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We perform a numerical study for temporally compressing radially-polarized (RP) infrared pulses in a gas-filled
hollow-core fiber (HCF). The dynamic transmission and nonlinear compression of RP pulses centered at wavelengths of
0.8 µm, 1.8 µm, 3.1 µm, and 5.0 µm in HCFs are simulated. By comparing the propagation of pulses with the same
optical cycles and intensity, we find that under proper conditions these pulses can be compressed down to 2–3 cycles. In
the transverse direction, the spatiotemporal beam profile ameliorates from 0.8-µm to 1.8-µm and 3.1-µm pulses before
the appearance of high-order dispersion. These results show an alternative method of scaling generation for delivering
RP infrared pulses in gas-filled HCFs, which can obtain energetic few-cycle pulses, and will be beneficial for relevant
researches in the infrared scope.
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1. Introduction
Radially-polarized (RP) beams have attracted a great deal

of interest due to their specific properties. They are exploited
in a variety of applications, such as optical trapping and ma-
nipulating nanoparticles, microscopy, lithography, frequency
shifting, laser processing, and so on.[1] Compared to those
with linear polarization (LP) or other circular polarization, one
significant advantage of RP beams is tight focusing, which
leads to a relatively strong field intensity along the longitudinal
direction at the focal region, thus enabling both the pulse dura-
tion and peak power to be promoted to a high level of a few op-
tical cycles and gigawatt.[2] Because the high-harmonic gen-
eration (HHG) cut-off energy can be scaled as Iλ 2, where I is
the field intensity and λ is the radiation wavelength, the search
for generating high-power ultrafast pulses in the infrared re-
gion has experienced rapid technological advancements.[3,4]

Longer wavelengths present better phase-matching conditions
for harmonic generation, broader filaments, and more efficient
self-steepening characteristics.[5] Till now, optical parametric
amplification (OPA) is typically a powerful and reliable ap-
proach to produce broadband tunable femtosecond laser pulses
in the near-infrared (NIR) or even mid-infrared (MIR) region
at moderate energies, taking advantage of the different fre-
quency generation technique in general. Cardin et al.[6] com-
pressed the ∼ 11 mJ, 35-fs OPA laser source at 1.8 µm into

5 mJ, 12 fs. The group of Haakestad obtained intense MIR
pulses in the 3 µm–5 µm wavelength region with up to 33-mJ
high energy.[7]

Over the years, there have been a variety of methods
for generating RP pulses such as using polarization con-
verters like liquid crystal spatial light modulators,[8] holo-
graphic elements,[9] etc. Recently, an efficient generation
of such pulses by combining a gas-filled hollow-core fiber
(HCF) with a suitable polarization mode converter has been
put forward,[10] which achieved less than 0.9-mJ, ∼ 3-cycle
RP beams at 800 nm.[2] This simple approach can be extended
to produce RP pulses with a high degree of polarization purity
centered at various wavelengths. The noble gas-filled HCF
compressor is a universal method of delivering high-energy
few-cycle pulses based on the self-phase modulation (SPM)
effect.[11,12] However, to the best of our knowledge, spatiotem-
poral propagation dynamics of RP beams in a gas-filled HCF
has rarely been reported so far. In our previous work, Wang
et al.[13] used a 1-m-long, 500-µm-diameter HCF filled with
0.2 mbar–689.3 mbar (1 bar = 105 Pa) argon to explore the di-
rect spectral broadening of RP pulses centered at 800 nm. The
propagation differences of LP and RP pulses at the same con-
ditions were compared, showing that it was feasible to broaden
RP pulses in gas-filled HCFs, and after HCFs the spatial uni-
formity of RP pulses was even better than LP pulses, which
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resulted in better focusing. On the other hand, there is a lack
of understanding about propagation behaviors of femtosecond
RP pulses with longer central wavelengths. Considering the
excellent properties of infrared pulses, it is required to inves-
tigate RP pulses in the NIR and MIR regions propagating in
gas-filled HCFs, which would be desirable and beneficial.

In this work, we theoretically study the nonlinear propa-
gation of RP pulses in gas-filled HCFs centered at several typ-
ical wavelengths, covering from 0.8 µm to 5.0 µm. Empha-
sis is put on the numerical propagating results, in which the
pulse field is acquired along both the propagating and trans-
verse radial directions, thus we are able to capture the full
spatiotemporal dynamics overall. By comparing the results of
pulses with the same 15 optical cycles and light intensity cen-
tered at different common NIR and MIR wavelengths 0.8 µm,
1.8 µm, 3.1 µm, and 5.0 µm, we find that these pulses can
all be compressed to 2–3 cycles under proper conditions. In
the transverse direction, the spatiotemporal beam profile ame-
liorates from 0.8-µm to 1.8-µm, and 3.1-µm pulses before
the appearance of high-order dispersion. It is found that the
spectral broadening factor becomes larger with the increase
of the central wavelength, indicating that a broader spectrum
can be achieved for longer wavelengths within certain limits.
The use of large-core HCFs is also analyzed, which supports
high pulse transmission in the MIR with good beam quality,
proving that this method is feasible and robust. In contrast,
the method of keeping the same initial full width at half max-
imum (FWHM) and energy for the scaling generation in the
infrared region is relatively difficult to obtain high-energy ul-
trashort RP pulses. The remainder of this paper is organized
as follows. Section 2 briefly introduces the theoretical model.
Section 3 presents simulation results for RP pulses centered
at 0.8 µm, 1.8 µm, 3.1 µm, and 5.0 µm propagating in argon
gas-filled HCFs. Section 4 discusses the case for 3 µm–5 µm
MIR pulses in large-core HCFs and compares it with another
generation method. The paper ends with a conclusion in Sec-
tion 5.

2. Theoretical model

Assuming that the beam propagation is of cylindrical
symmetry in the simulations, the mathematical model is based
on the generalized unidirectional pulse propagation equations
(gUPPE-b)[14–16]

∂zE (z,r,ω) = i
(√

L̂− ω

vg

)
E (z,r,ω)

+
ω

2βc2

[
iω

P(z,r,ω)

ε0
− j (z,r,ω)

ε0

]
, (1)

where E(z,r,ω) is the pulse field envelope in the frequency
domain; L̂ = ω2ε (ω)/c2 + ∆⊥ is the linear operator which

describes both dispersion and diffraction effects; vg is the ve-
locity of the moving frame; β = ωn(ω)/c is the frequency-
dependent wavenumber; P(z,r,ω) describes the nonlinear po-
larizations related to bound and free electrons; j(z,r,ω) is the
description of plasma effects; and ω , c, and ε0 are angular
frequency, light speed, and vacuum permittivity, respectively.
The nonlinear polarization for the temporal cubic Kerr effect
is P/ε0 = 2n0n2ℐE, where ℐ= |E|2 is the optical pulse in-
tensity envelope. Free electrons are born to introduce a cur-
rent density j(t) in the time domain when the gas medium in
HCFs is ionized. Thus the gas ionization effect can be mod-
eled by j(t)/ε0 = cn0W (ℐ)Ui(ρnt −ρ)E/ℐ, where W (ℐ) is the
ionization rate calculated according to the Perelomov–Popov–
Terentiev (PPT) model,[17] which is illustrated in Fig. 1 as a
function of the pulse intensity; Ui is the ionization potential;
ρ is the electron density; and ρnt is the neutral density of the
gas. The plasma effect in the frequency domain is modeled by

j(ω)/ε0 =
τc(1+ iωτc)

1+ω2τ2
c

e2

ε0me
FFT[ρE],

where e, me, and τc are the electron charge, mass, and colli-
sion time, respectively. Supposing that the ionized electrons
are created at rest, the electron density ρ evolves as

∂tρ =W (ℐ)(ρnt −ρ)+σℐρ/Ui, (2)

where σ is the impact ionization cross section.
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Fig. 1. (color online) PPT ionization rate versus pulse intensity in argon
for different central wavelengths.

For the propagation of RP pulses in HCFs, there are two
main boundary conditions: firstly, the field on the central axis
is null, namely Eaxis = 0;[18] secondly, the field at the inter-
section of gas and fiber clad is Eintersection = (4E1 −E2)/(3−
2ikclad∆r/n2

clad), where E1 and E2 are fields at ∆r and 2∆r away
from the boundary of the hollow core; kclad and nclad are the
wavenumber and linear refractive index of the fiber clad. The
envelope of the initial pulse generally takes the form as

E (z = 0, t,r) = E0 f (r)exp
{
− r2

w2
0

}
exp
{
− t2

2t2
0

}
, (3)

where E0, w0, and t0 are the initial amplitude, beam waist, and
duration of the input pulse, respectively; f (r) = 1 indicates
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that the pulse is Gaussian in the spatial domain and f (r) = r
corresponds to the profile of RP pulses.[1]

For nonlinear compression in HCFs, the optimal coupling
condition for RP pulses focused into HCFs is when the beam
waist occupies half of the fiber radius, namely w0 = 0.5a.[13]

Besides, the energy efficiency is also an important point. In
the hollow waveguide, the linear attenuation coefficient of the
laser field can be described as

αm =

(
Um

2π

)2
λ 2

a3
ν2 +1

2
√

ν2 −1
, (4)

where Um is the m-th zero point of a zero-order Bessel func-
tion of the first kind; λ is the wavelength; a is the fiber ra-
dius; and ν is the ratio of refractive indices of the fiber clad
and fiber core. The spectral broadening is mainly achieved
by SPM that relates to the group velocity dispersion param-
eter β2. Figure 2 shows the power attenuation and β2 of the
fundamental mode for three different typical HCF inner diam-
eters with respect to the wavelength ranging from 0.5 µm to
5.7 µm. For a 250-µm-diameter HCF, the waveguide loss is
large, and there is a significant rising trend for longer wave-
lengths. Both the attenuation coefficient and β2 value stay
modest in a 500-µm-diameter HCF. Although there is nearly
no power loss in a 1000-µm HCF, β2 remains almost zero
over all wavelengths, which is not conducive for pulse tem-
poral compression. Therefore, setting the HCF diameter to be
500 µm for NIR and MIR pulses is relatively superior.
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Fig. 2. (color online) (a) Linear attenuation and (b) β2 for different
wavelengths ranging from 0.5 µm–5.7 µm.

3. Simulation results

Based on the theoretical model above, we present the
numerical results. Here a 500-µm-inner-diameter, 1-m-long
argon gas-filled HCF is employed, which is widely used in
practice.[19] In order to mimic the real common experimental
conditions,[2] the simulation parameters are set as follows. For
RP pulses centered at 0.8 µm, the initial energy and duration
are 1.5 mJ and 40 fs, respectively. In the gas pressure-gradient
method which can suppress undesirable high-order modes in
HCFs, the pressure is gradually increased with the pulse prop-

agation distance as p(x) =
√

p2
in + x(p2

out − p2
out)/L,[20] where

pin and pout are gas pressures at the fiber inlet and outlet,
respectively, L is the fiber length, and x is the propagation
distance. Here pin is set to be 2 mbar, which corresponds
to the lowest pressure obtained by the lab pump; pout is
set to be 610 mbar, where the accumulated nonlinearity for
pressure-gradient implementation is the same as that for the
p = 440 mbar static pressure case. The critical power for self-
focusing is Pcr = λ 2

0 /(2πn2), where n2 is the nonlinear index
coefficient, so here the initial power ratio Pin/Pcr is equal to
0.81. To preserve the same initial light intensity for longer
wavelengths, the power ratio needs to be reduced, while the
pressure should be enhanced proportionally. On the other side,
the initial pulse cycle is kept the same, i.e., 15 optical cycles.
For RP 1.8-µm pulses, we fix this ratio Pin/Pcr = 0.73 with a
pressure-gradient of 2 mbar–1390 mbar (analogous to 1000-
mbar static pressure). For RP 3.1-µm pulses, Pin/Pcr = 0.41
with a pressure-gradient of 2 mbar–2390 mbar (analogous to
1720-mbar static pressure). Pulses centered at 5.0 µm with
radial polarization take a high gas pressure, with a pressure-
gradient of 2 mbar–3860 mbar (analogous to 2780-mbar static
pressure), corresponding to a small power ratio Pin/Pcr = 0.19.
However, because the output pulse centered at 5.0 µm splits
severely when the initial energy is 9.0 mJ as calculated, in
order to guarantee no pulse breakup, we gradually reduce its
energy and find that the optimal condition meets the initial en-
ergy of 7.0 mJ. Note that the Kerr index coefficient is cho-
sen within a narrow value interval: for λ0 = 0.8-µm pulses,
the well-known nonlinear index n2 = p × 10−19 cm2/W is
utilized;[21–23] for λ0 ≥ 2 µm, n2 needs to have values close
to 0.97p×10−19 cm2/W, as proposed before.[24] Since the ra-
tio p/λ0 is held constant, in consequence, the chromatic dis-
persion does not change much and indeed approaches nor-
mal for the 0.8 µm–5.0 µm infrared wavelength region. Ta-
ble 1 shows the RP input-pulse parameters for different central
wavelengths.

Figure 3 shows the evolution of the normalized energies
for 0.8-µm, 1.8-µm, 3.1-µm, and 5.0-µm pulses with radial
polarization along the propagation. Here the gUPPE-b model
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is an improved method based on expansion of the propagat-
ing field into approximate leaky waveguide modes, which can
correctly compute the energy loss through the waveguide wall
and definitely simulate various nonlinear optics in the MIR
region.[14] Thus, the acquired outcome is more accurate. It can
be seen that the energy of pulses centered at 0.8 µm, 1.8 µm,
and 3.1 µm decreases smoothly with a slower speed, close to a
straight line. For 5.0 µm pulses, the energy efficiency dimin-

ishes significantly, and even reduces to less than 30% when
transporting a 1-m-long distance. With the increase of the
pulse central wavelength, the transmission ratio falls off faster,
which is mainly due to more multi-photon absorption and ion-
ization boosting loss. Longer infrared wavelengths were not
explored, because the output-pulse energy is much lower, thus
further increasing the wavelength would be meaningless for
real experiments.

Table 1. Input-pulse parameters for different wavelengths.

Wavelength/µm Input duration/fs Input energy/mJ Gas pressure/mbar

0.8 40 1.5 2–610 (static: 440)
1.8 90 3.5 2–1390 (static: 1000)
3.1 155 6.0 2–2390 (static: 1720)
5.0 250 9.0 (reduced to 7.0) 2–3860 (static: 2780)
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Fig. 3. (color online) Energy transmission along the propagation in
HCFs.

Figure 4 shows the compensated RP pulse temporal and
spectral intensity profiles after integrating the radial envelope.
It is found that using the −56 fs2 group delay dispersion
(GDD) compensation can compress the 0.8 µm pulses to 2.4
optical cycles (6.4 fs). Due to the anomalous dispersion at long

wavelengths above 1.3 µm, the chirp compensation is usually
done with ordinary bulk materials such as CaF2 crystal. For
1.8-µm, 3.1-µm, and 5.0-µm compressed pulses, the number
of optical cycles can be achieved down to 3.0 (18.2 fs), 2.2
(22.6 fs), and 2.0 (32.8 fs), with the optimal CaF2 thickness of
5 mm, 4 mm, and 0.6 mm, respectively. Therefore, the tem-
poral compression ratio is calculated as 6.0, 4.9, 6.9, and 7.6,
respectively. Moreover, the pulse profile after optimal GDD
or CaF2 compensation is analogous to the Fourier-transform
limited (FTL) profile for 0.8-µm, 1.8-µm, and 3.1-µm pulses,
illustrating that there is no need to use higher-order disper-
sion for the compensation. However, due to the generation of
more high-order dispersion for longer wavelengths, for 5.0-
µm pulses, only using CaF2 compensation cannot compress
its profile to the FTL profile.
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Fig. 4. (color online) Total intensity profiles for input and output RP pulses with different central wavelengths in (a)–(d) time and (e)–(h) frequency
domains: (a) and (e) 0.8 µm, (b) and (f) 1.8 µm, (c) and (g) 3.1 µm, and (d) and (h) 5.0 µm.

104204-4



Chin. Phys. B Vol. 27, No. 10 (2018) 104204

The evolution of the transverse energy distribution for
0.8-µm, 1.8-µm, 3.1-µm, and 5.0-µm pulses with radial po-
larization is shown in the first row of Fig. 5. It can be seen
that for pulses centered at 0.8 µm, the transverse distribution
exhibits irregularity, while for longer wavelengths the trans-
verse distribution becomes stable and smooth. The main rea-
son is that the ratio Pin/Pcr decreases. Because gUPPE-b is a
function of the fiber radius where the pulse envelopes differ at
different radii, the total spectrum in the second row of Fig. 5 is
obtained by integrating along the fiber radial direction, which
is more precise than other cases excluding the fiber radius. Be-
fore the 50-cm propagation where the gas pressure is relatively
low, almost all of the spectra are not broadened; after 50 cm
the spectral broadening is enhanced with the increase of the
wavelength. Note that the red-shift is obviously more intense
in the spectrum with the central wavelength increasing, owing
to the stronger nonlinearity.

Figure 6 further reveals the temporal and spectral distri-
bution for 0.8-µm, 1.8-µm, 3.1-µm, and 5.0-µm pulses with
radial polarization at the outlet of HCF before compression.
With the increase of the central wavelength, it can be seen that
the beam size enlarges gradually along the fiber radial direc-
tion. The beam profile ameliorates for 1.8-µm and 3.1-µm
pulses, which is more symmetric and smooth in the time do-
main; while for pulses with longer wavelength 5.0 µm, the
profile deteriorates as high-order dispersion occurs. It is in-
teresting to notice that with the central wavelength increas-
ing, there is a little more spatial chirp in the short wavelength
range of the spectrum, resulting from stronger nonlinear inter-
actions such as self-steepening, ionization, and plasma effects
which induce asymmetry. After proper chirp compensation,
the FWHM of the output pulse can be temporally compressed
to a smaller value, and the pulse envelope is preferable as there
is a dominant peak.
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To distinctly compare the ability of spectral broadening in
the infrared region, here the root-mean-square (RMS) method
is employed. The broadening factor δ can be described as
δ = ∆ωrms/∆ω0, where ∆ωrms and ∆ω0 are the RMS spectral
widths of the output and input pulses, respectively, which can
also be written as[25,26]

(∆ω)2 = ⟨(ω −ω0)
2⟩−⟨(ω −ω0)⟩2 ,

⟨(ω −ω0)
n⟩=

∫
∞

−∞

(ω −ω0)
n I (ω) dω∫

∞

−∞

I (ω) dω

,
(5)

where I(ω) is the spectral intensity; ω0 is obtained by ω0 =∫
∞

−∞
ωI (ω) dω/

∫
∞

−∞
I (ω) dω .

Spectral broadening is identified mainly through observ-
ing the change of the broadening factor δ of the output RP
pulses with the central wavelength increasing. The larger δ is,
the wider the spectrum broadens.
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Fig. 7. (color online) (a) The FTL pulse optical cycle along the propa-
gation; (b) output-pulse broadening factor at different wavelengths.

Figure 7(a) shows the evolution of FTL optical cycles for
0.8-µm, 1.8-µm, 3.1-µm, and 5.0-µm pulses with radial polar-
ization. In the transmitting process, all the pulse cycles show
a smooth and uniform change, except that there is a quicker
decreasing speed in the cycle lines of 3.1 µm and 5.0 µm at
the very beginning. The spectral broadening factor δ of out-
put RP pulses with increasing central wavelengths is shown
in Fig. 7(b). Note that the spectrum starts to broaden be-
fore the 3.1 µm wavelength, but after that it shows a narrower
trend. This illustrates the weaker SPM effect for the 5.0-µm
pulse, which is mainly due to the very low transmission ratio
in Fig. 3, resulting in insufficient interactions between pulses
and noble gases as well as inferior spectral broadening.

4. Discussions

It can be seen in Fig. 2(a) that using HCFs with larger
diameter for longer central wavelength pulses could reduce
loss, and the critical reason for the small broadening factor
of 5.0-µm pulses in Fig. 7(b) is the very large attenuation.
Thus, we employ a 1000-µm-inner-diameter HCF to study the
spectral broadening for 3 µm–5 µm MIR pulses with radial
polarization. In our previous work, Wang et al.[27] experimen-
tally demonstrated the generation of 2.6 mJ, ∼ 1.6 cycle laser
pulses at 4-µm central wavelength, by spectral broadening of
the pulse through a 1-mm-diameter, 3-m-long HCF filled with
∼ 1.2-bar krypton and the dispersion compensation. There-
fore, the initial energy and duration of the RP pulses centered
at 4.0 µm are set to 5.0 mJ and 10 optical cycles (∼ 135 fs), the
same input parameters as the common experimental work.[27]

To preserve a high transmission, the 1000-µm-diameter kryp-
ton gas-filled HCF is selected to be 1-m long. By adjusting
the gas pressure, it is found that the optimal krypton pres-
sure gradient is 2 mbar–2080 mbar (analogous to 1500-mbar
static pressure). According to the above-described method, the
initial light intensity and optical cycles are kept the same for
3.1-µm and 5.0-µm pulses with radial polarization, as shown
in Table 2.

Table 2. Input-pulse parameters for different wavelengths.

Wavelength/µm Input duration/fs Input energy/mJ Gas pressure/mbar

3.1 105 4.0 2–1610 (static: 1160)

4.0 135 5.0 2–2080 (static: 1500)

5.0 170 6.5 2–2610 (static: 1880)

Evolutions of normalized total energies during propaga-
tion for RP 3.1-µm, 4.0-µm, and 5.0-µm pulses in krypton
gas-filled HCFs are shown in Fig. 8(a), where the total-energy
efficiency is all above 80%, satisfying the demand for high
energy in practice. It can be seen in Fig. 8(b) that the broad-

ening factor δ becomes larger with the increase of the central
wavelengths in the 3 µm–5 µm MIR region, indicating that
this scaling method can boost spectral broadening for longer
wavelengths effectively. For 3.1-µm, 4.0-µm, and 5.0-µm
pulses with radial polarization, the temporal intensity profiles
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are presented in Figs. 8(c)–8(e), and the number of optical cy-
cles after compensation can attain 2.6 (26.4 fs), 2.4 (31.9 fs),
and 2.3 (39.1 fs), with the optimal CaF2 thickness 3.2 mm,
2.1 mm, and 1.7 mm, respectively. It is interesting to notice
that the FTL profile at 5.0 µm shows less asymmetry than
that at 3.1 µm, and the corresponding cycle even achieves
0.3 (5.6 fs), because of the stronger nonlinear effects, such as
SPM, which are ideal for spectral broadening. This discussion
illustrates the robustness of this method.

The spectral broadening of pulses in a noble gas-filled
HCF needs to greatly take into account the energy transmis-

sion efficiency. The longer the laser wavelength is, the larger
the waveguide attenuation is. For long-wavelength pulses, the
large-core HCF should be employed, which would reduce the
decent function on filtering modes. On the other hand, un-
der the current experimental conditions, the largest diameter of
HCF is 1000 µm. The energy transmission for 10-µm pulses in
a 1000-µm-inner-diameter HCF is calculated below 50% ac-
cording to Eq. (4), which is unacceptable in the experiments.
Therefore, infrared pulses centered at 0.8-µm, 1.8-µm, 3.1-
µm, and 5.0-µm wavelengths that are typical and common in
practice are studied in this work.
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Fig. 8. (color online) (a) Energy transmission along the propagation; (b) output-pulse broadening factor at different wavelengths; (c)–(e) total temporal
intensity profiles for RP 3.1-µm, 4.0-µm, and 5.0-µm pulses.

Because the broadening factor δ is related to the inten-
sity and loss of the input pulses, we also numerically study
how the spectrum is broadened in the case of 40 fs initial du-
ration and 1.5 mJ initial energy for 0.8-µm, 1.8-µm, 3.1-µm,
and 5.0-µm pulses with radial polarization propagating in a
500-µm-inner-diameter, 1-m-long argon gas-filled HCF with
a pressure gradient of 2 mbar–610 mbar. For longer wave-
length pulses, the waveguide attenuation gets larger, the non-
linear refractive index n2 becomes smaller, and the ionization
rate also diminishes. As a consequence, the method of keeping
the same initial FWHM and energy for the scaling generation
of NIR and MIR pulses with radial polarization has little ca-
pacity to broaden the spectrum, which is relatively difficult
to obtain high-energy few-cycle RP pulses compared with the
above-described method.

5. Conclusions
We perform a numerical study of generating few-cycle RP

infrared pulses in a gas-filled HCF. According to the gUPPE-
b model, the dynamic transmission and nonlinear compression
of RP pulses centered at 0.8-µm, 1.8-µm, 3.1-µm, and 5.0-µm
wavelengths in HCFs are simulated. By comparing the propa-
gation of the pulses with the same dozen optical cycles and

intensity, we find that under proper conditions these pulses
can be compressed to 2–3 cycles. By using a 500-µm-inner-
diameter, 1-m-long argon gas-filled HCF, 0.8 µm/40 fs/1.5 mJ
pulses at a static gas pressure of 440 mbar, 1.8 µm/90 fs/3.5 mJ
pulses at 1000 mbar, and 3.1 µm/155 fs/6.0 mJ pulses at
1720 mbar can be well compressed to 6.7 fs, 18.2 fs, and
22.6 fs, respectively; that is, 15 optical cycles are compressed
to 2–3 cycles. While by using a 1000-µm-inner-diameter, 1-
m-long krypton gas-filled HCF, 3.1 µm/105 fs/4.0 mJ pulses
at 1160 mbar, 4.0 µm/135 fs/5.0 mJ pulses at 1500 mbar, and
5.0 µm/170 fs/6.5 mJ pulses at 1880 mbar can be well com-
pressed to 26.4 fs, 31.9 fs, and 39.1 fs, respectively; that is, 10
optical cycles are compressed to 2–3 cycles. In the transverse
direction, the spatiotemporal beam profile ameliorates from
0.8-µm to 1.8-µm and 3.1-µm pulses before the appearance
of high-order dispersion. It is found that the spectral broad-
ening factor becomes larger with the increase of central wave-
lengths, indicating that a broader spectrum can be achieved
for longer wavelengths within certain limits. Using large-core
HCFs is able to support high pulse transmission in the MIR
region with good beam quality, which proves that this method
is feasible and robust. The method of keeping the same initial
FWHM and energy for the scaling generation of NIR and MIR
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pulses is also studied numerically, with which it is relatively
difficult to obtain high-energy ultrashort RP pulses. These re-
sults suggest an alternative method of scaling generation for
delivering RP infrared pulses in gas-filled HCFs, which can
obtain energetic few-cycle pulses, that are beneficial for rele-
vant researches in the infrared scope.
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2015 Appl. Phys. Lett. 107 181101
[7] Haakestad M W, Arisholm G, Lippert E, Nicolas S, Rustad G and Sten-

ersen K 2008 Opt. Express 16 14263
[8] Stalder M and Schadt M 1996 Opt. Lett. 21 1948
[9] Churin E G, Hosfeld J and Tschudi T 1993 Opt. Commun. 99 13

[10] Machavariani G, Lumer Y, Moshe I, Meir A and Jackel S 2007 Opt.
Lett. 32 1468

[11] Nisoli M, De S and Svelto O 1996 Appl. Phys. Lett. 68 2793
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