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The compression of high-energy, linearly polarized pulses in a gas-filled hollow core fiber (HCF) by using a concentric
phase mask is studied theoretically. Simulation results indicate that using a properly designed concentric phase mask, a
40-fs input pulse centered at 800 nm with energy up to 10.0 mJ can be compressed to a full width at half maximum
(FWHM) of less than 5 fs after propagating through a neon-filled HCF with a length of 1 m and diameter of 500 pum with a
transmission efficiency of 67%, which is significantly higher than that without a concentric phase mask. Pulses with energy
up to 20.0 mJ can also be efficiently compressed to less than 10 fs with the concentric phase mask. The higher efficiency
due to the concentric phase mask can be attributed to the redistribution of the transverse intensity profile, which reduces the
effect of ionization. The proposed method exhibits great potential for generating few-cycle laser pulse sources with high

energy by the HCF compressor.

Keywords: pulse compression, hollow-core fiber, phase mask

PACS: 42.65.-k, 42.81.Qb, 42.79.Ci

1. Introduction

Over the past decades, few-cycle laser sources with high
energy have been extensively studied. These are power-
ful tools for investigating of high field laser and plasma
physics, such as high-order harmonic generation,!'=! attosec-

[8-11] Owing

ond physics,*7! and laser particle acceleration.
to the development of the chirped pulse amplification (CPA)
technique,[!'?! Ti:Sapphire lasers have been widely used as
sources of stable, energetic, and ultrashort pulses for several
experiments. However, the output durations of the pulses are
limited to tens of fs (at a central wavelength of 800 nm) due
to the finite bandwidth of the gain medium. To achieve shorter
durations, several schemes have been proposed and demon-
strated, such as optical parametric CPA (OPCPA),[13-15 thin-

16,17

film compressors (TFC),!'%!7] femtosecond filamentation in

noble gas,['829 and the hollow core fiber (HCF) compres-
sor filled with noble gas.?!>*l Of these methods, the HCF
compressor is the most widespread in the laboratory prac-
tice in the world. Compared with the pulse compression us-
ing bulk materials or traditional fibers, the HCF compressor
can improve the output energy to the mJ level and the beam
quality while preserving the few-cycle pulse duration after the
pulse compression.!?>! The fundamental principle of the HCF
compressor is simple. First, energetic laser pulses are cou-
pled into the HCF filled with noble gas. During the propa-
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gation in the HCF, the spectrum of the input pulses is broad-
ened by self-phase modulation (SPM). Then, the output pulses
from the HCF are collimated and directed to chirped mirrors
for compensation.?627] While this method is an established
technique, the energy of the input pulse is limited to several
mlJ to reduce the ionization effects at the inlet of the HCF,
which deteriorates the transmission efficiency and the beam
profile. Next, a pressure gradient hollow waveguide compres-
sor is used to generate ultra-intense few-cycle linearly polar-
ized (LP) pulses in the experiment.*®?! Bohman ez al.[*?]
demonstrated the generation of 5.0-fs, 5.0-mJ pulses at a rep-
etition rate of 1 kHz with an energy transmission efficiency
lower than 50%. Cardin er al.!*®! suggested that by employ-
ing pulse compression with a stretched HCF, 2-cycle pulses
at 1.8 um (12 fs) carrying pulse energy of 5.0 mJ at a repeti-
tion rate of 100 Hz can be obtained for input pulses with en-
ergy of 11.0 mJ to propagate in a 3-m-long argon-filled HCF.
The HCF compressor with static pressure is also a general
method to generate intense few-cycle laser sources in simu-
lation and experiment. Dutin et al.!*°! recommended the gen-
eration of 11.4-fs pulses with total energy of 13.7 mJ, start-
ing from 40-fs, 70-mJ input pulses, through a capillary filled
with helium, with a pressure in the capillary being less than
8 mbar (1 bar=10° Pa). Moreover, Chen et al.3!) reported
the generation of 4.3-fs 1.0-mJ pulses at 1 kHz, using an HCF
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compressor seeded with circularly polarized (CP) laser pulses,
while the generation of high-power carrier-envelope phase sta-
bilized sub-1.5 cycle CP pulses at 1.8 um was reported by
Song et al.3?! On the one hand, Chen e al. observed energy
throughput up to 30% higher than that of LP input pulses, that
is, the transmission efficiency of the CP pulses after the HCF
is higher than that of the LP pulses under the identical initial
conditions. On the other hand, the generated CP laser pulses
are usually transformed into LP pulses by a quarter wave plate
in experiment. However, the CP pulses are limited by the fi-
nite bandwidth of the wave plate, therefore compared with CP
pulses, the LP pulses are widely used in optical experiments.
In addition to LP and CP pulses, the few-cycle radially polar-
ized (RP) pulses with energy of a few mJ in experiment!**! and
simulation'®*! have been achieved by use of a pressure gra-
dient hollow-waveguide compressor. The output pulses can
be compressed to 8 fs experimentally and to 6 fs (FWHM) in
simulation, with transmission efficiencies of 60% and 85%,
respectively.

In 2009, using a single-step phase plate, Fu et al.l3!
found that the input pulses with higher energy propagating
in air can generate a single filament and extended filaments.
Rohwetter et al.’%) suggested that a smooth phase mask can
control multiple filamentation of laser in air and confirmed
this experimentally. Liu ez al.'37! achieved accurately control-
lable multiple femtosecond filamentation in air, by employing
a combination of half-wave phase plates. The aim of these
methods is first to change the optical field distribution of the
input pulses by modulating the phase, then reducing the peak
intensity of the input pulses and weakening the plasma defo-
cusing effect, in the end increasing the transmission efficiency
after pulse propagation in HCF. Based on these studies, the
HCF compressor with a concentric phase mask is expected to
deliver more energetic ultrashort pulses with higher transmis-
sion efficiency. In the near future, this method can also be
applied to the generation of ultra-intense few-cycle CP laser
pulses.

In this paper, we theoretically investigate the effect of a
concentric phase mask on the dynamic propagation and gen-
eration of high-energy few-cycle pulses through a gas-filled
HCEF. It is shown that by using a properly designed concen-
tric phase mask, a 40-fs input pulse centered at 800 nm with
energy up to 10.0 mJ can be compressed to less than 5 fs af-
ter propagating through a neon-filled HCF with a length of
1 m and diameter of 500 um. The transmission efficiency
of 67% is significantly higher than that without a concentric
phase mask. Pulses with energy up to 20.0 mJ can also be
efficiently compressed to less than 10 fs, with the concentric
phase mask used. The advantage of using a concentric phase
mask can be attributed to the redistribution of the transverse
intensity profile, which reduces the effect of ionization. Thus,

this method is suitable for generating the few-cycle and high-
energy pulses. The remainder of the paper is organized as fol-
lows. In Section 2 the theoretical model used in this work is
described. In Section 3 the simulation results are presented in
the case with using the concentric phase mask, and also com-
pared with the results in the case without using the concentric
phase mask after the pulses have propagated through the HCF.
Finally, some conclusions are drawn from the present study in
Section 4.

2. Theoretical model and method

We assume that the equation of pulse propagation in the
atomic gas-filled HCF corresponds to a cylindrical symmet-
ric model. Thus, the propagation dynamics of LP pulses in
the HCF can be described by the generalized unidirectional
pulse propagation equations with lossy boundary conditions
(gUPPE-b) 38401 a5 follows:

0.E(z,r,0) = i(@—?)E(z,nw)
g
o [. Plro) jiznro)
+2ﬁ62 [I(D & % , (D

where the pulse envelope E(z,r, ®) is the optical field distribu-
tion in the frequency domain, L” describes the dispersion and
diffraction effect, B = wn () /c is the frequency-dependent
wavenumber, v, is the group velocity of the propagating pulse,
P(z,r,) and j(z,r,®) are the nonlinear polarizations related
to the bounded and free electrons, respectively, & is the vac-
uum permittivity, o is the angular frequency, and c is the speed
of light. For the cubic Kerr effect, the nonlinear polarization in
the time domain is P(¢) = x°) | |E(t)> E(r),*!) where %,
is the third-order nonlinear susceptibility tensor component,
and E(¢) is the vectorial expression of the optical field distri-
bution in the time domain.

The gas ionization effect is described by j(t)/g =
enonW (I)U; (pne — p) E/I, where W(I) is the ionization
rate calculated according to the Perelomov—Popov—Terent’ev
model,[*?! p is the electron density, py is the neutral density of
gas, [ is the pulse intensity envelope, and Uj is the ionization
potential. The plasma effect can be described by

T (1+iot) €

j(o)
= FFT|pE
£ 1+ w212 gme [PE],

where e denotes the electron charge, m, is the mass, and 7.
is the collision time. Assuming that the ionized electrons are
created at rest, the evolution of electron density p is given by
opl

U, ’

where o is the cross section of impact ionization.

hp =W(I)(pu—p)+ 2)

The concentric phase mask consists of two parts and it is
made of BK7 optical glass as shown in Fig. 1. The central part
of the concentric phase mask (region 1 in Fig. 1) is thinned by
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wet etching to produce a 7 -phase shift of the 800-nm work-
ing wavelength. The duty cycle of the concentric phase mask
is the ratio of the radius of region 1 to the radius of the en-
tire concentric phase mask, i.e., n = r{/r,.¢; represents the
phase retardation of the central part of the concentric phase
mask, i.e., the birefringent half-wave plate, and ¢ is the phase
retardation of the circular ring of the concentric phase mask.
Moreover, the thickness of region 2 is the same as that of re-
gion 1. In our simulation, ¢; =7, o =0and 0 <n < 1.

Fig. 1. Schematic diagram of concentric phase mask, where Region 1
represents birefringent half-wave plate.

According to Ref. [43], there is a boundary condition for
input pulses transmitted through the HCF: the field at the in-
tersection between the fiber core and fiber clad is Ejptersection =
(Ete + Etm)/2, where Etg = (4E| — E3) /(3 — 2ikc1aaAr) and
Erm = (4E1 — E2) /(3 — 2ikeaaAr/n%q), With E; and E; be-
ing the fields at distances of Ar and 2-Ar from the boundary of
the hollow core, respectively, kj,q the wavenumber, and njaq
the refractive index of the fiber clad. After the input pulses are
incident on the concentric phase mask and then focused on the
entrance of a neon-filled HCF, the envelope of the initial input
pulses can be described by

2
E(z:or,t)zE(z:O,r)eXP(—#)y 3)
0
E(z=0,r)=E(r)f(r), )
E(}’) =E(r)+ Ex(r), )
B ikor?\ exp(ikof)
f(r)=exp (7>W, (6)
2
Ei(r)= FFT{ (Eoexp (— w—(%) s
0<r< nwo) exp(i¢1)}, ™
2
Ex(r)= FFT{ (Eoexp (— w—02> ,
nwg <r< 2600) exp(id)z)}, 3

where Ey, wy, To, ko, Ao , and f represent the amplitude, the
beam waist, the duration, the vacuum wavenumber, the central

wavelength of the initial input pulse, and the focal length of
the convex lens, respectively. The distance from the central
axis is denoted by r, and a represents the radius of the HCF.
However, the analytical solution of Eq. (3) cannot be obtained
by calculating the fast Fourier transform in Eqs. (7) and (8).
Thus, we use several numerical fitting solutions with different
duty cycles, such as

t2
I(Z:07rat) = |E(Z:07r7t)2:Ipea.kF(r)eXp<_T_02>7 (9)

E;
Ipeak = o ) (10)
273/2Ty [ F(r)rdr
0
N r—b,, 2
F(r)= Za,mxp(—%), (11)
n=1 n

where Ipeak, Ein, [y F(r)rdr denote the peak intensity, the ini-
tial energy, and the spot area of input pulses, respectively, and
N denotes the number of Gaussian polynomials. The speci-
fied values of a,, b,, ¢, are listed in Table 1. The root mean
square error of the fitting solutions is smaller than 0.1% for all
numerical fitting solutions.

Table 1. Specific numerical values in Eq. (11).

n=04 n=0.5 n=20.6 n=0.8
a 1.011 1.488 0.8875 1.095
by 3.355 104.5 111.2 1.886
¢ 57.2 45.86 30.1 95.67
a 0.1589 0.9574 0.9097 30
by 193.4 —115.8 —105.1 —141.1
e 46.25 38.14 30.74 6.553 x 10*
a3 0.1591 0.7679 0.2387 0.0004943
b3 —186.8 4.956 142.9 —2013
c3 46.34 40.92 22.08 801.7
as 0.1476 2.27 0.2651 —0.0005559
by 260.8 138 —137.7 2.9%108
c4 75.35 51 22.92 —4.9 %108
as 0.1472 0.1853 0.3599 0.002041
bs —254.2 —150.3 78.45 —404.6
cs 75.46 26.07 25.78 807.3
ag 0.008165 —2.398 0.2927 0.00205
b 607.9 126.2 —72.09 404.7
6 106.9 67.7 24.67 807.3
as —0.1662 0.156 —0.0005501
by —51.07 238 1237
c7 28.17 32.08 843.3
ag 0.2016 0.156 0.0004882
bg 206.9 —234.2 2013
8 67.5 32.04 801.6

Figure 2 shows the normalized spatial and radial intensity
distributions of the input 40 fs pulses with energy in a range
of 5.0 mJ-20.0 mJ before they are coupled into the HCF. The
spatial spot in Fig. 2(a) and the curve in Fig. 2(b) correspond
to the light emitted by a Ti:Sapphire laser device. Figures 2(c)
and 2(d) show the intensity distribution at the focus for the LP
Gaussian laser pulses in Figs. 2(a) and 2(b) after a focal lens
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(convex lens). The last row in Fig. 2 denotes the intensity dis-
tribution for the LP Gaussian laser pulses in Figs. 2(a) and 2(b)
after a concentric phase mask and a focal lens.

In this paper, v = wg/a (wy is the spot size or waist radius
of the input pulse, a is the inner radius of the HCF) is not the
most important parameter. In our simulation, the spot size at
the inlet of the HCF is set to be approximately 330 wm, which
possibly does not satisfy the optimal coupling condition for the
input pulses after the phase mask. However, the waist radius is
implicitly included in Gaussian polynomial in Eq. (11); there-
fore, it cannot be calculated directly by Egs. (9)—(11). The real
spot size of the input pulses with the concentric phase mask
needs to be adjusted by the focal length of the convex lens
used in the experiment. Thus, as shown in Fig. 2(f), the spot
size of the input pulses after the phase mask is also defined
as the distance from the maximum intensity down to the 1/e?
of the maximum intensity (as indicated by the length of the
green dash line in Fig. 2(f)). Using a single-step phase plate,
Fu et al.'! experimentally found that the input pulses with
higher energy propagating in air can generate a single filament.
Therefore, the input pulses after a single-step phase plate are
mostly coupled into the EH;; mode. Similarly, the method is
also applied to the pulse compression in the HCF; therefore
the input LP pulses after the phase mask are coupled mostly
into the EH{; mode as well in the HCF. The simulation results
in this study suggest that the output energy of the pulses after
the phase mask is higher than that of the pulses without phase
mask, and the input pulses without the phase mask are mostly
coupled into the EH{; mode in the HCF. Therefore, it is recom-
mended that the major energy of the input pulses with phase
mask is coupled into the EHj; mode in HCF. Then the fun-
damental idea is to compare the compression results between

2
device

convex lens

different duty cycles. Considering that the aim of this study
is to introduce a convenient and novel method to obtain ultra-
short pulses with high energy and low loss after propagating
in the HCEF, thus the duty cycle of the concentric phase mask is
the most significant variable. Moreover, according to Eq. (10)
the peak intensities of the input pulses in Figs. 2(c) and 2(e)
are increased up to 3.23 x 10" W/ecm? and 2.15 x 101 W/em?,
respectively.

T 1.0
S (b)
i
g
g
£ 0.5
>
B
ko)
0
E -2 0 2
r/10* pm
1.0
(d)
0.5
0
—200 0 200
200
0
—200

—200 0 200

—200 0 200

Fig. 2. (a), (c), (e) Normalized spatial intensity distributions and (b), (d),
and (e) radial intensity distributions of input pulses before propagating in
HCEF. Panes (a) and (b) show intensity profiles for LP Gaussian laser pulses,
panels (c) and (d) show intensity profiles of incident focused LP Gaussian
laser pulses after convex lens, and panels (e) and (f) show incident focal laser
pulses after concentric phase mask and convex lens with duty cycle of 0.4.

collimated lens

L2 > |neon filled HCF

concentric phase mask

compressed
pulse

chirped mirrors

Fig. 3. Experimental setup for few-cycle pulse compression in neon-filled HCF with concentric phase mask. L1 and L2 represent
convex and concave reflecting mirror, respectively. Combination of L1 and L2 is telescope.

As shown in Fig. 3, the initial pulse is first incident on a
telescope system for beam expanding, then goes via a concen-
tric phase mask and is focused by a focal lens that is computed
by Egs. (9)—(11), after that, coupled into a gas-filled hollow-

core fiber (HCF) for spectral broadening, which is simulated

through the integration of the propagation equation (1). Then,
the pulse is collimated and reflected on several chirped mirrors
for chirp compensation; as a result, the pulse is compressed.
The chirped mirrors are carefully designed to induce a fixed

second-order chirp and a third-order chirp per reflection in the

064207-4



Chin. Phys. B Vol. 28, No. 6 (2019) 064207

pulse. Therefore, the process of pulse compression can be sim-
ulated by simply adding a phase term to the pulse, as follows:

Ecompress(ra (!J) = oulput(’} (J)) CXP(idGDD((D - 0)0)2/2')
x exp(idrop(® — a)*/31), (12)

where Eouput(r, @) describes the pulse after propagating
in the HCF and before reflecting on the chirped mirrors,
Ecompress (7, ®) describes the pulse after the reflecting on the
chirped mirrors, which leads to the total group delay disper-
sion (GDD) of dgpp and the third-order dispersion (TOD) of
dtop, while @y is the central angular frequency.

3. Results and discussion

The numerical values in this section correspond to an ini-
tial Fourier transform-limited pulse of 40 fs (FWHM) centered
at 800 nm and input pulse energy of 10.0 mJ, while the length
and inner diameter of the neon-filled HCF are 1 m and 500 pm,
respectively. Because the gas pressure can affect the energy
loss, dispersion and nonlinear process, the pressure of neon is
optimized under different duty cycles, thus the pressure values
in the HCF are 100 mbar, 1400 mbar, 800 mbar, 600 mbar, and
1000 mbar, of which the corresponding duty cycles of the con-
centric phase mask are 0.0, 0.4, 0.5, 0.6, and 0.8. Firstly, we
compare the energy transmissions for different duty cycles of
the concentric phase mask under the respective optimal pres-
sure as shown in Fig. 4. The energy transmission exceeds 65%
when the duty cycle of the concentric phase mask is 0.4, while
the energy transmission decreases to 53.5% after the pulses
have propagated through the HCF without concentric phase
mask. For propagation distances less than 20 cm, the energy
transmissions of n = 0.4, 0.5, 0.6, and 0.8 drop slowly due
to the relatively weak ionization. However, because the peak
plasma intensity is strong due to the relatively powerful peak
intensity of the input pulses, a sharper decline occurs when
the duty cycle of the concentric phase mask is 0. For distance
greater than 20 cm, where the leakage loss of the HCF and the
loss resulting from the plasma defocusing effect reduce the
peak power of the pulses, the amount of plasma generated by
the ionization effects also decreases. Thus, the lines shown
in Fig. 4 become smooth. The phenomenon shown in Fig. 4
results from the input pulses after the concentric phase mask,
which can change the optical field distribution, and thus atten-
uating the peak intensity of the input LP pulses as shown in
Fig. 2.

As shown in Fig. 5, the width of compressed pulses with-
out concentric phase mask is 8.2 fs, while the widths of com-
pressed pulses after the concentric phase mask of duty cy-
cles of 0.4, 0.5, 0.6, and 0.8 are 4.9 fs, 7.5 fs, 9.9 fs, and

7.0 fs, respectively. Thus the HCF compressor with concen-
tric phase mask is easier to generate energetic few-cycle pulses
than without phase mask. It should be noted that the chirp, in-
duced by the propagation after the HCF and the chamber win-
dow, is not considered. Thus, the optimal chirp compensation
is different from that in experiment. Particularly, the output
energy exceeds 6.0 mJ after the pulse has propagated through
the HCF, for the duty cycles of concentric phase masks are
0.4 and 0.6. From Fig. 6, it can be seen that the spatial distri-
butions of compressed pulses with concentric phase mask are
closer to the fiber core and the spot size becomes smaller than
without phase mask. When the concentric phase mask is used,
the energy loss decreases after pulse propagating in HCF.

1.0 ;
—n=0.0
n=0.4

0.9} —n=0.5 1

0 n=20.6
fé —n=0.8
£ 0.8} ]
o)

2 0.7t

g 0.

>

86

g 0.6

g o.

€|

0.5

04—

0 20 40 60 80 100

z/cm
Fig. 4. Energy transmissions with different duty cycles of concentric phase
mask during input pulses propagating in HCF.

Figure 7 shows the spectrum of output pulses with and
without using the concentric phase mask. The spectrum in
Fig. 7(a) covers the range of 380 nm—900 nm, which is slightly
broader than the spectrum after using the concentric phase
mask. It can be seen that the SPM effect is important in the
process of pulse propagation in the HCEF, strongly affecting
the output power spectra shown in Fig. 7. On the one hand,
the spectrum becomes more nonuniform and splits into several
parts along pulses propagating in the HCF; these phenomena
are shown in Figs. 8 and 9. On the other hand, higher peak in-
tensity induces a stronger blue-shift in the spectra of the input
pulses without phase mask as shown in Figs. 7(a) and 8, than
in the spectra of the input pulses with phase mask as shown in
Figs. 7(b) and 9. As can be seen in Fig. 8, the spatio-spectral
distribution is more nonuniform during the pulses propagat-
ing in the HCF, which is different from the counterpart shown
in Fig. 9. The spectrum in Fig. 8 becomes more inhomoge-
neous at distances less than 60 cm, and becomes cleaner for
distances greater than 60 cm. Moreover, the spatial spectral
distribution of the input pulses without phase plate is closer to
the cladding of HCF than that of the input pulses after phase
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plate. Thus the concentric phase mask is able to reduce energy
loss along pulses propagating in HCF as illustrated in Fig. 4.
In theory, the broader spectrum of pulses can support
a narrower duration of compressed pulses; thus, the output
pulses without concentric phase mask can be compressed eas-
ier by chirp compensation than those with using concentric
phase mask. However, the energy transmission of the output
pulses in the case without the concentric phase mask is sig-

duration = 8.3 fs

duration =4.9 fs

nificantly less than that in the case with the concentric phase
mask. In general, the condition where the duty cycle of the
concentric phase mask is 0.4 can be considered as the rela-
tively optimal condition for high-energy pulse propagation and
compression. In the following, we numerically examine and
discuss the compression results, mainly for the HCF compres-

sor with the concentric phase mask.
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Fig. 5. Temporal power profiles of compressed pulses with and without concentric phase mask for input energy of 10.0 mJ: (a) without
concentric phase mask, (b)—(e) with concentric phase mask under duty cycles of 0.4, 0.5, 0.6, and 0.8. (a)—(e) GDD compensations are —42.5,
—38.0, —55.0, —41.0, and —49 fs2, respectively, and TOD compensations are 0, 80, 0, 0, 50 fs3.

1.0

y/a

0.5

o

y/a

-0.5 0
z/a

0.5

0.5

o

O

—-0.5

-0.5 0

z/a

0.5

Fig. 6. Normalized spatial intensity profiles of compressed pulses: (a) compressed pulses without concentric phase mask and (b)—(e) compressed
pulses with concentric phase mask under duty cycles of 0.4, 0.5, 0.6, and 0.8.

064207-6



Chin. Phys. B Vol. 28, No. 6 (2019) 064207

1.0— . . . 1.0 — . . . 1.0 — . . .
’g‘ (a) (b) (c)
N
= 0.8} 0.8 0.8
&
-
g
< 0.6} 0.6 0.6
>
=
wn
=]
3 04t 0.4 0.4
g
=
g 0.2} 0.2 0.2
(]
o
n
0 . . 0 . . 0 : .
0.4 0.6 0.8 1.0 04 06 0.8 1.0 0.4 06 0.8 1.0
A/pm A/pm A/pm
1.0 1.0
= d
£ (d) (e)
B
=08} ] 0.8}
&
—
(o)
E o6} ; 0.6}
>
b=
2
o 04} ] 0.4}
g
=
£ 0.2f 1 0.2}
Q
(5]
o
wn
0 . — 0 . . .
04 06 0.8 1.0 04 06 08 1.0
A/pm A/pm

Fig. 7. Output power spectra of the input pulses passing through concentric phase mask of different duty cycles: (a) n =0, (b) n = 0.4, (¢)
n=20.5,(d)n=0.6,and () n =0.8.

z=0cm z=10 cm z=20 cm z2=30 cm 2=40 cm 2=50 cm
1.1 1.1 1.1

0.9
g
=
=
0.7
0.5
0 0.5 0 0.5
r/a r/a
z=060 cm z="T0 cm z=280 cm z2=90 cm z=100 cm
1. 1.1 1.
0.9
0.8
0.9 10.7
g 0.6
£
= 10.5
0.7 10.4
0.3
0.2
0.5 0.1
0 0.5 0 0.5 0 0.5 0 0.5 0 0.5
r/a r/a r/a r/a r/a

Fig. 8. Normalized spatio-spectral distributions along fiber axis z for input pulses without phase mask.

064207-7



Chin. Phys. B Vol. 28, No. 6 (2019) 064207

z=20 cm z=30 cm z=40 cm z=>50 cm

z=10 cm

z=0cm

1.2 1.2 1.2

1.0 1.0

0.8 0.8 0.8

A/nm

0.6 0.6 0.6

0.4 0.4 0.4
0 0.5
r/a
z=060 cm z="70 cm z=280 cm z=90 cm z=100 cm
1.2 1.2
0.9
0.8
1.0 1.0
0.7
0.6
:
= 0.8 0.8 0.5
,<
0.4
0.3
0.6 0.6
0.2
0.1
. . . 0.4 0.4
0 0.5 0 0.5 0 0.5 0 0.5 0 0.5
r/a r/a r/a r/a r/a
Fig. 9. Normalized spatio-spectral distributions along fiber axis z for input pulses with phase mask under duty cycle of 0.4.
1.0 mask. The energy transmissions shown in Fig. 10 are in a
0.0 range of 83%—43% when the initial energy increases. It can
. be seen that the energy transmissions vary linearly with the
2
g 0.8 propagation distance for less than initial energy of 10.0 mJ,
el
= ~ duration =7.5 fs —~ duration =4.9 fs
207 2 1.0 2 1.0
% S (a) S| (b)
& = 0.8 = 0.8
= 0.6 g g
M 5 06 = 0.6
g g
0.5 ~ 0.4 ~ 04
Z ey
‘@ 0.2 ‘wm 0.2
09720 ~40 60 80 100 E R
el -
2/cm E 50 0 50 E =50 0 50
Time/fs Time/fs
Fig. 10. Energy transmissions of input pulses during propagation in . .
HCF with different input energy. S 10 duration =9.8 fs S 10 duration =9.2 fs
©] (d)
For a better understanding of the propagation character- Tg 0.8 Tg 0.8
istics of the input pulses after the concentric phase mask, we 5 06 g 06
. . . s g
also simulate the input pulses of different energy under an T 04 = 04
. . . s ie B
appropriate pressure. The numerical values given in this sec- g 0.2 e 0.2
. e . _ . . Q 9]
tion correspond to an initial Fourier tral?sform .llr.n.ued pulse E 05 5 GO 0~ 50 o 50
of 40 fs (FWHM) centered at 800 nm with the initial energy Time/fs Time/fs

in a range of 5.0 mJ-20.0 mJ. The length and diameter of
the neon-filled HCF is 1 m and 500 pm, respectively. The
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Fig. 11. Temporal power profiles of compressed pulses with different input
energy values: (a) 5.0 mJ, (b) 10.0 mJ, (c¢) 15.0 mJ, and (d) 20.0 mJ. Du-
rations of compressed pulses are 7.5 fs, 4.9 fs, 9.8 fs, and 9.2 fs with GDD
compensation of —50 fs2, —38 fs2, —38 fs2, —39 fs? shown in panels (a)—(d),
while TOD compensation for output pulses is 80 fs>.
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while they vary quadratically with the propagation distance
when the initial energy values are 15.0 mJ and 20.0 mJ. This is
due to the fact that the energy loss of the pulses propagating in
the HCF typically results from the plasma defocusing effect.

Figures 11 and 12 show the temporal power profiles and
spatial intensity profiles of the compressed pulses, respec-
tively. Obviously, the temporal power profiles become cleaner
with initial energy decreasing, which indicates that the chirp of
the output pulses is more difficult to compensate for only by
GDD and TOD compensation when the input energy is more
than 10.0 mJ. The spot sizes of the spatial intensity profiles of
the compressed pulses are greater than those in the other cases
for initial energy of 0.5 mJ. In particular, it is evident that the
peak intensity and peak power are both stronger than those of
other duty cycles when the input energy is 10.0 mJ.
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Fig. 12. Normalized spatial intensity profiles of compressed pulses with
input energy values ranging from 5.0 mJ to 20.0 mJ, corresponding to sce-
narios in panels (a)—(d).
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Fig. 13. (a)-(d) Output power spectra of input pulses passing through con-
centric phase mask with input energy values ranging from 5.0 mJ to 20.0 mJ.

According to the trend of the variation of the output power
spectrum of the compressed pulses shown in Fig. 13, the out-
put power spectrum for the input energy of 10.0 mJ is broader
than the power spectra for other initial energy values, and a
higher peak intensity induces a stronger blue-shift in the power
spectrum when the input energy increases. Theoretically, the
broader spectrum can be obtained easier by increasing initial
energy under the same conditions; however, to reduce the en-
ergy loss of pulses during the propagation in the HCEF, it is
necessary to reduce the pressure of the gas within the HCF
at the expense of the narrower spectra for the case of the in-
put pulses of ultra-high energy. Therefore, intense ultrashort
pulses can be obtained by using a concentric phase mask under
a duty cycle of 0.4. Moreover, if the initial energy increases
to 30.0 mJ or more, the energy transmission can be less than
40% and the spatio-temporal splitting is more obvious, which

imposes an upper limit on the initial energy.

4. Conclusions

We have numerically studied the dynamic propagation
and compression of high-energy input pulses with and with-
out a concentric phase mask in a neon-filled HCF. The results
show that 6.5-mJ, 5-fs pulses with more than 65% transmis-
sion efficiency can be obtained. The transmission efficiency
of the high-energy pulses with the concentric phase mask are
considerably higher than without the concentric phase mask.
It is found that the peak intensity of the input pulse after the
concentric phase mask is less than that without using the con-
centric phase mask. A decrease in peak intensity of the input
pulse results in the reduction of the ionization effect due to
plasma generation, which reduces the energy loss of the pulses
propagating in the HCF and suppresses the SPM effects pro-
ducing more high-order chirps. Therefore, the generation of
energetic few-cycle pulses by using a concentric phase mask
is feasible. The simulation results indicate a robust and effi-
cient scheme to generate intense ultrashort laser pulse sources
delivering high-energy chirps and relatively weak chirps. The
scheme promises to enhance several existing applications and
to enable new applications in the ultrafast science and in ex-

treme nonlinear optics.
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