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Self-compression of 1.8-um pulses in gas-filled hollow-core fibers
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We numerically study the self-compression of the optical pulses centered at 1.8-yum in a hollow-core fiber (HCF) filled
with argon. It is found that the pulse can be self-compressed to 2 optical cycles when the input pulse energy is 0.2-mJ and
the gas pressure is 500-mbar (1 bar=10° Pa). Inducing a proper positive chirp into the input pulse can lead to a shorter
temporal duration after self-compression. These results will benefit the generation of energetic few-cycle mid-infrared

pulses.
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1. Introduction

Ultrashort intense laser pulses are powerful tools for
investigating ultrafast dynamics in high-field laser sciences
such as high-order harmonic generation (HHG),!!! attosec-

(451 and time-

ond physics,?3! chemical-reaction dynamics,
resolved measurements in atomic and molecular physics,!6!
etc. Gas HHG is a significant process allowing the production
of isolated attosecond pulses. This method involves focus-
ing intense carrier-envelope phase-stabilized few-cycle driv-
ing laser pulses into a noble-gas target. The spectrum can
be extended to the extreme ultraviolet (XUV) region. Be-
cause the HHG cutoff photon energy E, and the laser central
wavelength A satisfy the relationship E., ~ IA2,["! the scaling
laser—atom interaction towards a higher intensity with longer
wavelengths is required, which can yield higher photon ener-
gies and shorter bursts of attosecond laser pulses.® Due to the
balance between higher cut-off energy and moderate conver-
sion efficiency of HHG, the infrared few-cycle laser pulses in a
range of 1.5 um-3 pm can be a suitable source for HHG.[%10]

The hollow-core fiber (HCF) filled with noble gases
has become an established pulse compressor for generating
few-cycle intense femtosecond pulses. Compared with op-
tical parametric chirped-pulse amplification and filamenta-
tion compression, the gas-filled HCF compressor offers a
high-quality beam and beam-pointing stability because of its
spatial-filtering characteristics.!!! In our previous work, Li et
al.'"?) experimentally demonstrated the generation of 0.7 mJ,
1.5-cycle laser pulses at 1.75-um central wavelength, by spec-
tral broadening of the pulse through a 1-m-long, 400-pm-
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diameter HCF filled with 400-mbar argon and the disper-
sion compensation. On the other hand, the temporal self-
compression, which is a universal behavior of ultrashort pulses
propagating in an anomalously dispersive nonlinear medium,
is an alternative way to compress pulses.!'3] Because of its
advantage that no additional accurate dispersion compensa-
tion is needed, the self-compression process has become an
attractive approach to producing few-cycle intense pulses.
Gallmann et al.l' obtained 0.35-mJ, 4.1-fs pulses with a
central wavelength of 780-nm at a repetition rate of 3 kHz
through a short 250-pum-diameter HCF filled with 2-bar neon.
Kosareva et al.!'>! achieved 0.38-mJ, 43-fs pulses and 0.84-
ml], 5.7-fs pulses in argon gas-filled HCFs with diameters of
100 um and 200 pwm, respectively, at a central wavelength of
800 nm and a repetition rate of 1 kHz. However, the self-
compression in gas-filled HCFs to longer wavelengths has
hardly been reported so far. Hauri et al.l'® used a 1-m-long
HCEF filled with 2-bar xenon to self-compress a self-phase sta-
bilized 330-uJ, 55-fs pulse at 2 um to below three optical cy-
cles (17.9 fs) during the filamentary propagation. Miicke et
al.l'") examined the self-compression of 2.2 mJ, 74.4 fs input
pulses at 1.5 um to 19.8 fs along a single filament in argon.
Although these groups demonstrated self-compression with
longer wavelength pulses, the results were all based on the
filamentation. However, the filamentation is a highly dynam-
ical process in both time and space domain, which depends
on the delicate balance between self-focusing and plasma de-
focusing. The beam quality may not be as good as that from
a waveguide. Thus, the investigation of spatiotemporal self-
compression in the infrared region in gas-filled HCFs is desir-
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able.

In this work, we numerically study the nonlinear propa-
gation of intense 40-fs, 1.8-pum infrared pulses in a 250-pm-
diameter and 1-m-long HCF filled with argon to explore self-
compression. The pulse field is captured along both the laser
propagating and transverse radical directions. By comparison
with the cases of different gas pressures and initial pulse en-
ergies, the optimal conditions are determined to be 500 mbar
and 0.2 mJ. The corresponding self-compressed pulse dura-
tion is ~ 14.7 fs. The influential factors affecting the spectral
broadening are analyzed, which mainly depends on the Kerr
effect in HCF. Moreover, to optimize the self-compression
process, we induce some positive chirps into the input pulse.
It is found that inducing a proper positive chirp can lead to
shorter pulses after self-compression. The fused silica (FS)
windows in the experiment can compensate for the pulse dis-
persion, thus the temporal duration of pulses chirped to 60 fs
is eventually ~ 10.8 fs (less than 2 cycles). The remainder of
this paper is organized as follows. Described in Section 2 is
the theoretical model used in this work. In particular, the limit
of gas-filled HCFs for self-compression is discussed. In Sec-
tion 3 the self-compression simulation results are presented.
By comparing pulses with different initial energies centered at
1.8-pum propagating in argon gas-filled HCFs at different gas
pressures, the optimal self-compression conditions are deter-
mined. In Section 4 the experimental HCF FS window effect
for self-compression of 1.8 pum output pulses is discussed. Fi-
nally, some conclusions are drawn from the present study in
Section 5.

2. Theoretical model

The self-compression propagation dynamics of optical
pulses in HCFs is simulated using the waveguide version of
the unidirectional pulse propagation equation (UPPE), which

is given as follows:!'8]
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where U, is the fiber-mode field, with the subscript m indi-
cating the fiber-mode order; @, and f3,, are the linear attenua-

tion and dispersion of the fiber mode, respectively;!°]

Vg is the
group velocity of the fundamental mode at the central wave-
length of the pulse; Jo(upr/a) describes the mode field distri-
bution and is a zero-order Bessel function of the first kind; u,,

is the m-th zero point of Jy(x); @, a, ¢, and &g are the angular

frequency, fiber inner radius, light speed, and permittivity in a
vacuum, respectively; P(r,®) and j(r,®) describe the nonlin-
ear polarization and plasma effects, respectively. The electric
field of a pulse in the temporal domain can be reconstructed as
follows:

E(x,y,2,t) =2-Re {FFT—1 [Zm Un(@,2) ¥ Jo(umr/a)] } )

where Re{- - -} indicates the real part of a quantity, and FFT~!
is the inverse Fourier transform; |E|? is normalized according
to the optical intensity. For the cubic Kerr effect, the nonlinear
polarization is P/&y = 2nonoZE, where 7 is the optical pulse-
intensity envelope. The gas-ionization effect in the tempo-
ral domain is modeled by j(7) /€y = cnoW (Z)U;(pn: — p)E /Z,
where W (Z) is the ionization rate calculated according to the
Perelomov—Popov—Terentiev (PPT) model;*"! U; is the ion-
ization potential; p is the electron density; py is the neutral
density of the gas. The plasma effect in the frequency domain
is modeled by

@) t(l+iotw) €
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FFT[pE],

where e, me, and 7. are the electron charge, mass, and colli-
sion time, respectively. The ionization rate obtained using the
PPT model is higher than that obtained using the Ammosov—
Delone—Krainov (ADK) model; 21 thus, the simulation results
based on the PPT rate differ from those based on the ADK
rate. However, the qualitative behaviors are the same for both
models. Assuming that the electrons are created at rest, the
electron density p evolves as

aip =W(Z)(pu — p) +0Zp/Uj, 3)

where o is the impact ionization cross section.

Equation (1) is integrated using the fourth-order Runge—
Kutta method with self-adaptive step-length and error control.
The input pulses are Gaussian and assumed to couple opti-
mally into the fiber, i.e., with 98% pulse energy coupled to
the fundamental mode. To ensure the convergence of the re-
sults, simulations of different numbers of pulse modes are con-
ducted. These simulations yield the same results, indicating
that the model is correct and can simulate the real propagation
dynamics of self-compression in HCFs.

The design criteria for HCF compressors have been
outlined.*?! First, the peak power of the pulse should not ex-
ceed the critical power level of self-focusing, which imposes
an upper limit on the nonlinear refractive index and practically
determines the gas type and the maximal pressure. Second,
the peak intensity should not exceed the threshold at which
photoionization becomes non-negligible (the nonlinear phase
shift introduced by the free electrons emerging from ioniza-
tion is comparable to that arising from the Kerr effect). This
sets a lower limit for the HCF inner diameter. These criteria
restrict the spectral-broadening capability of gas-filled HCF
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compressors; thus, careful selection of the parameters of gas-
filled HCFs is required.

Self-compression results from the interaction of waveg-
uide dispersion and self-phase modulation (SPM). Pure SPM
cannot change the pulse envelope but can only broaden the
spectrum and induce an almost linear positive chirp. The
waveguide structure can provide a negative dispersion that
compensates for the positive dispersion introduced by the
SPM effect, resulting in a small compression of the pulse.
Therefore, the question whether it is possible to achieve a
greater degree of self-compression under certain conditions
arises. To the best of our knowledge, the waveguide disper-
sion depends on fiber diameter; for small diameters, the nega-
tive dispersion in HCFs is large. Thus, small-diameter HCFs
should yield greater compression. On the other hand, diam-
eters that are too small lead to large waveguide losses as fol-
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where n¢ore (@) and 1 (®) are the refractive indices of the fiber
core and fiber clad, respectively.

Moreover, as the mode area decreases, the nonlinear ef-
fect becomes more intense and can generate strong modula-
tion into the pulse envelope in the temporal domain, destroy-
ing its linear chirp; i.e., it restricts the input pulse energy to
a low range to prevent the pulse from breaking up. In prac-
tice, it is difficult to achieve sub-cycle intense infrared pulses
in large-diameter HCFs. As a result, there should be a bal-
ance between the HCF inner diameter and the parameters of

the incident pulse.

2 0P EE AT s e s o o
E
® 08
;o (b)
5 0.
g T 140 pm
S 04 — 250 pm
2 0.2 500 pm
= 0 e, 1000 pm
N et
& 0 50 100
z/cm
£ @
=
2
7 20
-
=
o}
8
S
Y950 500 750 1000

Fiber core/pm

Fig. 1. (color online) (a) and (c) Power attenuation and GVD for different wavelengths ranging from 0.4 pm to 3.2 um. (b) and (d)
Transmission and FWHM of output pulses with respect to HCF diameter.

Considering these issues, we investigate the influence of
a gas-filled HCF inner diameter on self-compression. Fig-
ures 1(a) and 1(c) show the plots of the power attenuation and
group velocity dispersion (GVD) of the fundamental mode
versus wavelength ranging from 0.4 pum to 3.2 pum, for four
different typical HCF inner diameters. We choose the four
kinds of HCFs because they are most commonly used in ex-
periment. The hollow waveguide loss is largest in a 140-um
HCEF, and there is a significantly increasing trend for longer
wavelengths. Figure 1(b) shows the pulse transmittances. For
a 140-um HCEF, it also exhibits a dramatic decline. As self-
compression occurs due to the delicate balance between the
SPM effect and anomalous dispersion, from Fig. 1(c), it is
shown that HCFs with 140- and 250-pum inner diameters can
provide decent anomalous dispersion while HCFs with 500-
and 1000-um diameters cannot support self-compression un-
der the conditions considered above. In fact, the anomalous
dispersion comes from the waveguide effect. The larger the

diameter, the weaker the waveguide effect is. On the other
hand, another important factor we should consider is the in-
put pulse energy. If the input pulse energy is high enough,
ionization and plasma effects also come into force and af-
fect the self-compression. In order to achieve higher output
energy, the HCF diameter should be large to avoid these ef-
fects. Therefore, 250 pum is the relatively optimal HCF diam-
eter size for self-compression at 1.8-pm central wavelength
with high pulse energies. In the current experimental condi-
tions, generally the duration of 1.8-um input pulses is 40 fs,
and the corresponding energy is hundreds of pJ. Here we use
40 fs/1.8 wm pulses with 0.06-, 0.2-, 0.8-, and 3.2-mJ en-
ergies propagating through 500-mbar argon gas-filled HCFs
with 140-, 250-, 500-, and 1000-pm diameters, respectively,
keeping the light intensity the same, where no pulse breakup
appears and self-compression can reach a desirable degree.
According to the full widths at half maximum (FWHMs) of
output pulses through HCFs with these four typical diameters,
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we plot a linked curve to describe the changing tendency in
Fig. 1(d). It can be seen that the FWHM of the output pulse
in a 250-um-diameter HCF is shorter than those in the other
HCFs. When all the factors are taken into account, it is found
that the 250-pm-diameter HCF can appropriately support the
self-compression.

Because of its modest nonlinear index among noble
gases, argon is widely used for the formation of the self-
compression phenomenon.!??! To maintain high quality, the
length of HCFs is limited to 1 m, owing to the technological
limitations of HCFs arising from their rigidity.

3. Simulation results

Here, we employ a 250-pum-inner-diameter, 1-m-long ar-
gon gas-filled HCF, and use a 40-fs, 1.8-pm laser pulse for
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self-compression. In practice, this pulse can be normally ob-
tained from a three-stage near-infrared optical parametric am-
plifier pumped by a commercial 4 mJ, 40-fs Ti:sapphire laser
at 1-kHz repetition rate. The output energy is usually hun-
dreds of pJ. The simulation initial parameters are also simi-
lar to those of the reported experimental conditions.**! Un-
der these parameters, we perform calculations for the cases of
0.3-, 0.4-, and 0.5-mJ pulses at 250 mbar; 0.1-, 0.2-, and 0.3-
m] pulses at 500 mbar; and 0.05-, 0.1-, and 0.15-mJ pulses
at 1 bar. Pulses with various initial energies at a higher gas
pressure are not explored, because for the 0.15-mJ low-energy
pulse at 1 bar, the undesired supercontinuum over an octave
appears. Further increasing the gas pressure would restrict in-
put pulses with insufficient energy, on which the investigations
and experiments are no longer worth being conducted.
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Fig. 2. (color online) Total output-pulse intensity profiles in panels (a), (c), (e) time and panels (b), (d), (f) frequency domains for pulses with
different initial energies passing through 1-m-long argon gas-filled HCFs at different gas pressure: (a) and (b) 0.3-, 0.4-, and 0.5-mJ input
pulses at 250 mbar; (c) and (d) 0.1-, 0.2-, and 0.3-mJ input pulses at 500 mbar; and (e), (f) 0.05-, 0.1-, and 0.15-mJ input pulses at 1 bar.

Figure 2 shows profiles of the total output-pulse inten-
sity in time and frequency domains for the case where pulses
with different initial energies propagate in HCFs at different
gas pressures, obtained by integrating along the fiber-radius
direction. Because the multimode coupled nonlinear UPPE
is a function of fiber radius, where the pulse envelopes dif-
fer at different radii, the obtained pulse-envelope shape is
made more concise by integrating along the fiber-radius di-
rection. For input pulses of 0.4 mJ at 250 mbar, 0.2 mJ at
500 mbar, and 0.1 mJ at 1 bar, there is no pulse breakup,
and the spectral broadening is maximized in an octave through
self-compression. The corresponding pulse durations are 16.3,
14.7, and 15.4 fs, respectively. In contrast, using 500-mbar
gas-filled HCFs to achieve 1.8-pum pulse self-compression is
ideal. At the fiber outlet for a high or low gas pressure, the
pulse is likely to split or fail to be compressed. Figure 3 shows
the spatiotemporal intensity distributions of 0.1-, 0.2-, and 0.3-

mJ pulses at 500 mbar. As shown by the fiber cross-section
view, for 0.3 mJ, the pulse splits severely, and the bandwidth in
the spatial domain exceeds one octave, indicating that the en-
ergy is too high. The spectral FWHM bandwidth for 0.2 mJ is
wider than that for 0.1 mJ, both of which are within an octave.
The temporal intensity envelope for 0.2 mJ is uniform and has
a nearly ideal Gaussian shape. Thus, for pulses at a central
wavelength of 1.8 um in a I-m-long, 500-mbar argon gas-
filled HCF, setting the initial pulse energy to be 0.2 mJ is op-
timal. Moreover, because of the nonlinear refractive index of
argon (np = 9.86 X 10720 ¢cm?/W), the corresponding critical
power level of self-focusing is Py = A2/ (27tng - ny) ~ 26 GW
at 500 mbar. For 0.2-mJ/40-fs pulses passing through argon
gas-filled HCFs, the input and output peak powers are approx-
imately 5 GW and 6.8 GW, which are less than the P, at this

time.
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Fig. 3. (color online) Intensity distributions of the pulses in panels (a), (c), and (e) spatial time and panels (b), (d), and (f) spatial
frequency domains for pulses with different initial energies passing through 1-m-long argon gas-filled HCFs at 500 mbar: (a), (b)

0.1 mJ, (c), (d) 0.2 mJ, and (e), (f) 0.3 mJ.

The propagation of intense few-cycle femtosecond pulses
in gas-filled HCFs is a relatively complex nonlinear process.
Accordingly, by studying the characteristics of the output
pulses with the increase of the initial energies, we should be
able to determine the main physical mechanism that influences
the pulse self-compression propagation.

Figure 4 shows the spectra of output pulses with different
initial pulse energies. With a low energy (0.1 mJ), the spec-
trum shape of the transmitted pulse is nearly identical to that of
the incident pulse. As the energy of the input pulses increases,
the output spectrum gradually becomes wider because the cor-
responding enhanced SPM effect generates new spectral com-
ponents during the propagation in gas-filled HCFs. When the
initial energy reaches 0.3 mJ, the bandwidth exceeds one oc-
tave, even reaches supercontinuum at a higher energy (0.5 mlJ).
Interestingly, a small blue preferred pedestal initially (0.2 mJ)
appears in the spectral profile, which results from space—time
focusing and self-steepening. Then for the 0.3-mJ case, not
only is the blue pedestal broadened but also the center and
peak of the pulse spectrum start to be red-shifted significantly,
and almost no intensity is distributed at shorter wavelengths.
The increase of the initial energy results in broadening on both
the blue and red sides to a comparable extent. For higher en-
ergies of input pulses, additional red-shifting is likely to be
induced by the competition between the Kerr and ionization
effects, > corresponding to a sharp leading edge of the tem-
poral pulse profile (marked with a green dash line in Fig. 2(c)).
The question, which dominates the spectral broadening when
the preferable spectrum is in an octave, arises. Next, we exam-
ine the pulse profiles at the fiber outlet by switching off each
nonlinear effect separately. The Fourier-transform limit (FTL)
pulse shape is also studied.

Figure 5 shows the total intensity profiles of output pulses
for the cases with all effects and without plasma, without ion-
ization, and without the Kerr effect, respectively. The FWHM

of the self-compressed pulse is ~ 14.7 fs, which is close to
that of the FTL (11.6 fs), indicating that a significant degree of
real-time dispersion compensation is introduced by the waveg-
uide. The spectral shape without plasma or ionization is ap-
proximately the same as that with all the above effects, while
the spectral line without the Kerr effect is significantly differ-
ent from the others. This phenomenon illustrates that the Kerr
effect is a main nonlinear factor influencing the pulse profile
in the self-compression process when there are no filaments.
It can produce self-focusing and induce SPM, broadening the
spectrum. The temporal profile with all effects is asymmetric,
owing to the sustained action of pulse steepening. Moreover,
in Fig. 5(b), the resulting self-compressed pulse exhibits a flat
spectral phase and is slightly positive chirped. The plasma can
cause a negative refractive index, resulting in negative chirps
on the pulse, whereas the SPM induces positive chirps, further
demonstrating that the Kerr effect is the major factor affecting
the pulse profile.

Intensity /arb. units

Wavelength/ym

Fig. 4. (color online) Spectrum profiles of output pulses with different
initial pulse energies.

In addition, to obtain more intense few-cycle infrared
pulses, other methods could be used. The tapered HCF was
used to adjust the dispersion and nonlinear effects by chang-
ing the HCF inner diameter via increasing the pulse propaga-
tion distance.!?®! This method may improve self-compression
to some extent; however, in an experiment, owing to complex
technical constraints, it is difficult to acquire this kind of HCF.
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Using the gas pressure-gradient is able to mitigate the ioniza-
tion effect at the fiber inlet, but the beam spot may shake be-
cause of the gas liquidity. Inducing a chirp into the input pulse
can reduce influences from ionization as well, which is easy to
implement without disturbing light pulses, thus next we study
its effect on self-compression.
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Fig. 5. (color online) (a) Time- and (b) wavelength-dependent intensity
profiles of output pulses for the cases with all effects, without plasma,
without ionization, and without the Kerr effect, respectively. The tem-
poral profile of the FTL pulse is also shown.

Figure 6 shows the temporal intensity evolutions of pulses

Radius/pm

without chirps and with different positive chirps. Because the
original 40-fs FWHM pulse is stretched by a chirp to 60 fs
or 100 fs, its peak power becomes lower. This reduces the
self-focusing effect, leading to higher transmittance. More
importantly, inducing a positive chirp into the input pulse per-
mits the initial energy to increase under the condition of no
pulse breakup, which allows self-compression of pulses with
high energy to be achieved and improves the beam quality.
To compare self-compression at the same initial energy, here
we choose to increase gas pressure for pulses with a positive
chirp. It can be seen in Fig. 6(f) that the duration of pulse
chirped to 100 fs at 3 bar is obviously much longer than that
without being chirped. Due to limitations in experiments, the
gas pressure should not be so high that further increasing gas
pressure is not explored. Note that the temporal width of pulse
chirped to 60 fs at 1.3-bar significantly becomes narrower dur-
ing propagation, and the spatiotemporal intensity distribution
keeps uniform at the fiber outlet. Figure 7 shows the inten-
sity profiles in time and frequency domains of output pulses
without chirps and with different positive chirps. As shown
in Fig. 7(a), though the initial duration of pulse with a posi-
tive chirp is stretched, the FWHM of pulse chirped to 60 fs at
1.3 bar after self-compression in HCFs is 11.8 fs, shorter than
that without chirp (14.7 fs), which is mainly due to the inter-
action between the induced positive chirp and the SPM effect
in HCFs, thus enhancing the spectral broadening.
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50 100
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Fig. 6. (color online) Temporal intensity distributions along panels (a), (c), (¢) propagating and panels (b), (d), (f) radical directions
of pulses passing through 1-m-long argon gas-filled HCFs: (a), (b) without chirps at 500 mbar, (c), (d) with a positive chirp to 60 fs at

1.3 bar, and (e), (f) with a positive chirp to 100 fs at 3 bar.
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Fig. 7. (color online) (a) Time- and (b) frequency-dependent intensity profiles of output pulses in the cases without chirps at 500 mbar,
with a positive chirp to 60 fs at 1.3 bar, and with a positive chirp to 100 fs at 3 bar.
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In the real experiment, there are two pieces of 0.5-mm-
thick FS windows forming into the Brewster angle at both the
inlet and outlet of a gas-filled HCF, blocking the access of out-
side air. Due to the negative group delay dispersion (GDD)
of the FS wedge in the spectral range of about 1.8 pum,?’! we
calculate the duration of pulse with a positive chirp to 60 fs
after self-compression and this FS compensation. Its FWHM
can eventually reach to ~ 10.8 fs (1.8 cycles).

4. Conclusions

We numerically study the self-compression propagation
of 1.8-um optical pulses in an HCF filled with argon. Accord-
ing to the UPPE model, the dynamic transmission and non-
linear self-compression of intense 1.8-pum pulses in an argon
gas-filled HCF are simulated. Comparing the cases of different
gas pressures and initial pulse energies, the optimal conditions
are determined to be 500 mbar and 0.2 mJ. The corresponding
pulse duration is ~ 14.7 fs. The factors affecting the spectral
broadening are analyzed, which mainly depend on the Kerr
effect. After inducing different chirps into the input pulse, it
is found that the pulses with a positive chirp to 60 fs can be
self-compressed to shorter duration ~ 11.8 fs at 1.3 bar. The
influence of FS windows in the real experiment is also consid-
ered, which brings a negative GDD to the output pulses, thus
the FWHM of pulse chirped to 60 fs is eventually ~ 10.8 fs
(less than 2 cycles). These results show that the method of in-
ducing a proper positive chirp optimizes the self-compression
process, which will benefit the generation of energetic few-
cycle mid-infrared pulses.
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