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Abstract Using the photonic crystal fiber (PCF) with the
zero dispersion wavelength of 848 nm for the fundamental
mode, the efficient anti-Stokes signal generations from 645
to 543 nm are realized by pumping in the normal disper-
sion region. When the pump average power increases from
200 to 500 mW, the output power of the anti-Stokes signal
increases 8.46 times, the power ratio of the anti-Stokes sig-
nal at 543 nm to the residual pump is calculated as 22.6:1,
and the conversion efficiency 7 in the experiment can be up
to 46%. Moreover, good optical beam quality of the anti-
Stokes signal can be achieved.

1 Introduction

Photonic crystal fibers (PCFs) [1, 2] have been shown to
provide an attractive platform for realization of compact and
efficient frequency conversion for microscopic and bioimag-
ing applications [3, 4], as well as all optical nonlinear sig-
nal processing [5]. The nonlinear-optical frequency conver-
sion and spectral transformation of laser radiation in PCFs
[6-8] are often based on the sideband generation by four
wave mixing (FWM). Since its first observation in PCFs [9],
the FWM and phase-matching for frequency conversion in
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PCFs have been optimized in different ways [10]. To meet
the phase-matching conditions, the pump should be in the
vicinity of the zero dispersion wavelength of the guided-
mode. PCFs allow the flexibility for the pump wavelength
due to adjustable dispersion properties [11].

With the proper adjustment, the input pump energy can
be easily coupled into the higher-order modes, and the ef-
ficient anti-Stokes signals can be generated by the phase-
matched FWM. Akimov et al experimentally demonstrated
the nonlinear-optical processes in the multimode PCFs, and
achieved the up-frequency conversion of ultrashort laser
pulses in the high-order modes of PCFs [12]. Hu et al. and
we experimentally controlled the frequency transformations
of femtosecond pulses in the second-order mode of PCFs
[13, 14]. The anti-Stokes signal generation in the fundamen-
tal mode of PCF was elementarily investigated by us [15].
Compared with the higher-order modes, it is easier to cou-
ple into the fundamental mode of PCFs for the input pump
pulse, and the output optical beam has better quality. How-
ever, it’s difficult to achieve the phase-matching condition
for the fundamental mode in the general multimode PCF
with the regular short pulse source, since its zero dispersion
wavelength often lies at the longer wavelength relative to the
high-order modes. In this paper, the phased-matched FWM
processes of femtosecond pulses in the fundamental mode
of PCF designed and fabricated in our lab are presented.
By pumping in the normal dispersion region, the anti-Stokes
signals from 645 to 543 nm can be efficiently generated as
the input average power increases from 200 to 500 mW.
The maximum ratio of anti-Stokes signal at 543 nm to the
residual pump component is calculated as 22.6:1, and the
maximum conversion efficiency of 46% in the experiment is
achieved. The output optical beam of anti-Stokes signal is
with good quality.
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Fig. 1 (a) Group-velocity dispersion calculated as a function of ra-
diation wavelength for the fundamental mode, the solid-dot indicat-
ing the measured values by the pulse time-delay method, the insets /
and 2 showing the cross-section of PCF and the simulation result for
the transverse field intensity distribution of the fundamental mode, the
vertical dash line corresponding to the zero dispersion wavelength of
848 nm. (b) The phase-mismatching parameter « in the fundamental
mode as a function of radiation wavelength under different input power
at the short wavelengths, the vertical arrow line corresponding to the
pump working wavelength of 840 nm

2 The PCF properties and experiment

The Multi-pole method (MPM) is used to analyze the prop-
erties of waveguide mode in PCF. Figure 1(a) is the group
velocity dispersion of fundamental mode calculated as a
function of radiation wavelength, where the zero disper-
sion wavelength of 848 nm agrees well with the measured
result by the pulse time-delay method, and the material
dispersion is calculated from the Sellmeyer equation. The
cross-section structure of PCF used is shown in the in-
set 1 of Fig. 1(a). To choose the appropriate PCF parame-
ters, the frequency relations between the signals (the Stokes
and anti-Stokes signals) and pump are described as w; 4 =

wp F \/—,3(2) (wp)/[128® (wp)] by expansion of B(w) up to
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Fig. 2 (a) The output spectra with the input average power increasing
from 200 to 500 mW. The inset 1 shows the amplified output spectra of
residual pump component, and the insets 2 to 5 correspond to the out-
put far fields of different signal (red, orange-yellow, yellow-green, and
weak-green light). (b) The anti-Stokes signal wavelength (square solid
line) and bandwidth (circle solid line) as a function of input average
power. (c¢) The ant-Stokes signal and residual pump power (circle solid
lines) and the ratio of anti-Stokes signal and residual pump (square
solid line) as a function of input average power. The inset shows the
residual pump power (square solid line)
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the fifth order around w, with the nonlinear term neglected,
where B = 3" B(w)/de" and the signs of B? (wp) and
oS (wp) should be different for phase-matching to occur.
The silica PCF is specially designed in order to satisfy the
phase-matching condition at the specific wavelength, and
the structure parameters are as follows: the relative air-hole
size is 0.86, and the core diameter is 2.8 um. Inset 2 of
Fig. 1(a) shows the simulation result for the transverse field
intensity distribution of the fundamental mode. The degen-
erate four-wave mixing, which involves a pump and a Stokes
wave at frequency wp and ws to produce a signal wave at
2wp — ws, can be used for the anti-Stokes frequency con-
version of the ultra-short laser pulse. When a strong pump
pulse at wp is launched into the fiber, a Stokes signal with
downshifted frequency ws and an anti-Stokes signal with
upshifted frequency w, are simultaneously generated. To
achieve high energy transfer from the pump to the signal
under different input power values, the phase-matching con-
dition « = B(ws) + B(wa) — 2B(wp) +2n,wp Py /(cAett) =0
should be satisfied, where B(wp), B(@a), and B(ws) corre-
spond to the propagation constants of pump, anti-Stokes sig-
nal, and Stokes signal, Py, is the pump peak power, n, is the
nonlinear refractive index, c is the light velocity in the vac-
uum, and Aegr is the effective mode field area. The phase-
mismatching case of the fundamental mode at the short
wavelength is presented in Fig. 1(b) when the pump works at
840 nm and the peak power increases from 24 to 60 kW (cor-
responding to the average powers of 200 to 500 mW). The
phase-mismatching parameter « reaches zero at the wave-
lengths of 645 nm, 590 nm, 573 nm, and 543 nm.

In the experiment, the light source is a Kerr Lens Mode-
locking (KLM) Ti:sapphire ultrafast laser at 840 nm, which
emits a pulse train with FWHM of 120 fs at the repetition
rate of 76 MHz. By changing the distance between the in-
put tip of the fiber and the lens to exactly adjust the angle
between the input beam and the fiber axis, the fundamental
mode can be selectively excited. The pump energy is cou-
pled into the PCF span of 50 cm length, and the coupling
efficiency is 65%. The transmission loss is measured to be
5.8 dB/m at 840 nm with the cut-back method. The output
far fields are observed by CCD. The spectral properties of
the output radiation are monitored by an optical spectrum
analyzer (OSA) with the measurement scope from 200 to
1100 nm and a resolution of 0.025 nm.

3 Results and discussion

At the initial stage of nonlinear process, because the pump
wavelength approaches the zero dispersion wavelength of
PCF, the self-phase modulation (SPM) plays a main role.
Frequency components of the input pulse serve as a pump
for phase-matched FWM, deplete the radiation spectrum
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Fig. 3 The measured output anti-Stokes signal power Py (circle solid
line) and conversion efficiency n (square solid lines) as a function of
the input average power

around the zero dispersion wavelength, and transfer the ra-
diation energy to the normal and anomalous dispersion re-
gions, as shown in the inset 1 of Fig. 2(a). Moreover, the
FWM effect is more remarkable due to less «, and the anti-
Stokes signals are efficiently generated within the wave-
length range of 645 to 543 nm, as shown in Fig. 2(a). The
experimental results agree well with the theoretical results
in Fig. 1(b). The insets 2 to 5 show the observed output
far field modes at different signal wavelengths (red, orange-
yellow, yellow-green, and weak green light), corresponding
to the inset 2 of Fig. 1(a). In Fig. 2(b), with the input average
power increasing, the central wavelengths and bandwidths
of the anti-Stokes signals change noticeably whereas nearly
inverse changing trends. The wide wavelength-tunable range
(>100 nm) and broadband visible wavelength (~19 nm) are
achieved. As shown in Fig. 2(c), the output power of the
anti-Stokes signal increases 8.46 times as the input average
power increases from 200 to 500 mW. The output power ra-
tio of anti-Stokes signal at 543 nm and the residual pump
component (as shown in the inset of Fig. 2(c)) can be up to
22.6:1. The anti-Stokes radiation is above 85% of the total
output power, calculated from the Manley—Rowe relations
of photon conservation.

The conversion efficiency (1) of the degenerate FWM
can be described by the power ratio of the output anti-Stokes
signal P,s and incident pump Ppo(Pas/Ppo). In Fig. 3,
with different input average powers, the measured P,g are
33.8 mW, 60.5 mW, 104 mW, and 149.5 mW. For the de-
terminate coupling efficiency (65%), the maximal 7 in the
experiment is estimated as 46%. Considering the depletion
of pump, a constant value for nonlinearity, a single effec-
tive overlap integral, and no loss, the values of 1 can be
theoretically calculated [16—18]. The maximal n of 48.5%
corresponds to the signal generation at 543 nm. The tiny
discrepancy between the experimental and theoretical result
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may arise from the pulse walk-off between the pump and
anti-Stokes wave due to large wavelength separation, and
the coupling and scattering loss of the high-order modes be-
cause of large index contrast between the core and cladding
region. The FWHM of initial pump pulse of 120 fs is broad-
ened to 650 fs because of the dispersion and nonlinear ef-
fect, and the estimated width of the anti-Stokes signal pulse
at 543 nm is 55 fs.

Moreover, as seen from Fig. 2(a), the output powers of
the trivial components at longer wavelengths, resulting from
part of pump energy coupling into other polarization state
of the fundamental mode and the Raman cascade effect,
and residual pump components are lower. It is possible that
the total energy of the Stokes frequency components cor-
responding to the phase-matching conditions at long wave-
lengths is entirely depleted at the output of fiber due to tens
or hundreds of dB/m transmission loss. Thus, the output sig-
nal interference can be greatly depressed, and good optical
beam quality of the anti-Stokes signal can be obtained, as
shown in the insets 2 to 5 of Fig. 2(a).

4 Conclusion

In summary, the efficient and wavelength-tunable anti-
Stokes frequency conversion is achieved with the phase-
matched FWM in the fundamental mode of PCF pumped
in the normal dispersion region. The related nonlinear pro-
cess is demonstrated. In addition, good optical beam quality
of the anti-Stokes signal is obtained.
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