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Abstract: In this paper, compression of high-power femtosecond pulses in Sagnac interfer-
ometers constructed of anti-resonant hollow core fibers (ARHCF) is investigated numerically
and experimentally. By varying the types and pressures of gas filled in the hollow core
fiber, the group velocity dispersion and the nonlinear pulse phase accumulation difference
between clockwise and counterclockwise propagations could be tuned conveniently. In
experiment, we demonstrate the pedestal suppression temporal pulse compression of 800
nm, 160 fs, 10 ud pulses from a Ti: Sapphire laser at 1 kHz to 20 fs with maximum
compression efficiency of 25% nearly and compression ratio of eight.

Index Terms: Pulse compression, pedestal suppression, Sagnac interferometer, anti-
resonant fiber.

1. Introduction

Energetic ultrashort pulses are increasingly being sought in the past two decades, for many areas
such as strong-field physics [1], high-order harmonic generation [2] and particle acceleration,
etc. Mode-locking technique is a typical method to generate femtosecond pulse in the form of
soliton [3] directly that have been investigated extensively. Different modulated media including
nonlinear polarization rotation (NPR), semiconductor saturable absorber mirrors (SESAMs) and
other 2D nanomaterials [4]-[5] like graphene, black phosphorus attracted extensively attentions.
However, it's impossible to generate few-cycle laser pulses directly from the low-damage-threshold
and limited-gain-bandwidth laser media and modulated media, leading to pulse compression
techniques investigated intensively in past years. The compressed ultrashort pulses can be used in
various applications, such as measurements of ultrafast physical process [6], surface science [7],
and ultrahigh-data-rate communications [8] and so on.
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Types of compression techniques based on silicon fibers in the nJ-level input [9] have been
extensively investigated, especially two methods are mostly used. The first one is broadening
spectrum by the Kerr nonlinear effect, i.e., self-phase modulation (SPM) in normally dispersive bulk
materials [10] or fibers [11], and then compressing the pulses by external dispersive compensation,
e.g., by grating pairs. However, the peak power is limited to the order of MWSs, owing to material
damage and self-focusing issues [12]. Moreover, the low coupling efficiency to small-core-diameter
fibers and the diffractive loss of external free-space dispersive compensation would attenuate the
compressed pulse energy further. The other approach is based on the soliton-effect compression
(SEC) technology that combines effects of the SPM and the anomalous group velocity dispersion
(GVD). In this method, no external dispersion compensation process is needed. Compared with
external compression technique, SEC has advantages of compact structure, low diffraction loss;
and moreover, it is a promising way to compress pulses down to few-cycle scales [13]. However,
generally high compression ratio and high pulse contrast could not be achieved simultaneously in
the both methods [14]. Though the adiabatic soliton compression in dispersion decreasing fibers
(DDF), is able to meet the pulse contrast requirement, still suffers from long fiber length, i.e., more
than hundreds of meters, and low compressed ratio. The high compression ratio could be achieved
in a shorter length of fiber if the input soliton order is high, but the unbalance between GVD and
nonlinearity will lead to severe pulse wings in the output pulse waveforms. On the other hand, the
nonlinear optical loop mirror (NOLM) [31]-{32], or named as the Sagnac interferometer has been
proved to be a very useful alternative scheme that can filter pulse pedestals [15]. The Sagnac or
NOLM compression method have an obviously advantages of high compression ratio and clean
pedestal. In the SEC, the low order soliton compression could achieve clean pedestal but low
compression ratio for weak nonlinear chirp effect, while the high order soliton compression might
achieve high compression ratio but suffer from soliton fission and strong pedestal issues for un-
balance of strong nonlinear effect and weak dispersion compensation. Although the interferometer
has increased the system’s complexity and cost, especially the twice space light coupling into the
fiber, the efficiency is decreasing to a certain too. It still provides a good reference for some special
applications which needs high compression ratio and clean pedestal simultaneously.

Anti-resonant hollow core fiber (ARHCF) is a new kind of hollow core fibers emerged in recent
years [16]-{18]. Thanks to the ultra-low transmission loss, flexible nonlinearity, tailorable dispersion,
freedom to control the gas filled in the fiber [19], it is particularly suitable for delivery and compress
high-peak-power (>2 GW [9]) ultrashort pulses [20]-[24]. [30] have achieved uJ-level pulses
compression from 250 fs to sub-10 fs pulse using gas-filled Kagome-structured hollow-core pho-
tonic crystal fiber in two compressed stages, combined with the two aforementioned compression
techniques. However, the output compressed pulse waveform present clear pedestals, and the
peak power of the pre-pulse reached nearly 20% of the main pulse.

To achieve high-peak-power ultrashort pulse compression, especially with pedestal suppression
and high compression ratio, the Sagnac interferometer based on ARHCF is investigated in this
paper. ARHCF was filled with Argon so that the pulse evolution would not be affected by the
stimulated Raman scattering (SRS) effect. By adjusting the pressure, gas dispersion and nonlinear
coefficients could be tailored flexibly. We analyzed the pedestal-suppression pulse compression
in the ARHCF interferometer with unbalanced splitting ratio between the clockwise and counter-
clockwise directions. In experiment, we realized input pulse pedestal-suppression compression of
20 1d, 160 fs pulses at 800 nm wavelength to output of 20 fs using 50 cm ARHCF.

2. Anti-Resonant Hollow Core Fiber

ARHCFs are highly promising for high-power ultrashort pulse applications, owing to their guiding
mechanism and flexible gas filling characteristics. The anti-resonant reflecting optical waveguide
model (ARROW) [25] explains that the ARHCF allows for several broad transmission bands with
low loss, distributed from visible to mid-infrared spectrum. Filling with gas, instead of silicon in the
core region provides a much higher material damage and self-focus threshold, as high as several
GWs of peak power [9]. The low and adjustable dispersion characteristics by varying gas types and
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Fig. 1. (a) Scanning electron micrograph of ARHCF with a 34 um core diameter. (b) Measured
attenuation curves of the ARF. The high loss at ~500 nm and ~1000 nm is caused by the resonant
coupling between the core mode and the cladding modes.
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pressure make it suitable for high-peak-power ultrashort pulse delivery and high-order nonlinearity
applications.

Fig. 1(a) shows the near field micrograph of the ARHCF used in this experiment, consisting
of six untouched hollow cladding tubes for low loss at range of 500 nm to 850 nm and 1.2 um to
1.7 um, with minimum attenuation of 0.0285 dB/m and 0.263 dB/m, relatively. The outer diameter of
the fiber is 100 um while the cladding tube diameter is 16.25 um; the corresponding strut thickness
is estimated to be 400 nm and the core diameter is 34 um. The core diameter leads to relatively
small effective modal area, resulting in high peak power intensity for realizing the nonlinear process
compared with other large core diameter ARF, moreover the small diameter would eliminate the
high-order mode in the fiber. This would benefit for the Sagnac interferometer experiment.

A maximum coupling efficiency of 55% was achieved when an aspheric lens with 50 mm focal
length was used to couple the Ti: Sapphire laser into the fiber. The 800 nm laser with 7 mm diameter
could be focused to nearly 35 um diameter. The attenuation of the fiber is measured from 400 nm
to 1.6 um by the cut-back method. Fig. 1(b) shows the attenuation curve measured in the fiber. A
high loss region appears around 500 nm and 1 um, corresponding to modes leaked from core into
cladding strut.

The dispersion coefficients could be evaluated according to [26].

T 2

fm ~ ko\/(1 + p—‘;%’) 50— (42) (1)
where p is the gas pressure and T is the temperature in the chamber, §(1) is the Sellmeier
expansion coefficient and ky is wave vector determined at pp = 1 bar and Ty = 253 K; upy is
the m" root of the (n— 1)!" order Bessel function, k is the wave vector and a is the radius of the
core. When the fiber is filled with Argon, the dispersion distributions with varied pressures are
shown in Fig. 2. Meanwhile, the nonlinearity predominantly comes from the filled gas, rather than
silicon fibers, because over 99% core mode field is confined in the hollow core. The nonlinearity
coefficient y of ARHCF with 34 um core diameter, filled with 10 bar Ar gas is estimated to be
~1 x 106 m~'W-"[27].

3. Numerical Model

Fig. 3 shows the basic configuration of a Sagnac interferometer, consisting of an ARHCF shown
in Fig. 1 and an «: (1-a) (o is a number from the range of 0 and 100) beam splitter (BS) with the
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Fig. 2. Calculated dispersion distributions of the ARHCF with varied pressure of filled Ar. (a) Second-
order dispersion coefficient; (b) Third-order dispersion coefficient.
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Fig. 3. The Sagnac interferometer configuration.

a% input propagating along the clockwise direction, while the other (1-«)% in counter-clockwise

direction. The output Eq, are obtained through the transmission of the Sagnac interferometer. The
clockwise U and counter-clockwise V split pulses are:

{Uzﬁ“‘ @)
V = V1 —au -’

Where vy is the input field amplitude of Eq, and U and V are the respective field amplitudes of E;
and E;4. For the femtosecond laser input with tens of micro joules, the peak power is in the order of
hundreds of MW, so that the nonlinearity such as SPM and cross-phase modulation (XPM) must
be taken into account. In this case, the coupled nonlinear Schrodinger equations can be written as:

U __ iAB aU B 92U iBs 93U 2; 2 2
W= R BR R by (VP +avE)u a)
av __ iAB 3V i 92V i3 a3V | 2 2 2
&—TW—TZW—TSWJFW(M +2|Ul )V

Y = Now/CAgs (4)
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Fig. 4. (a) Schematic of the experimental setup; fs Laser: center wavelength of 800 nm, pulse duration
of nearly ~160fs; The focal length of the aspheric lens is 50.8 mm. (b) The autocorrelation curve of the
input fs laser.

Where Ap is the inverse group velocity mismatch, 8., Bz are the second-order and third-order
dispersion parameters and y is the Kerr nonlinear coefficient, n. is the pressure-dependent non-
linear refractive index of gas, w the angular frequency and Ag the effective area of the core. SRS
are neglected because noble gas is filled in the fiber, and for and the fiber length is as short as of
tens of centimeters. The equations could be calculated by the well-known split step Fourier method
(SSFM). In each step the nonlinear and dispersion effect could be contributed to pulse evolution
separately when the step size is small enough. An ordinary differential equation solver based on
Runge-Kutta method could be used to solve the equation in each step. It could achieve 3™ order
truncation error for ode45 function has been used.

4. Experiment Setup

A schematic of the experimental setup can be shown in Fig. 4(a). The Ti: Sapphire laser system
(Spitfire, Spectra-Physics) was used as femtosecond pulse source, providing 160 fs pulses with
energy up to 300 wd, 800 nm central wavelength and 1 kHz repetition rate. The autocorrelation
trace of the input fs pulses is shown in Fig. 4(b). A Faraday isolator (FI) was used to avoid the
backward reflected light from the Sagnac interferometer. A half-wave plate (HWP1) and a thin film
polarizer (TFP) were used to control the input power of linearly polarized pulses in range of several
nd to 20 ud. A beam splitter (BS) with different splitting ratio, separates the input beam into two
opposite-propagation beams. The transmitted and the reflected beam were separately focused by
two identical aspherical lenses and coupled into the two ends of the ARHCF. An individual beam
transmission efficiency could reach nearly 55%, including the coupling and ARHCF transmission
loss. Two gas chambers were placed on both sides of the ARHCF to provide given dispersion
and nonlinear environment. In chambers, different gas could be filled into the fiber with adjustable
pressure. The ARF used is a symmetrical structure and the transmission is unsensitive to the
polarization of input beam. Few polarization control devices after the beam splitter are used.
In this experiment, 5~10 bar Argon was pumped into the chambers. Fiber was coiled with a
radius of approximately 30 cm to filter out possible high-order core modes. The clockwise and
counter-clockwise propagating laser beams are recombined at the BS, and were split by the BS
again, wherein one part was returned to the input direction, and the other part was defined as
the output of the Sagnac interferometer, monitored by optical analyzers. Because of different split
ratio in the clockwise and the counter-clockwise propagation beams, the two beams accumulate
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Fig. 5. Calculation results comparison with SEC and Sagnac interferometer compression.

different nonlinear phase shift along the fiber and generate interference effect when they are
recombined at the BS. The overall result behaves as the transmission change of the Sagnac
interferometer depending on the input power and the beam splitting ratio. With a selected beam
splitting ratio, the transmittivity will increases with a span of input power. Within a pulse regime, the
high instantaneous power part, i.e., near the peak part of a pulse, has higher transmission than the
wing part far from the peak, which means the Sagnac interferometer can compress an input pulse.
Moreover, since the peak power of a main pulse is higher than that of pulse pedestal (or wings)
induced after the propagation in a length of ARHCF, the power contrast between pulse peak will
be significantly enhanced, manifesting as the pedestal suppression by the Sagnac interferometer.
An auto-correlator (APE pulse check) was used to measure the pulse states from the transmission
port.

5. Results and Discussion

It is known that the high-order SEC would lead to inevitable pedestal and sub-pulse after a certain
of propagation distance, as shown in Fig. 5. The red line depicts the temporal output of the 160
fs pulse after propagation in 50 cm ARHCF by the effect of SEC, computed by the generalized
nonlinear Schrodinger equation (GNLSE) code [28]-[29]. The black line shows the output of
Sagnac interferometer constructed of 50 cm fibers with identical gas environment with 55:45 beam
split ratio. The pulse compressed with pedestal suppression has been achieved, compared with
obviously sub-pulse as in the SEC scheme.

Ref. [8] has studied the properties of the Sagnac interferometer with varied loop length, gain,
splitting ratio, input peak power, shape and frequency chirp of input pulses. However, varying gas
pressure in hollow fibers is quite different from the situations in silicon-core fibers. Experiments in
[8] just investigated the dispersion and nonlinear coefficient variations separately, whereas varying
pressure could change both of coefficients simultaneously. The dispersion coefficient would be
changed with pressure in Eq. (1) and Eq. (4).

According to Fig. 2(a), the absolute value of second-order dispersion drops with increas-
ing pressure, whereas the nonlinear coefficient is growing at the same time. The output of
the interferometer is the result of the interplay of linear phase shift induced by dispersions
and nonlinear phase shift induced by SPM/XPM. The calculation result under different pres-
sures can be seen in the Fig. 6. A transform-limited input pulse with 800 nm wavelength,
160 fs duration and 13 uJ energy was split by a 55:45 BS and coupled into the interferometer
separately. As shown in Fig. 6, the temporal output shows periodic evolution, and the output
amplitude grows with pressure increasing monotonically at the range from 5 bar to 10 bar. With
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Fig. 7. The experimental output of (a) temporal evolution and (b) spectral evolution in Sagnac interfer-
ometer with varied pressures.

pressure rising, the compression efficiency (the ratio of energy of the pulse energy before and after
compression) rises step by step and reached 25% maximum nearly. This relatively low compression
efficiency results from twice coupling from laser into ARF and partial reflection from Sagnac
interferometer. By coupling efficiency increasing the issues could be improved. According to Eq.
(4), y is small in the low pressure and the nonlinear phase modulation is small under low pressure.
At the low pressure under 5 bar, the output of interferometer shows relatively large pedestal while
main pulse, which is compressed a little for small nonlinear coefficient, had been reflected back
to the FI. With pressure growing, the nonlinear coefficient y rises and increased nonlinear phase
chirp broaden the pulse spectrum. At the same time pulse was compressed through anomalous
dispersion compensation and transmitted while the pedestal was reflected by the system. With
pressure further rising, dispersion effect was playing little role on compensating the chirp whereas
the nonlinear chirp strongly distorted the pulse. According to calculations, the pulse fission occurs
when the pressure is beyond 11 Bar.

Fig. 7 depicted the corresponding experimental results of the Sagnac interferometer with ARHCF
in different pressures. Fig. 7(a) shows the temporal evolution of the compressed pulse while
Fig. 7(b) is spectral evolution. It is visible the onset of spectral broadening happens at pressures
above 5 bar, and expanding from 750 nm to 850 nm for pressures nearly at 10 bar. At the same
time the pulse duration decreases monotonically with pressure increasing from 5 bar to 10 bar,
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Fig. 8. The autocorrelation curve of Sagnac interferometer’s output with Ar at 10 bars.

especially the pedestal is effectively suppressed above 7 bar. It's in good agreement with the
calculated results showed in Fig. 6.

According to the parameters of fibers and gas environment, the optimal output could be achieved
near 10 bars filling in the interferometer shown in Fig. 8. The dark line is the autocorrelation curves
of the measured compressed pulse waveform and the red one is the fitting curve. The pulse in
20 fs width with suppressed pedestal suppression and 8 times compression ratio have been
achieved in the Sagnac interferometer constructed of 50 cm ARHCF filled with Ar at 10 bars.

6. Conclusion

In conclusion, we have demonstrated a pedestal-suppression femtosecond pulse compression by
a Sagnac interferometer constructed of AR-HCF numerically and experimentally. The anomalous
GVD and nonlinear phase shift between the opposite directional propagating pulses could be
adjusted conveniently by varying the pressure of gas filling in the fiber. With Ar at 10 bars filled,
a pulse with 160 fs, 10 uJ pulse at 1 kHz repetition rate emitted from the Ti: Sapphire laser was
compressed with the Sagnac interferometer. We have measured a compressed pulse duration of
20 fs with no obviously pedestal. The maximum compression efficiency is nearly 25%.

Given the results presented in this paper, we believe the configuration of Sagnac interferometer
constructed of anti-resonant fiber is ideally suited for high signal-to-noise compression of high-
power femtosecond laser. The compression technique is not only suitable for 800 nm laser, but
also could be used in other wavelength if it could achieve the balance of dispersion and nonlinear
effect. It's a promising way to achieve few-cycle compression through high order dispersion and
nonlinear coefficients management carefully.
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