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Abstract; In order to compress femtosecond ultrashort pulses, a novel fiber called negative-curvature hollow-
core fiber, is investigated and is used to compress the output of a Ti: Sapphire laser. Firstly, a hollow-core fi-
ber with circular tubes cladding is introduced, and the loss parameter is calculated with the Finite Element
Method and the calculated results are compared with the experimental results. Following this, the evolution of
an ultrashort pulse along the fiber is simulated in the General Nonlinear Schrodinger Equation. At last the
compression experiment using NC-HCF is conducted. The 160 fs output of a Ti: Sapphire laser is coupled into
the fiber with high-pressure Argon. An output of 84 fs is achieved, which is the result of the balance between
anomalous dispersion and self-phase modulation in the fiber. The experimental results matched the simula-
tions. This novel fiber, which has the advantages of a high damage threshold, low and adjustable dispersion
and nonlinear coefficients, is a promising material in the field of ultrafast optics.
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1 Introduction

Hollow-core microstructured fibers provide ex-
cellent media for laser and gas interaction. They
have smaller dispersion and nonlinear coefficients
and higher damage thresholds than solid fibers. They
can be easily adjusted by modifying the used gas
types and pressure. Since various parameters of the
fiber are controllable, the hollow-core microstructure
fiber has been a research hotspot in optics since its
introduction. Negative-curvature Hollow-core Fiber
(NC-HCF) is a new type of hollow-core microstruc-
tured fiber'" that has emerged in recent years. It is
so named for the structural characteristics of the re-
verse-bending core wall. The earliest appearance of
this type of fiber can be traced back to 2010"*' when
researchers used a series of theoretical and experi-
mental research'®’ to conclude that a fiber exhibits
low loss characteristics when the curvature of the
core wall of the hollow-core Kagome fiber is nega-
tive. A variety of new structures have since been

Le]

proposed, such as nested structures— -, elliptical

glass tube structures'’’

[8]

nested elliptical struc-
tures ", etc. . Compared with Kagome fibers, nega-
tive-curvature hollow-core fibers have the advantages
of simpler structure, easier fabrication and lower
transmission loss, in addition to a wide transmission
bandwidth, flexibility and adjustable dispersion and

nonlinear coefficients. Therefore, this type of fiber

is very suitable for high-energy ultrashort pulse

[9] [10-14]

transmission" "’ , ultrashort pulse compression ,
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supercontinuum , scatter-

etc. The

stimulated Raman

[16]

. [17]
ing ", ,

dispersion wavegeneration
width of the transmission window is sufficient to sup-
port compression of pulses to the order of few-cycle.

In the field of ultrafast applications ''™*' | such
as attosecond science, ultrafast chemistry, ultrafast
biology, surface science, eic. , femtosecond optics
are the basis of research so pulse compression tech-
nology has always been a research hotspot. The tra-
ditional method of compressing pulses is to first
broaden the spectrum and then compress the pulse.
First, in a nonlinear material, such as a silica fiber
or a crystal, the self-phase modulation of the materi-
al is used to broaden the spectrum, and then the dis-
persion compensation component, such as a prism
pairs or grating pairs are used. The pulse is then
compressed. However, the damage threshold of sili-
ca fiber in this scheme is often in the order of MW ,
which limits the peak power of the pulse. Therefore,
a compression method using hollow glass tubes is
proposed. In previous studies, hollow glass tubes of-
ten have a large inner diameter( ~200 pm) to re-
duce the loss of light during transmission. In such
cases, only an injected pulse whose power exceeds
GW can effectively perform spectral broadening. For
pulses in the order of hundreds of femtoseconds, it is
necessary to obtain more than one hundred micro-
joules of energy to satisfy this condition. With the
introduction of new hollow-core fiber, such as
Kagome and the negative-curvature hollow-core fi-

ber

, it could achieve smaller core diameter and loss

of fiber simultaneously. The reduced transmission
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loss of the fiber allows for the transmission of femto-
second pulses at small core diameters, resulting in
extremely high peak power densities and allowing for
sufficient spectral broadening of pulses in the MW to
GW range. Therefore, anti-resonant hollow-core fi-
bers including Kagome have been extensively studied
in pulse compression. In 2016, F. Emaury et al.

0 used Kagome to compress an 860 fs laser genera-

ted by a Yh: YAG to 48 fs using the traditional self-
phase modulation spectral broadening grating pair
dispersion compensation structure. In 2015, K. F.
Mak et al. used a soliton self-compression method to
compress a 21 fs pulse to 9.1 fs in a Kagome fiber
filled with high-pressure Argon'>’.

At present, femtosecond pulses compression
with hollow-core fiber is mostly based on Kagome

structure (21]

. In this paper, a new type of circular
tube cladding NC-HCF is used to carry out experi-
mental research on femtosecond pulse compression.
We have also tried to extend the application of fiber-
A 160 fs

Ti: Sapphire laser is used to couple into the negative-

based femtosecond pulse compression.

curvature hollow-core fiber with high-pressure Ar-
gon. The high-order soliton self-compression effect is
used to compress the pulse to 84 fs. The numerical
simulation is carried out according to the generalized
nonlinear Schriodinger equation ( GNLSE ). The cal-
culated results are consistent with the experimental

results.

2 Fiber Characteristics

Fig. 1 is a screenshot of the negative-curvature
hollow-core fiber end face of the circular tube clad-
ding used in the experiment. The fiber is surrounded
by 6 uniformly distributed circular tubes with a core
diameter of 34. 4 pm and outer diameter of 100 pm.
The cladding tube has a diameter of 16. 25 pm and a
wall thickness of 0. 48 pum. Fig. 2 shows the calcula-

tion results of the transmission loss of the fiber using

the finite element method, where significantly high

levels of loss can be seen around 500 nm and around

Fig.1 End face of the circular tube hollow-core fiber
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Fig.3 Experimental results of transmittance of the

NC-HCF
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1 pm. Fig. 3 shows the transmission test results for a
10-meter long fiber. The white light source is cou-

pled into the fiber and the output spectrum of the fi-
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ber is measured using a spectrometer with a transmit-
tance of —70 dB at 800 nm. Comparing Fig. 2 and
Fig. 3, the high loss wavelength range is presented
in the calculated results of Fig. 2. These low trans-
mission levels are also exhibited in the test results
shown in Fig. 3. The test results are consistent with
the theoretically calculated results. According to the
calculation, at 800 nm, the transmission loss of the
fiber is as low as 0. 046 dB/m.

The light guiding properties of negative-curva-
ture hollow-core fibers can be explained according to
the ARROW theory'*' | which is different from the
total internal reflection model of the traditional re-
fractive step-index type fiber'™'. The NC-HCF
achieves the low loss, nearly fundamental mode
transmission characteristics through the anti-resonant
condition of the cladding wall thickness and the sup-
pression of the reverse coupling between the core
The high

transmission loss of the fiber shown in Fig. 2 can be

fundamental mode and cladding mode.

regarded as the resonance loss of the cladding wall,
therefore the wavelength range between the loss
bands is the transmission band of the fiber. The loss
can be estimated according to formula (1). When
the wavelength satisfies the following conditions, the

fiber is in high loss states:

Ao =28/0° =1/m, m =1,2,-- N, (1)

Where ¢ is the thickness of the tube and n is the re-
fractive index of the fused silica. The fiber wall
thickness used herein is 0. 48 um. When m =1, the
resonance wavelength can be calculated using Equa-
tion 1 and is found to be 1. 008 wm, which is con-
sistent with the results shown in Fig. 2 and Fig. 3.
The exact transmission characteristics of the fi-
ber need to be calculated according to the finite ele-
ment method, which requires the refractive index of
the gas in the fused silica and fiber at different wave-
lengths. According to the Sellmeier equation'**' | the

refractive index distribution of fused silica is:

(1) :\/1+zfl/\f‘f‘c, (2)

The Sellmeier coefficients, B; is 0.696 166 3,
0.407 942 6, 0.897 479 4, respectively, and C, is
4.679 148 26 x 10> um®, 1.351 206 31 x 10~°
pm” and 97.934 002 5 um’, respectively. The re-
fractive index of the gas filled in the fiber is distribu-
ted by wavelength ;

n’,, =1+[’:—01T"5()\) : (3)
Where p, =0.1 MPa and T, =273 K. When calcu-
lating the dispersion of the fiber, it is necessary to
comprehensively consider the influence of the differ-
ence in the refractive index of the filled gas and the
fused silica. The propagation constant of the fiber
and the dispersion of each order can be approxima-

ted using the following formula;
Blw) = Lln,.(@) - ("=, (@)

g

Bu = (LB (5)
The above formula defines that @ is the radius
of the core and u,,, =2.045 when the fundamental
mode is transmitted in the fiber. For the used fiber
structure @ =34.4 pm, when the Argon is filled in
the fiber. The second-order dispersion of the hollow
fiber at different pressures is shown in Fig. 4. As the
air pressure increases, the ZDW of the fiber moves
toward longer wavelengths. When the air pressure is
p =0. 8 MPa, the second-order dispersion coefficient
at 800 nm is —0.306 783 ps’/km. Adjusting the
gas pressure filled in the fiber can significantly
change the second-order dispersion of the fiber, es-
pecially at positions farther away from the ZDW. For
example, with shorter wavelengths, the pressure has
a great influence on dispersion. Regarding to the
dispersion of the gas-filled fiber, which is affected
by the waveguide structure and the gas used, while
the nonlinear coefficient is basically only affected by
the gas type and the fiber diameter. The waveguide

structure does not affect the nonlinear coefficient.
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€] 4 Second-order dispersion of the hollow fiber at dif-
ferent pressures of argon
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The nonlinear coefficient is calculated as follows.
21n,
= —= 6

’y /\Aeff ( )

3  Pulse Transmission Calculation

The dispersion and nonlinear coefficients of the
fiber are obtained by numerical simulation, and the
transmission of the pulse in the fiber is numerically

calculated. The GNLSE is used for the simulation

calculation.
M, o, B PA B PA
az+2A+ZaT2 6 9T
iy (1 A1 + 22 4120 (7)
wy 0T ’

where A is the pulse envelope, z is the transmission
distance, « is the loss of the fiber, and 8, is the n-
order dispersion of the fiber where only the 2" and
3" order dispersions are considered and 7 is the non-
linear coefficient. In the right side of the formula,
the two variables represent self-phase modulation
and self-steepening, respectively. Since the nonlin-
ear medium in this experiment is Ar gas, which is
an atomic gas, the influence of stimulated Raman
scattering on the pulse can be ignored. The Raman
item is ignored in the equation, causing its form to
be different from that found in other literature ™'

The temporal waveform of the initial pulse coupled

into the fiber is assumed to be hyperbolic secant
type. The pulse form is as follows:
iCT*

A(0,T) = /Posech(y)exp( = 00, (8)

P, is the peak power of the pulse, and C is the chirp
parameter. By changing the value of the chirp pa-
rameter C, the pulse width 2¢, and the spectral width
can be controlled.

According to the initial conditions described a-
bove, the GNLSE is solved using the split-step Fou-
rier algorithm. The corresponding calculated results
are shown in Fig. 5. Fig. 5(c¢) shows the evolution
of the pulse spectrum. It is shown that as the trans-
mission distance increases, the spectrum broadens
significantly. Since the fiber is filled with inert gas,
the nonlinear effect only considers the self-phase
modulation and the self-steepening effect. No Raman
scattering occurs so the spectrum does not show a
significant shift. Fig. 5(a) shows the spectral distri-
bution at z=0.5 m, which clearly demonstrates that
the spectrum broadens greatly. Fig. 5(d) shows the
temporal evolution with the transmission distance. It
is shown that as the transmission distance increases,
the pulse width decreases and the peak power also
increases. At the same time, as the distance
travelled increases, the pulse has a delay, which
causes the soliton to slow down. This is a result of

[26]

third-order dispersion'”"'. Fig. 5(b) shows temporal
distribution at z=0.5 m. It can be seen that there is
obvious splitting of the soliton, which is the com-
bined effect of the third-order dispersion and the
self-steepening effect on high-order solitons, causing
high-order soliton fission. At this point, it is impos-
sible to evaluate the pulse duration.

Fig. 6 is a graph showing the output pulse width
as a function of the transmission distance. It can be
seen that, as the length of the fiber increases, the
pulse is compressed gradually. However, according
to the calculated results in Fig. 5, when the distance

reaches about 0.5 m, soliton splits and the pulse
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Fig.5 The calculated evolution of the ultrafast pulse in the NC-HCF with GNLSE. (a)The spectrum output of 0.5 m NC-

HCF; (b)The temporary output of the 0.5 m NC-HCF; (c¢)The spectrum evolution of the 160 fs pulse propagating

along the 0.5 m NC-HCF; (d)The temporary evolution of the 160 fs pulse propagating along the 0.5 m NC-HCF
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width cannot be evaluated. Therefore, a fiber of 0. 4

m in length was used in the experiment.

4  Experimental Results and Discus-

sion

Furthermore, the fiber was used to compress

the pulse output of the Ti: Sapphire femtosecond la-
ser. Fig. 7 is a schematic diagram of the experimen-
tal device. The light source is a Ti: Sapphire ampli-
fier with an output pulse width of 160 fs. The central
wavelength is 800 nm while the spectral width is a-
bout 8. 19 nm, its repetition frequency is 1 kHz and
maximum output power is 460 mW and its spot size
is about 7 mm. The HWP is a half-wave plate and
the TFP is a polarizing plate. Rotating half-wave
plate can continuously adjust the power coupling into
the fiber. The ends of the fiber are placed in the air
chamber and the fiber is fixed by the V-shaped
groove. The focused laser light is then coupled into
the fiber in the air chamber. Both L, and L, are as-
pherical lenses(f=50.8 mm) and the spot diameter
after focusing is about 33 um. After measurement,
when 1 ] energy is coupled into a negative-
curvature hollow fiber with a length of 40 cm, we

can obtain 550-n]J output energy with a coupling effi-
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7] After the output beam was colli-

ciency of 55%
mated with L,, the fiber output was tested using
APE's PulseCheck 50 autocorrelator.

The soliton effect compression of ultrashort
pulse in hollow-core fiber mainly relays on self-phase
modulation to broaden the spectrum of a coupled
pulse, then uses anomalous dispersion to achieve
compression. When the pressure of the Argon is rel-
atively low, the nonlinear coefficient becomes small
and no significant pulse compression or spectral
broadening can be observed. In order to increase the
non-linear coefficient of the medium, the pressure of
the chamber is adjusted to 0. 8 MPa and the pulse
energy coupled into the fiber is adjusted as 6.5 wJ
by rotating the half-wave plate. At this time, the
coupling efficiency decreases to less than 50% and
the output pulse energy becomes approximately
3 pJ. This may be due to the increase of input ener-
gy, which causes the fiber to meet the conditions of
dispersion wave generation, and the wavelength gen-
erated is located in the high loss band of the fiber
(below 500 nm ), eventually causing energy to be
lost. The pulse width output at this time is about
84 fs.

Under these conditions, the calculated results
using split-step Fourier method are consistent with
the experimental results. Fig. 8 is a comparison of
the experimental measured autocorrelation curve and
the calculated result, where the curve 2 is the exper-
imental result and the curve 1 is the calculated re-
sult. It can be seen from the comparison that the ex-
perimental results are fundamentally consistent with

the calculated results.
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Fig.8 Comparison of experimentally measured autocor-

relation curves and calculated results
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Fig.9  Comparison of spectral output obtained from ex-

perimental and calculated results
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Fig. 9 shows the comparison of the spectral out-
put. The curve 1 is the data recorded during the ex-
periment while the curve 2 is the calculated result of
GNLSE. The experimental and calculated spectral
widths are roughly equal, but the curve depicting
measured result is higher than the calculated value
near 800 nm. This may be caused by a small portion

of the residual incident light not being effectively
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coupled into the core but instead transported through
the cladding. This portion of the incident light is
quite weak , so the self-phase modulation hardly play
a role and cannot effectively form spectral broade-
ning; while the dispersion value of the optical fiber
is small, the compression pulse and the residual in-
cident pulse are difficult to completely separate with-
in 40 cm. Besides, the fiber length is relatively
short, resulting in that the residual incident pulse
cannot be completely lost. It is outputted in overlap
with the compressed pulse so the frequency domain
is embodied as a slightly higher intensity at approxi-
mately 800 nm. There’s a pedestal or sub-pulse near
the main compressed pulse in the time domain,
which also explains the pre-pulse measured in
Fig. 8. In general, the experimental results are con-
sistent with the GNLSE calculations. According to
the GNLSE simulation, the GNLSE could be used to
guide the pulse compression evolution from hundreds
of femtoseconds to tens of femtoseconds in NC-HCF.
When the pulse width continues to drop several opti-
cal cycles, the basis of the GNLSE and the slow var-
ying envelope approximation fail, causing the Unidi-
rectional Pulse Propagation Equation (UPPE) to be
necessary for calculation. In general, negative-cur-
vature hollow-core fibers are excellent medium to

compressing the high peak power femtosecond pulse.

—— SO B —

e

1 3]

2 SIEE M CET ot 5 AR ELAE 4R A1
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ANARZM: R E LA B B v 0 3 IR SR, (] Fsf 3 2ok 30
TR USRS T A5 1 DG 2T
B INSEL RIS SRS LT B Bl ikt
— R BT I R Tl A Ok A
(Negative Curvature Hollow Core Fiber, NC-HCF')

It could be achieved that compression of the high
power and large energy ultrashort pulse within a
short NC-HCF. In theory, such a fiber with a band-
width of several hundred nanometers could support
the compression of pulses down to a single optical

cycle.

5 Conclusion

In this paper, a type of negative-curvature hol-
low-core fiber that developed in recent years were in-
vestigated. The loss, dispersion, and non-linear
characteristics of the fiber were theoretically calcu-
lated and tested. In the case of filling 0. 8 MPa Ar-
gon, the transmission of femtosecond pulses in the
fiber was calculated and correspondingly studied u-
sing the GNLSE equation. An 800 nm ultrashort
pulse of 160 fs was compressed by the soliton self-
compression effect, achieving a pulse of 84 fs. The
experimental results were consistent with the corre-
sponding theoretical calculations. The characteristics
of negative-curvature hollow-core fibers give it great
potential in the fields of pulse transmission and com-
pression. By adjusting the gas pressure and gas type
which might have a higher nonlinear coefficient, it is
thought that the pulse could be compressed down to

a few optical cycles.
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