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Introduction and motivation
Photonic crystal fibers (PCFs) are a unique type of optical fibers,

completely different from conventional optical fibers, due to their
periodic microstructure geometry of air holes running along the entire
length of the PCF and surrounding the fiber’s solid core. The engineering
ability to alter various geometry parameters (air hole size and position)
enabled various unique features that are not accessible for a common
optical fiber. Due to their exceptional properties, solid-core PCFs are
considered to be a perfect nonlinear medium for enhancing nonlinear
effects, related to the third order nonlinear susceptibility χ(3) or
nonlinear refractive index n2. Processes related with nonlinear refractive
index, also known as optical Kerr effect, are self-phase modulation
(SPM), cross-phase modulation (XPM), four-wave mixing (FWM) and
even stimulated Raman scattering. Combined nonlinear processes can
lead to different temporal and spatial pulse modulations, e. g.,
supercontinuum generation [1-4]. Therefore, it is necessary to properly
evaluate the fiber’s nonlinear refractive index and its dispersion.
Although traditional nonlinear refractive index measurements methods,
such as Z-scan, are practical and simple for bulk medium, this method is
unsuitable when dealing with fibers, due to the waveguiding effect.
Other methods based on FWM, or other nonlinear processes are also
not applicable when ultrashort femtosecond pulses are used [5-6].

In this work we present a new method to measure nonlinear
refractive index in optical fibers. It combines cross-correlation
frequency-resolved optical gating (XFROG) measurement of controlled
chirp femtosecond pulse spectrum broadening inside PCF together with
theoretical modeling to determine the photonic crystal fiber’s nonlinear
refractive index and its dispersion values.

Experiment and methods
In our experiment (Fig. 1) the photonic crystal fiber nonlinear

refractive index measurement was performed using Yb:KGW “Flint”
oscillator generating 110 fs duration pulses with 75.2 MHz repetition
rate and with a central wavelength of 1028 nm. A beam splitter was used
to divide the radiation into two beams: one for measurements and
other as a reference beam for XFROG technique. A transform-limited
pulse was obtained by evaluating and compensating pulse chirp values
after passing all optical elements and additionally considering the
dispersion caused by the focusing microscope objective. For the
experiment, a polarization maintaining photonic crystal fiber (Fig. 2) with
mode field diameter of 4.3 µm ± 0.2 µm and zero dispersion wavelength
set at 1040 nm ± 15 nm was used. The length of PCF was approximately
equal to 2.6 cm. Pulse broadening measurements were performed by
implementing XFROG technique and XFROG traces were measured at
different pump power values. Then numerical simulations of pulse
broadening at different pump power values were performed. The result
is obtained (correct nonlinear refractive index value determined), when
numerical simulation and experiment results are in good agreement.

Results and conclusions
The pulse spectrum broadening caused by self-phase modulation (SPM) at the maximum pump power value and its comparison with initial
transform-limited pulse is depicted in Fig. 3. Such broadening is considerably small and is mainly influenced by the short length of PCF. After
performing theoretical analysis, the main parameters from nonlinear Schrödinger equation were determined. First, the nonlinear refractive
index was found to be equal to 1.82 ∙ 10-20 m2/W, while values of a common fused silica 𝑛2 varies from 1.9 ∙ 10-20 m2/W to 4.44 ∙ 10-20 m2/W.
Also, nonlinear refractive index dispersion 𝑛2

′ was found to be equal to 6.5 ∙ 10-20 m2∙fs/W, and pulse intensity modulation nonlinear coefficient
Δ𝑛2

′ was -1.3 ∙ 10-19 m2∙fs/W. Using these values XFROG traces at other various pump power values were theoretically modeled and compared
with experimentally measured XFROG traces (Fig. 4).

From theoretically modeled and experimentally measured spectrograms and spectrum broadening dependency on pump power several
important insights can be drawn. Aside pulse broadening caused by SPM, it can be observed that XFROG traces are tilted and shifted upwards.
This asymmetry is analyzed by including higher order linear dispersion terms and two nonlinear coefficients – nonlinear refractive index
dispersion and pulse intensity modulation nonlinear coefficient, which are linked with pulse front self-steepening effects. Although, the
magnitude of such process in our experiment is very small. Furthermore, linear dispersion theoretically would be neglected since the pulse
dispersive length is considerably higher than the length of PCF. In our case the pulse dispersive length is 2.81 m, while the length of a fiber is
only 2.6 cm. However, it was observed ant event at small PCF lengths linear dispersion has a certain effect and cannot be discarded.

In conclusion, the theoretical modeling approach does not allow to determine the exact values of nonlinear refractive index and its dispersion,
however it is a decent method to evaluated the correct sign, magnitude and order of 𝑛2 and 𝑛2

′ parameters.
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Fig. 1 PCF nonlinear refractive index n2 measurement scheme. Optical elements used
in the setup: M1 − dielectric mirrors; L1, L2, L3, L4 − lenses; P1, P2 − dispersive
prisms; RF − retroreflector; BS − beam splitter; λ/2 − half-wave plate; Br. pol −
Brewster’s polarizer; OB1 − microscope objective; XYZ stage − high accuracy XYZ
stage; PCF − photonic crystal fiber; L − aspheric lens.

Theoretical model
Theoretical modeling was based on laser pulse propagation through

PCF. Main laser pulse parameters used in theoretical modeling was pulse
duration and central wavelength of the pulse, which equal to 110 fs and
1028 nm, respectively. PCF parameters include phase refractive index of
fundamental mode (n0 = 1.4445), group refractive index of fundamental
mode (ng = 1.4560), PCF core cross-section area (SM = 14.5 μm2), group
velocity dispersion coefficient (g = -0.00215 fs2/μm) and the length of PCF
(L = 2.6 cm). Once these parameters are determined, theoretical
modeling is performed by solving nonlinear Schrödinger equation, which
describes how the pulse envelope amplitude changes while propagating
through PCF:

𝜗𝐴

𝜗𝑧
= 𝐷 𝐴 − 𝑖𝑘0𝑛2 𝐴

2𝐴 − 𝑘0𝑛2
′
𝜗 𝐴 2𝐴

𝜗𝑡
− 𝑘0Δ𝑛2

′𝐴
𝜗 𝐴 2

𝜗𝑡
The first term describes linear dispersion values of a PCF (second and
third order dispersion terms). The second member in the equation is
responsible for including the self-phase modulation effect caused by
nonlinear refractive index, with consideration that the material response
is instantaneous. Lastly, the third and fourth members of the nonlinear
Schrödinger equation are linked with inertial response of the medium to
incident light, and to n2 dispersion.
Knowing the amplitude, theoretical XFROG trace (spectrogram) is then
constructed:
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Where A(z,t) is the complex pulse envelope and h(t) is the probe pulse.
The theoretical modeling is performed by varying 𝑛2 , 𝑛2

′ , Δ𝑛2
′ values,

until the results obtained from theoretical modeling matched with the
experimental data.

Fig. 2 Picture of
polarization
maintaining solid
core photonic crystal
fiber (SC-5.0-1040-
PM) used in this
works, captured with
scanning electron
microscope.

Fig. 3 The difference
between pump
pulse spectrum
(blue line) and
broadened at
highest (350 mW)
pump power value
(red curve).

(a) Experiment results at 200 mW pump power. (b) Theoretical model results at 200 mW pump power.

(c) Experiment results at 350 mW pump power. (b) Theoretical model results at 350 mW pump power.

Fig. 4 Left: experimentally measured XFROG traces. Right: theoretically obtained spectrograms. Theoretically modeled and measured results were compared at 200 mW
and 350 mW pump power values. The dashed lines indicate the initial 291 THz (1028 nm) pulse position.


