus the propagation distance. (¢) Compressed pulse (black curve) and transform-limited (TL) pulse (red dashed
curve) at HCF output. The fundamental soliton is shown as the blue curve. (d) Optical spectrum (black curve) and soliton
spectrum (blue curve) at HCF output.
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Figure 4. ASC of a positively pre-chirped 120 fs, 100 uJ pulse at 2 um. (a) Pulse evolution as a function of propagation
distance. The intensity is shown in log scale. (b) FWHM of a fundamental soliton (blue curve) and FWHM of a compressed
pulse (black curve) versus the propagation distance. (¢) Compressed pulse (black curve) and transform-limited (TL) pulse
(red dashed curve) at HCF output. The fundamental soliton is shown as the blue curve. (d) Optical spectrum (black curve)
and soliton spectrum (blue curve) at HCF output.
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Figure 5. Two-stage ASC of a positively pre-chirped 125 uJ pulse at 2 pm. (a) FWHM of a fundamental soliton (blue curve)
and FWHM of a compressed pulse (black curve) versus the propagation distance in two-stage ASC. Inset: pulse spectrum
(black curve) and soliton spectrum (blue curve) at the output of the second HCF. (b) Compressed pulse (black curve) and
transform-limited (TL) pulse (red dashed curve) at HCF output.
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Propagation distance (m)

The results in Figure 2 show that ASC is favorable for compressing pulses at a longer
center wavelength. To verify this prediction based on analytical analysis, we simulate
the propagation of a 280 J, 220 fs Gaussian pulse (240 fs after adding 8000 fs?> GDD)
centered at 4 um inside an antiresonant HCF with a core radius of 40 um. The HCF is
filled with helium, with the pressure varying from py = 1 bar to p; =9 bar. The results in
Figure 6 indicate that the pulse can be adiabatically compressed down to 60 fs in duration,
corresponding to 4.5 optical cycles. The compressed pulse has a peak power of 4 GW, and
the pedestal is about 35 dB below the peak.
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Figure 6. ASC of a positively pre-chirped 280 uJ pulse at 4 um. (a) FWHM of a fundamental soliton (blue curve) and
FWHM of ac ompressed pulse (black curve) versus the propagation distance. Inset: pulse spectrum (black curve) and
soliton spectrum (blue curve) at the output of the second HCEF. (b) Compressed pulse (black curve) and transform-limited
(TL) pulse (red dashed curve) at HCF output.

Equations (8) and (9) indicate that increasing the fiber core radius allows compressing
pulses with higher energy to a shorter dispersion. We anticipate that energy scaling of ASC
to compress >1 m]J pulses is possible by using capillary HCFs with the core radius exceeding
100 um. In general, ASC requires meters-long propagation distance. Conventional capillary
HCFs that are made of thick-walled rigid fused silica tubes are limited to ~1 m in length
to avoid introducing propagation loss. ASC in this type of HCFs is unlikely possible. In
contrast, stretched flexible HCFs (SF-HCFs) that feature much thinner walls (only tens of
microns) are being widely used for post-pulse-compression. Thanks to the light weight,
these HCFs can be kept straight to prevent excessive loss, even when their length is
6 m [41]. We expect that pressure-gradient SF-HCFs may allow ASC of >1 m] pulses
at 4 um, and the resulting few-cycle high-quality pulses constitute an enabling tool for
high-field applications.

4. Conclusions

In conclusion, we investigated ASC in gas-filled pressure-gradient HCFs. The maxi-
mum pulse energy and the minimum compressed pulse duration are dependent on the
HCEF core size, gas type and pressure, and the center wavelength. We show that properly
pre-chirping the pulse prior to compression can accelerate the pulse compression rapidly
converging to ASC, which results in improved pulse quality with the pedestal further sup-
pressed. Despite a relatively low compression ratio from single-state ASC, we showed that
two-stage ASC can offer a compression ratio of ~9. As a result, 130 fs pulses at 2 um can be
compressed to a nearly two-cycle pulse 15 fs in duration. We also showed that compression
of pulses with al onger center wavelength is favored by ASC. For example, a 280 pJ, 220 fs
Gaussian pulse at 4 pum can be compressed to 60 fs. Work is ongoing to experimentally
verify our theoretical predictions on ASC in gas-filled pressure-gradient HCFs.
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