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are coherent.

Light generated in optical fibers due to various nonlinear processes often has a broad spectrum and is
commonly considered as a potentially convenient source of seed for tunable wavelength laser systems and
many other applications. The nonlinear processes usually considered when discussing this spectrum broadening

In this paper we present experimental and theoretical investigation of a partially coherent nonlinear

phenomenon occurring at the same time — ultraviolet-visible light (375 nm-500 nm) generation in a short
photonic crystal fiber pumped by ~ 110 fs duration and 1028 nm wavelength pulses.

Introduction

Generation of broad spectrum radiation is one of the most important
and widely studied topics in nonlinear optics due to a great num-
ber of potential applications for broadband laser radiation including
spectroscopy [1], frequency metrology [2], optical coherence tomog-
raphy [3,4], tunable wavelength laser systems [5], etc. In most cases
it is termed as continuum generation since the spectrum of radiation
expands hundreds or even thousands of times compared to the initial
radiation spectrum. A lot of research into continuum generation in a
wide variety of media, including photonic crystal fibers (PCFs) [6-22],
have been conducted. It is well-known that during spectrum extension
in optical fibers many different coherent processes such as self-phase
modulation [23], third harmonic and soliton formation [24], four-
wave mixing [25], etc. can occur and their interaction shapes the
broadened spectrum. Given the appropriate dispersion characteristics,
spectrum extension into the UV range can occur in hollow-core PCFs as
well [26]. An interesting approach which enables continuum spectrum
extension to deep-UV spectral range is use of hollow-core PCF with
its core filled with gas (gas-core PCF) [27,28]. By tuning pressure and
temperature of the gas, we can actually tune dispersion of such hollow-
core gas-filled PCF which in turn yields vacuum-UV (VUV) continuum
generation [29]. On the other hand, incoherent UV-VIS light gener-
ation is also be observed in fibers: a paper by Amrani et al. [30]
reports generation of deep-UV emission fluorescence light using plasma
generated in hollow-core PCF from a gas mixture. Moreover, as we de-
scribe in this paper, partially coherent processes with peculiar features
can also be observed in solid-core photonic crystal fibers without any
specific improvements.
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In this paper we report investigation of partially coherent UV-VIS
light (375 nm-500 nm) generation in a highly nonlinear photonic
crystal fiber. We present a theoretical model giving good qualita-
tive explanation of this phenomenon, its partial coherence and other
characteristic features. The presented results contribute to a more com-
prehensive understanding of nonlinear processes occurring in optical
fibers.

Experimental setup

The experiment was performed using the setup depicted in Fig. la.
The pump source was a mode-locked Yb:KGW laser oscillator
“Flint” generating 1028 nm central wavelength (which we will refer
to as fundamental harmonic — FH) and 110 fs duration pulses with
76 MHz repetition rate. An optical attenuator, consisting of a half-wave
plate mounted on the motorized rotation stage and a Brewster type
polarizer, was used to change energy of pump pulses. The laser beam
was directed at a pair of prisms, which were used to eliminate pulse
chirp induced by the microscope objective, so that transform-limited
pump pulses would be observed at the entrance of PCF. A low group
velocity dispersion (GVD) telescope and 40x magnification and 0.65
numerical aperture microscope objective were used to focus pump radi-
ation into the PCF. Microscope objective with the input coupling end of
PCF was mounted on a Thorlabs Nanomax 300D three-axis translation
stage. A polarization-maintaining solid core PCF manufactured by NKT
Photonics was used for experiment. A scanning electron microscope
(SEM) picture of this PCF cross-section is depicted in Fig. 1b. The PCF
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Fig. 1. (a) Experimental setup: /2 — half-wave phase plate; BP — Brewster type polarizer; P1, P2 — prisms; R — retroreflector; M1, M2 — highly reflective mirrors; OB1, OB2
— microscope objectives, PCF — photonic crystal fibe, T1 and T2 — telescopes, MRS — motorized rotation stage. (b) SEM image of the PCF cross-section used in experiments.
Blue lines mark extra elements which apply mechanical strain along V axis. (c) The dispersion parameter D for orthogonal polarization modes: V — vertical polarization (thin blue

curve) and H - horizontal polarization (thick red curve) of the PCF .

length was 2.6 cm. The core diameter and the pitch of the PCF were
4.8 pm and 3.25 pm respectively. The GVD of this PCF was estimated
using a new GVD measurement method based on cross-correlation
frequency-resolved optical-gating trace analysis [31]. The estimated
GVD curves show that the zero-dispersion wavelength (ZDW) is at
1087.4 nm + 10 nm for both polarization modes of the PCF (Fig. 1c).
We can see that the GVD curves for orthogonal polarization modes are
very similar as the difference between the curves becomes visible only
in the long-wavelength part (approximately from 1170 nm). In this
experiment we used horizontal polarization pump because the results
of the measurements were essentially the same for both polarizations.
A second identical microscope objective was used to collimate output
light coming out of the PCF. Spectra of light coming out of the PCF were
measured with an Avantes AvaSpec-ULS2048CL spectrometer with a
wavelength range of 200 nm-1100 nm and Ocean Optics NIR Quest
512-2.5 with a wavelength range of 900 nm-2500 nm.

Experimental results

The emission spectra of the fiber were measured for different av-
erage powers of the FH, which was from 25 mW to 630 mW at the
entrance of the fiber or from ~ 7 mW to ~ 190 mW inside the fiber
respectively. In Fig. 2a we see that there are three clearly detectable
distinct nonlinear processes that take place in the fiber, namely, self
modulation of the pump pulse, the generation of the third harmonic
(TH) at 343.7 nm and the up converted photo-luminescence (PL) in
ultraviolet and visible (UV-VIS) spectral range extended roughly from
375 nm up to 500 nm. It is worth to noting that PL phenomenon differs
from other mentioned processes fundamentally in a sense that after
light-matter interaction the physical state of material changes as part
of energy from the pump beam is delivered to the material and it heats
up (in our case up to 60 °C near the entrance of the fiber).

The most striking feature of the UV-VIS light is the modulation
of the spectrum which was observed for any power of the FH (see

Fig. 2c). This aspect indicates that although UV-VIS light generation is
clearly a nonlinear process the modulation of the spectrum most likely
is determined by the linear propagation of the light in the fiber and
can be used to characterize the coherence properties of emitted light.
The dependencies of the average power of the UV-VIS light on the
power of the FH is depicted in Fig. 2d. The generation efficiency of UV-
VIS light decreases with the increasing power of the FH in PCF. This
counter-intuitive result is discussed theoretically in the next section.

Theoretical analysis

The photo-luminescence in the UV-VIS spectral range can be at-
tributed to formation of self-trapped excitons (STE), which are trapped
by their interaction with lattice distortion and become attached to
lattice sites [32-34]. The threshold of silica glass absorption band is
situated approximately at 8.2 eV [33], so at least 7 photons (hw, =
1.2 eV) absorption is needed to excite one free exciton. It is reasonable
to assume that free excitons are created along the fiber due to the multi-
photon absorption which then decay to STE by emitting the photon
in UV-VIS light wavelength range. The spontaneous decay constant of
free exciton is about 17 ps [33] while a duration between adjacent
pump pulses is just 13 ns. So in order to describe UV-VIS spectrum
theoretically we need the model which would be able to take into
account spontaneous and stimulated decay of free exciton to STE. To
this end we consider the wave equation

02 E(w, 2) B2 = - o P(w,2) ’
0z2 2 g
where k = wn(w)/c is the wavenumber, n(w) is the refractive index of
the fundamental mode of PCF, P /¢, is the source of UV-VIS light and ¢,
is vacuum permittivity. Together with the initial conditions £(w,0) = 0

and 0, E(w, 0) = 0 the solution of the Eq. (1) is
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Fig. 2. (a) Typical spectra at the output of PCF for two extreme pump powers — the blue line at 190 mW and the red one for 7 mW. (c) Zoomed in view of spectral range of
TH and UV-VIS light. (c¢) Spectrum modulation of UV-VIS light for different pump power. (d) The average power (blue curve with circle) and the generation efficiency (red curve
with square) of UV-VIS light versus average power of the FH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Assuming that the source of UV-VIS light moves along the fiber with
some speed v we model the source by the expression

P(t.2)/€y = lay IN 12 Ey(t — z/v), 3

where I, is the intensity of the FH and « is N-photon absorption coef-
ficient, so the factor [a, IV]!/ takes into account N-photon absorption.
The E,(t — z/v) stands for electric field o UV-VIS light emitted in the
process of decay of free exciton to self-trapped exciton. For spectrum
component we write

P(Z’a 2 _ [aNIlN]l/Z K902 F (1) )
0
where K = w/v and ¢(w, z) is the random phase which we introduce

here to account exciton—-phonon interaction. Considering the simplest
plane wave multi-photon absorption model

oI

E = —Qay IIN (5)
we find

1
I1(2) - (6)
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where I is the intensity of the FH at the entrance of PCF. Utilizing the
fact that the multi-photon absorption is significant only for relatively
short length z* we simplify the whole model by taking I, = I,(z*) and
integrating only up to z = z*. The averaged intensity of the spectral
component then is proportional to

A 2 A
(E@P) = ay IV (") <"7> |Ey@)? F@), %)
where
F(w) = / d¢ sin[k(¢ - z)] / d¢’ sin[k(¢’ — z*)] & KE=D
0 0

% <ei¢(wfc>—i¢(¢a,4'>> . ®

The factor (exp(i¢(w, {) — i(w, ")) represents the probability that two
waves emitted along the fiber at points ¢ and ¢’ are summed up
coherently. It is modeled in a similar manner as in the model of a light
emitted by atoms of gas, i.e.

<ei¢<c>—i¢(§’)> =exp (_M‘_‘:") ) 9)
[ (@)

where / (w) is a characteristic coherent length. The larger value of /. the
higher probability of stimulated decay of free exciton to STE. Despite
all simplifications the analytical expression of the integral given by
the Eq. (8) is quite complicated. However it has the term which is
proportional to cos[(k — K)z*] and describes the oscillations of the UV-
VIS spectrum. By applying the fitting procedure to parameters z* and v
for the most distinguishable peaks of UV-VIS spectrum (see Fig. 3a)
we find that z* ~ 4 mm and v ~ ¢/1.5240. Having these values at
hand we can estimate the coherent length /., by considering oscillations
amplitudes of UV-VIS spectrum (Fig. 3c). The envelope IE"O(w)I2 was
deduced from experimental spectrum of UV-VIS light by smoothing out
all oscillations (Fig. 3b). The simulation results presented in Fig. 3a
demonstrate very good agreement between experimental spectrum and
its theoretical equivalent. From our model it also follows that stimu-
lated decay of free exciton is more probable in the wavelength range
~ 375 —-410 nm where modulation of the spectrum is most observable.

In particular, peaks depicted in Fig. 3(a) correspond to constructive
wave interference along the fiber. It is important to stress here that our
model does not explain how it happens on an atomic scale. Calculations
only demonstrate that if it happens say for peak No. 1, then under the
same conditions it happens for other peaks as well. On the atomic scale
level one may imagine that electromagnetic oscillations correspond
to peaks of UV-VIS light spectrum which induce additional temporal
lattice distortions that play the role of trigger for conversion of free
exciton to STE.

The generation efficiency of the UV-VIS light is defined as the ratio
of a power of generated light to a power of the FH at the entrance of
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Fig. 3. (a) The spectrum calculated by the (7) is shown as solid (red) curve while the curve with joined circles (gray) represents measured spectrum. Most distinguishable peaks
are numbered and their wavelengths are written. (b) The theoretical decay spectrum envelope of free exciton to STE according to our calculations. (c) The empirical function of

coherence length /.(4) of UV-VIS light. Parameters for /. function: /
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where 7, is the pump pulse duration. Taking into account our simplified
model and utilizing Eq. (6) one obtain
N N-1
I 1y

N — = .
Iy [1+(N = Day I}~z ]N/N=D

(1)

It is not difficult to see that when (N — 1)ay Ié" ~1z* > 1 the generation
efficiency become

r]o<Iolo<PF_I_}. (12)

Although the Eq. (12) does not mimic the generation efficiency of
UV-VIS light in full scope, still it demonstrates that at relatively high
intensities of the FH the generation efficiency n decreases as pump
pulse power Py increases, in agreement with observed experimental
data (Fig. 2d). To model the conversion efficiency of UV-VIS light
more accurately it is necessary to take into account other important
phenomena such as pump pulse spreading and self-modulation.

Conclusions

During investigation of nonlinear processes in a highly nonlinear
photonic crystal fiber when pumping with femtosecond pulses near
ZDW, we have determined that there are three clearly detectable and
relatively independent nonlinear processes that take place in the fiber,
namely, self-modulation of the pump pulse (which eventually leads
to continuum generation), generation of the third harmonic and the
up-converted photo-luminescence in ultraviolet and visible spectral
range.

Our calculations suggest that emission of the UV-VIS light can be
attributed to the conversion of a free exciton to a self-trapped exciton.
It seems that PL in a fiber in the form of UV-VIS light can interact
with free excitons in a coherent way, i.e., the conversion of free exciton
to STE for some spectral components of PL is no longer a random
process and is tightly related to dispersion characteristics of the fiber.
This manifests as spectrum modulation of UV-VIS light. Theoretical
analysis has shown that under our experimental conditions excitons are
generated most effectively in the first 4 mm of the fiber due to multi-
photon absorption. The stimulated decay of free exciton is accompanied
by partially coherent UV-VIS light emission in the range ~375 nm —
410 nm which manifests as spectrum modulation. Influence of the
partially UV-VIS light generation to other coherent nonlinear processes
(which ultimately lead to continuum generation) occurring at the same
is not yet clear and will be the subject of further research.

=10 mm, a = 50 nm~2, b =371 nm.
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