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(a) Experimental setup of FOPCPA. TL: tunable laser, PM: phase modulator, RFA: radiofre-
quency ampli� er, EDFA: erbium doped � ber ampli� er, TF: tunable � lter, PC 1,2,3: polariza-
tion controllers, HNLF: highly nonlinear � ber, CFBG: chirped � ber Bragg grating. (b) Optical 
spectra in the linear and saturated regimes. (b) Whole spectrum and (c) normalized close-up 
on the signal pulses, plotted in linear scale. The input signal spectrum has been superim-
posed in solid line in the (c) picture.  

Optical parametric chirped pulse 
amplifi cation (OPCPA) is now a 

well-established technique for ampli-
fying high-energy ultrashort pulses.1 
Experimentally, these systems are very 
cumbersome and require a careful align-
ment of both signal and pump. To over-
come these problems, the optical fi ber 
technology has great potential, as it also 
provides compactness and low sensitiv-
ity to temperature. Although impressive 
performances have been reported with 
Yb-doped fi ber technology,2 the impor-
tant amount of amplifi ed spontaneous 
emission in the short pulse regime is 
detrimental for many applications.1 

� erefore, Hanna et al. have pro-
posed combining advantages of all 
fi bered systems and of parametric 
amplifi cation in passive optical fi bers.3 
� ese fi ber-optic parametric amplifi ers 
(FOPAs) rely now on the third-order 
nonlinearity, and their broad bandwidth, 
high gain, wavelength fl exibility and 
wavelength conversion properties have 
been reported in the context of telecom-
munications applications.4

In this work, we demonstrate a fi ber-
based optical parametric chirped pulse 
amplifi cation (FOPCPA) in an all-fi ber 
confi guration. � e setup is represented 
in (a). Both stretching and compression 
stages are realized with the same linearly 
chirped fi ber Bragg grating (CFBG), and 
the pulse amplifi cation is performed in a 
continuous-wave-pumped FOPA. Prior 
to being amplifi ed, the input pulses 
are stretched to about 190 ps (about 30 
times larger than the initial duration) by 
experiencing a refl ection into the short-
wavelength port of the CFBG. 

� e chirped signal and the pump are 
launched inside the highly nonlinear fi -
ber (HNLF), in which the amplifi cation 
process occurs. After propagation in the 
HNLF, the amplifi ed pulses are fi ltered 
and again sent into the CFBG, this time 

through the long-wavelength port, in 
order to recompress them.

� e gain obtained for smallest signals 
(about 25 dB) in the linear regime of the 
amplifi er is very close to the gain of a 
weak monochromatic signal (24.6 dB). In 
the saturated regime, the gain is reduced 
to about 20 dB and harmonics of the 
signal and the idler waves are generated in 
this four-wave mixing process (b). 

� is multiple-wave interaction, which is 
associated with the saturation of the ampli-
fi er, leads to a broadening and distortion of 
the output pulses spectrum, as in (b) and 
(c). As a consequence, the output signal 
pulses keep their Gaussian temporal shape 
and recover their initial pulse duration after 
recompression in the linear regime, while 
they are strongly distorted in the saturated 
one and then become slightly larger.

We successfully amplifi ed picosecond 
Fourier-transform pulses at 1,550 nm 
by 24.6 dB and recompressed them into 

their initial duration without any signifi -
cant spectral nor temporal distortions.6 
We are looking to develop a similar sys-
tem around 1 µm with pulsed pumps and 
microstructured optical fi bers. It should 
integrate the fi rst stage of OPCPA chain 
in high-energy-amplifi cation chains. t
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Measured (a) and calculated (b) IRS spectra in high NA germanium-doped optical � ber. 
The black vertical line shows the cutoff wavelength of the WDM � lter, which is around 
1,510 nm. When the pump power is increased, the spectral components of the signal 
beam that matched the Raman vibration frequencies of the material suffer signi� cant loss. 
This appears as a dip in the optical spectrum of the anti-Stokes signal beam.

A ll-optical switching is an alternative 
to electrical switching for optoelec-

tronic systems in information process-
ing and communication. � e much 
faster operating speed makes all-optical 
switching desirable as long as absorptive 
losses are negligible. In general, an opti-
cal switch involves three components: 
the signal beam, the control beam and 
the medium through which the switch-
ing operation is carried out. 

Zeno switching refers to switching 
of a signal optical beam in the pres-
ence of a control-pump beam in which 
neither beam is separately absorbed 
(or interacts with the medium).1 To 
date, realization of a Zeno switch has 
been challenging since there should be 
no absorption in the off  state. Various 
all-optical switching schemes have been 
demonstrated experimentally—e.g., 
using photonic-crystal cavities in which 
a pump beam induces a resonance shift 
of the cavity mode and hence control 
of the signal beam.2,3 In a related 
approach, researchers have applied a 
silicon planar ring resonator to enhance 
the refractive-index dependence on the 
exciting pump pulse intensity.4 

While these strategies exhibit a low 
switching energy at a short time scale, 
true absorption is involved because 
carriers are generated, contrary to the 
Zeno-switch concept. Here we present 
evidence for demonstration of Zeno 
switching using inverse Raman scatter-
ing (IRS) in an optical fi ber. Light at the 
anti-Stokes frequency is strongly attenu-
ated in the presence of a pump fi eld. 

� e switching contrast that is deter-
mined by the observed level of induced 
absorption via IRS in the optical fi ber is 
more than 20 dB in a time scale of less 
than 5 ps. We extracted the full Raman 
response function experimentally and 
found excellent agreement between 
theory and experiment. 

A mode-locked fi ber oscillator oper-
ating near 1,560 nm is amplifi ed in an 
Er-doped fi ber amplifi er. Eighty percent 
of the power after the amplifi er is used 
to generate a broad supercontinuum, 
which is then used as the anti-Stokes 
probe beam. � e other 20 percent is 
passed through a narrow (about 1.5 nm 
FWHM) band-pass fi lter working 
around 1,560 nm to generate narrow 
bandwidth pump pulses. � e pump and 
the anti-Stokes pulses (both about 3 ps) 
are combined into a short segment of 
an optical fi ber under test. � e average 
power of the probe beam is about 5 mW 
while the pump power is roughly 50 mW 
with a repetition rate of 50 MHz. 

Typical measured IRS spectra of a 
small core, 2-m, high-NA optical fi ber 
are shown in (a). � e probe beam experi-
ences signifi cant loss at the anti-Stokes 
line as the pump power is increased with 
about 22 dB contrast at 50 mW pump 
average power. We performed numeri-
cal simulations of IRS in optical fi ber 
using coupled nonlinear Schrödinger 
equations for the anti-Stokes and pump 
pulses propagating through an optical 
fi ber. � e calculated result shown in (b) 

is in very good agreement with the mea-
sured data in (a).

In conclusion, we have observed Zeno 
switching through IRS in an optical fi ber. 
IRS is a good candidate to build a Zeno-
type all-optical switch. We achieved 
stimulated loss of more than 20 dB in 
2 m of highly GeO2-doped optical fi ber. 
Compared to silicon waveguides, IRS 
in optical fi ber does not suff er from ad-
ditional loss due to two-photon induced 
absorption. In addition, our technique is 
compatible with current optical commu-
nication networks that are largely based 
on optical fi bers. t
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(a) Schematic of the micro-ring resonator showing the vertically coupled ring device com-
posed of buried high-index glass waveguides. (b) Cross-section of the ring resonator wave-
guide prior to the upper cladding SiO2 deposition. (c) Output spectrum obtained at drop port 
of the resonator when an input pump beam at 1,544 nm is injected at the input port. Lasing 
occurs at around 1,495 nm and 1,597 nm, whereas the other lines are a result of cascaded 
FWM. (d) Output power (obtained at the drop port) vs. input power for the 1,597-nm lasing 
line. Parametric oscillation onsets at 54 mW and the differential slope ef� ciency is measured 
to be 7.4 percent.

Optical interconnects operating at 
50 Gb/s were recently reported by 

Intel,1 demonstrating the enormous po-
tential of photonics for computing, with 
future chips expected to reach speeds of 
1 Tb/s and beyond. However, a major 
roadblock to implementing this tech-
nology is the higher cost of optics over 
electronics.2 In particular, on-chip wave-
length-division-multiplexing –based inter-
connects require a separate laser, modu-
lator and detector for each wavelength. 
Clearly, for scalable optical telecommuni-
cations involving 64 or more wavelength-
division-multiplexing (WDM) channels, 
alternative approaches will be required to 
reduce the number of components and 
hence chip cost and complexity. Such a 
solution may be provided by integrated 
multiple wavelength sources.3,4

Recently, we exploited a high-index 
glass platform to demonstrate wave-
length conversion via four-wave mixing 
(FWM) using CW powers as low as 
5mW—the fi rst demonstration of CW 
nonlinear optics in an integrated glass 
platform.5 � e success of this platform 
was a result of a combination of very 
low linear loss, negligible nonlinear 
loss, a very high waveguide nonlinear-
ity parameter (�) of 220 W-1 km-1 (more 
than 200 times that of standard single 
mode fi ber) together with the use of a 
microring resonator with a Q-factor of 
60,000. Combined with its CMOS-
compatible fabrication process, this 
platform showed signifi cant potential 
to play a key role in enabling practical 
integrated nonlinear optical devices for 
a wide range of applications.  

� e fi rst such application was report-
ed earlier this year,3 where spontaneous 
FWM in a very high Q-factor ring reso-
nator was exploited to demonstrate an 
integrated multiple wavelength source, 
pumped by a single CW laser tuned to 
a cavity resonance. � e extremely high 

Q-factor of the resonator (> 1 million), 
combined with low linear and nonlin-
ear loss and high nonlinearity of this 
platform, enhanced the wavelength 
conversion process by more than a factor 
of 1010. 

Above a threshold pump power of 
about 54 mW, parametric oscillation 
occurred at two resonances, the spacing 
being determined by the peak in the 
spontaneous FWM, or “modulational 
instability,” gain profi le. For the experi-
mental conditions we used, this spac-
ing was 52.8 nm—more than 6 THz. 
Further increasing the power resulted in 
cascaded four-wave mixing, generating a 
comb of wavelengths. � e spacing of this 
comb could be varied down to the cavity 
free-spectral range (FSR = 200 GHz) 
by changes in device design, diff erent 
pumping conditions and other methods. 

In addition to signifi cant implications 
for on-chip optical interconnects, this 
device also has potential for applications 
to metrology, sensing, computing and 
telecommunications. t
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