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All-fiber optical parametric amplifier at 1 pm using

a microstructured fiber

M. W. Lee!, T. Sylvestre!, M. Delqué!, A. Kudlinski?, A. Mussot?,
J.-F. Gleyze?, A. Jolly?, and H. Maillotte!

Abstract— We demonstrate experimentally an all-fiber op-
tical parametric amplifier and wavelength converter at 1lpm
using a microstructured fiber and an electro-optical inten-
sity modulator. A gain of 40dB is obtained for a signal at
1053nm. The experimental gain bandwidth agrees well with
the theoretical one including Raman gain.

Keywords— Optical fiber amplifiers, fiber optical paramet-
ric amplifiers.

IBER optical parametric amplifiers (FOPAs) have re-

ceived much attention over the last decade for telecom-
munication applications [1], [2]. Some outstanding progress
have recently been made such as 70 dB gain and bandwidth
with a few hundred nanometers by pumping at 1.5 pm [3],
[4]. FOPAs in the 1 pm band is also of interest because
of the increasing number of Ytterbium and Nd:YAG based
optical systems. Recently, an optical parametric ampli-
fier (OPA) at 1 pm using a microstructured optical fiber
(MOF) has been reported with a microchip Nd:YAG laser
as a pump source [5].

In this work, optical parametric amplification at 1 pm
is experimentally demonstrated, for the first time to our
knowledge, in a fully integrated all-fiber and polarization-
maintaining (PM) optical system. It is implemented with
a pump pulsed by an electro-optic intensity modulator spe-
cially designed to operate at 1 pm with a minimum inser-
tion loss and enhanced extinction ratio. Efficient paramet-
ric gain and wavelength conversion are demonstrated by
pumping at 1065 nm near the zero-dispersion wavelength
of the MOF and by using a signal at a center-wavelength of
1053 nm. The choice of the signal wavelength matches the
specific needs of the search of Inertial Confinement Fusion
(ICF) in large laser systems [6].

The experimental setup is shown schematically in Fig. 1.
The CW emission of a 6 mW pump laser is converted to
pulse emission by an electro-optic intensity modulator de-
signed at 1064 nm. A pulse generator is used to generate
rectangular pulses and an RF amplifier amplifies pulses. In
order to avoid Brillouin backscattering that limits the OPA
gain [1], the pulse width and duty cycle of pulse train are
set to 3.4 ns and 1/16, respectively. An Ytterbium-doped
fiber amplifier (YDFA) amplifies the pump pulse. A band-
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pass filter with a linewidth of 2.5 nm is adjusted to the
pump wavelength to suppress amplified spontaneous emis-
sion (ASE) of the YDFA. A DFB fiber laser emitting CW
at 1053 nm is used as a signal source to be amplified by
the FOPA. 1% of the signal power is injected into a fiber
polarization controller (PC) whilst 99% of the pump power
is injected into PC via an optical coupler (OC 99/1). As
parametric amplification is polarization dependent, the lin-
ear polarizations of the pump and signal are maintained in
the whole system as well as in the MOF by using polariza-
tion maintaining (PM) elements. A PC is added before the
MOF to align both the pump and signal polarizations par-
allel to one of the birefringent axes of the MOF. The fiber
output is split into two outputs by another 90/10 PM fiber
OC. The 10% port is sent to an optical spectrum analyser
(OSA) and the 90% port is injected into another bandpass
filter centered at the signal wavelength. The amplified sig-
nal is then detected by a photodetector (PD) and recorded
by a digital oscilloscope.

The MOF has a zero-dispersion wavelength (ZDW) of
1065 nm and provides anomalous dispersion at the pump
wavelength required for phase-matching. A zoom of the
fiber cross-section of the MOF is shown in Fig. 1. The pitch
and hole diameter are 4.14 pm and 2.61 pum, respectively.
The optical loss of the 400m-long MOF is measured as
8.1 dB. The pump wavelength is set to A\, = 1065.8 nm
where the maximum parametric gain for the 1053 nm signal
is observed.

In Fig. 2(a), the signal power is —9 dBm at the FOPA
output when the pump is on, whilst —33.5 dBm when the
pump is off. Therefore, the signal is amplified by 24 dB via
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Fig. 1. Schematic diagram of the experimental setup. A SEM image
of the fiber cross-section is shown. RF Amp: RF amplifier, YDFA:
Ytterbium-doped fiber amplifier, OC: optical coupler, PC: polariza-
tion controller, PD: photodetector, OSA: optical spectrum analyser
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Fig. 2. (a) Spectra of the FOPA output for the 1053 nm signal at

P = 2.4 W. The blue curve is output spectra at pump-on whilst the
red curve at pump-off. (b) Parametric gains with respect to the peak
pump power.

the FOPA with a peak pump power of P = 2.4 W. As the
signal is converted from CW to rectangular pulses and am-
plified by the pulsed pump at the output, 11.1 dB of extra
gain is added by taking into account 1/16 of the duty cycle
of the pump. Hence, the total gain is obtained as 35.6 dB.
In Fig. 2(a), the idler appears at 1079 nm with a power
greater than the signal due to Raman-assisted paramet-
ric frequency conversion [7]. Cascaded four-wave mixing
(FWM) signals also exist at 1040.7 nm and 1092.4 nm, re-
spectively. Therefore, the FOPA exhibits high wavelength
conversion efficiency. Despite of the filter at 1065.8 nm,
residual ASE noise from the YDFA still remains at the in-
put of FOPA and leads to the significant parametric ASE
in Fig. 2(a).

The parametric gain efficiency has also been investigated
with respect to the peak pump power P. Figure 2(b) dis-
plays parametric gains for peak powers P from 0.4 W to
3.8 W. As the power increases, the gains for the 1053 nm
signal increases exponentially till about 40dB. However, the
gain seems to saturate for the power over 2.8 W. This is
because of the pump depletion and particularly paramet-
ric ASE noise. In fact, the parametric ASE noise increases
significantly above P = 2.8 W. It is seen from the figure
that the maximum parametric gain is obtained as 43 dB
at P = 3.8 W. By taking into account 8.1 dB of the fiber
loss, the maximum net gain of the FOPA can be estimated
as 34.9 dB.

As the laser used for signal generation is not tunable, the
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Fig. 3. Parametric gain bandwidth. Circle dots (blue): Experimental
gain bandwidth extracted from Fig. 2(a). Solid line (red): fitted curve
using standard FOPA theory including Raman gain.

experimental gain bandwidth at P = 2.4 W can be readily
extracted from Fig. 2(a) for a gain bandwidth fitting. The
extracted gain bandwidth is shown in Fig. 3. The signal,
pump, idler and FWM sidebands are all suppressed and
the gain values are adjusted so that the gain at 1053 nm
matches to the gain of 35.6 dB obtained in Fig. 2(a). Fig. 3
also shows the red curve fitted with standard FOPA the-
ory including the Raman gain. From the fitting, the zero-
dispersion wavelength Azpw and the nonlinear coefficient
~ of the MOF are obtained as 1065 nm and 9.1 W~ lkm™1,
respectively. These values are close to those estimated by
a finite element method. Due to the Raman gain, the fit-
ted curve in Fig. 3 shows a power asymmetry of the gain
bandwidth and matches closely to the experimental curve.
From the figure, the gain bandwidth of FOPA is estimated
as a range of 1049-1083 nm for the given pump power.

In conclusion, we have demonstrated an all-fiber opti-
cal parametric amplifier at 1 pm. Parametric amplification
at 1053nm with a gain of greater than 43 dB has been
achieved with a pump pulsed by an electro-optical inten-
sity modulator and a microstructured optical fiber with
a zero-dispersion at 1065 nm. The FOPA demonstrated
here may be used for for 1pm-band applications such as
optical parametric chirped-pulse amplification (OPCPA),
pulse optical replication or regeneration, ultrafast optical
sampling and the next generation of optical oscilloscopes.
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