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Abstract: We study parametric amplification in optical fibers for chirped-
pulse femtosecond laser systems. Compared to conventionalOPCPA
operating in bulk crystals, the fiber geometry offers a greater interaction
length and spatial confinement, an increased flexibility in the choice of
wavelengths for signal and pump beams, and the robustness offiber setups.
As opposed to rare-earth doped fibers, parametric amplifierspotentially
provide wideband amplification in arbitrary regions of the spectrum. Nu-
merical simulations are undertaken as a proof of principle for a picosecond
1064 nm pump and femtosecond 1025 nm signal. Guidelines for phase
matching engineering are given, and limitations in spectral bandwidth and
achievable pulse energy are discussed.
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1. Introduction

Optical parametric chirped-pulse amplification (OPCPA) isrecognized as a key technique to
amplify ultrafast laser pulses. Its advantages over other CPA techniques include a broad band-
width, good thermal properties, and access to arbitrary wavelength ranges. Recently, OPCPA
has been successfully used to amplify few-cycle pulses [1] to multimillijoule energies, and to
produce high-power pulses at 1.55µm [2]. Moreover, limitations due to the need of a phase-
matching geometry can be overcome by periodically poling the amplifying medium [3]. These
applications make use of the second-order nonlinearity of crystals.

Optical parametric amplification can also be performed in fibers, using the third-order non-
linearity of silica [4]. Intense research is conducted in this area for telecommunications appli-
cations, driven by the potential bandwidth and flexibility of this type of amplifiers. However,
severe limitations have prevented the use of such amplifiersin commercial transmission sys-
tems. First, the gain flatness in a wavelength-multiplexed system must be on the order of a
few dB, and even less in long-distance links. This is difficult to realize with parametric am-
plifiers. Second, because continuous-time amplification isneeded in telecommunications, Bril-
louin scattering limits the pump power that can be launched in the fiber. Phase modulation of
the pump can be used to overcome the latter problem, but noisetransfer problems arise in this
case [5]. Furthermore, it is not clear how new modulation formats using the optical phase will
behave in the presence of this pump spectrum broadening scheme.

For both second- and third-order nonlinearity parametric amplification, energy conservation
and phase-matching considerations determine the operating conditions. In crystals, this implies
that the pump wavelength be shorter than the signal and idlerwavelength. Phase-matching can
be achieved using the birefringence of the crystal in conjunction with angle or temperature
tuning. In fibers, the signal and idler wavelength are symmetric with respect to the pump in
the case of single-wavelength pumping. The phase-matchingcondition is solely determined by
the optical powers involved in the process and the fiber parameters, i. e. chromatic dispersion
and nonlinear coefficient. The design of efficient parametric amplifiers therefore relies on the
control of the dispersion curve and nonlinearity of fibers. Typically, the pump wavelength must
be chosen in the zero group-velocity dispersion region.

Microstructured fibers allow such a control of the dispersion characteristics, opening up a
wide field of possibilities for fiber-based parametric interactions [6]. In particular, fibers with
zero group-velocity dispersion in the near infrared are nowavailable, where ultrafast lasers
based on Ti:Sapphire and Yb-doped crystals or fiber operate.We propose for the first time to
our knowledge the use of optical fibers for femtosecond OPCPAsystems and validate the idea
with numerical simulations. The aforementioned drawbacksobserved in fiber parametric am-
plifiers for telecommunication applications are avoided infemtosecond fiber OPCPA: the pump
is pulsed, raising the Brillouin threshold, and the required gain flatness is less stringent than in
WDM applications. First, numerical simulations are performed in the case of a femtosecond
Yb laser at 1025 nm amplified by picosecond pulses from a typical Nd laser at 1064 nm with a
commercially available fiber. These results establish the feasibility of fiber OPCPA with avail-
able technology. We then discuss the phase matching techniques and pulse energy limitations of
this amplifying scheme, and suggest design rules for fibers that might be specifically designed
for this application. An example of fiber design that could beused to amplify 70 fs-pulses is
given to illustrate the potential of this technique.

2. Simulations

We first examine the use of a fiber OPCPA to transfer the high powers available in the ps regime
for Nd lasers at 1064 nm to Yb-based femtosecond lasers at 1025 nm. This configuration is
only possible for third-order nonlinearity based OPCPA because it allows the use of a pump



wavelength longer than the signal wavelength. The pump pulses are Gaussian, with a 40 ps
full-width at half maximum (FWHM), and 1 kW peak power, corresponding to a 40 nJ energy.
The signal pulses are 50 W peak-power 200 fs Gaussian pulses (10 pJ energy) stretched to 4 ps
with a second-order dispersion ofβ2z= 0.3 ps2 and third-order dispersion ofβ3z= 3×10−4

ps3. The amplifying fiber zero-dispersion wavelength is 1040 nm(β2 = −3.0×10−3 ps2.m−1

at 1064 nm), with a dispersion slope of 0.2 ps/nm2/km (β3 = 7.5×10−5 ps3.m−1 at 1064 nm),
and an effective area of 18µm2, resulting in a nonlinear parameterγ = 9.8 W−1.km−1. These
specifications correspond to the commercially available fiber Crystal Fibre NL-4.8-1040. Since
it is difficult to evaluate from the supplier data, the derivative of the dispersion slope with respect
to wavelength is taken equal to zero in the first simulation. It is then optimized for bandwidth in
section 3. The propagation is modeled using an extended version of the nonlinear Schrödinger
equation including Raman, self steepening, and dispersioneffects up to fourth order:
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whereu is the electric field envelope,ω0 is the central angular frequency, andR(t) = (1−
fR)δ (t) + fRhR(t), where fR = 0.18, is the normalized nonlinear response function. A com-
monly used analytic approximation was made for the shape ofhR(t) [7]. The time, frequency
and space sampling was checked to ensure accurate simulation results.
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Fig. 1. Optical spectra at the input (top) and at various locations along the fiber.



Figure 1 shows the spectra at the input and along the fiber. At z=40 cm, the pulse at 1025 nm
is clearly amplified and an idler wave at 1103 nm is created. Weobserve self-phase modulation
of the pump, broadening its spectrum, but this will not be a limiting effect. The four wave-
mixing process generates sidebands at shorter and longer wavelengths. For longer propagation
distances, several parasitic nonlinear processes occur that degrade the quality of the amplified
pulses. First, at z=60 cm, self-phase modulation of the signal and idler appear, broadening their
spectra. Then a supercontinuum structure is created at z=80cm, drowning the signal. Indeed, the
operating conditions, i. e. an intense pump pulse injected near the zero-dispersion wavelength
of the fiber, are similar for supercontinuum generation. Efficient amplification therefore relies
on a careful optimization of the parameters to favor amplification against competing nonlinear
effects, mainly SPM. Although Raman and shock terms were included in the simulation, it
appeared that they have little influence with the set of parameters used in this study. In this
section, the amplifier output is now defined at z=40 cm.
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Fig. 2. Power gain (solid curve) and FWHM spectral width as a function of propagation
distance in the fiber.

The evolution of FWHM pulse bandwidth and gain as a function of propagating distance is
shown on Fig. 2. The bandwidth decreases very slightly alongthe propagation, then increases
at the end of the fiber because of the onset of self-phase modulation. The gain is exponential
and reaches 22 dB at the output of the amplifier before saturating because of the competing
nonlinear effects. The output signal pulse energy is 1.5 nJ,giving an energy efficiency of 3.75%.
After appropriate filtering (a 6 THz-bandwidth rectangularfilter was used in the simulation),
the output pulse can be recompressed to 210 fs, indicating that no shape degradation occurred
in the amplifier. The group-velocity walk off between pump and signal is on the order of 100
fs, which is negligible compared to the stretched pulse duration.

An estimate of the gain curve can be analytically calculatedusing a simple CW approach
[7]. Figure 3 shows this gain curve for the set of parameters used in the simulation. This curve
shows that the CW phase matching condition is not fully satisfied at 1025 nm. The nonlinear
phase matching shifts the CW peak gain to 1016 nm. Values of the gain obtained in the fem-
tosecond regime model are shown on the same graph. We observethat the agreement is very
good for signal wavelengths close to the pump, but the phase-matching peak is closer and less
pronounced than in the CW regime. This can be interpreted as follows: first, the spectral con-
tent of both signal and pump wash out the sharp features of theCW regime. The other main
deviation from the CW case is that, because of the pulsed nature of the pump, the pump power



seen by the signal can vary along the pulse. The power variation modifies both the gain value
and the nonlinear phase-matching condition, related to theshape of the gain curve. This vari-
ation is more sensitive far from the pump wavelength, in the exponential gain region, which
explains the good agreement between CW and femtosecond regime in the vicinity of the pump
wavelength.
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Fig. 3. Theoretical CW gain (solid line) and simulated fs-regime gain (crosses) of the fiber
OPCPA described in section 2 as a function of wavelength. Theoretical CW gain (dashed
line) corresponding to the bandwidth-optimized configuration described in section 3.

If the pump pulses are too short compared to the stretched pulse duration, the temporal wings
of the signal pulse see less gain than the central part. Because the signal pulses are stretched,
the temporal and spectral contents are closely related, andthis translates into spectral gain
narrowing over the entire bandwidth of the amplifier, thereby limiting the minimum duration of
the pulses that can be amplified. Thus, special care must be taken in the choice of the pulsewidth
ratio between stretched signal and pump in order to maximizethe bandwidth. The use of long
pump pulses also makes the amplifying scheme more tolerant to timing jitter between the pump
and signal laser pulses. It is easily seen that this phenomenon is at the origin of a tradeoff
between bandwidth and energy efficiency, as explained in further details in next section. In the
ns regime, square pulse shaping on the pump can be used to relax this tradeoff. On the other
hand, this effect can be used to tailor the spectral gain curve of the amplifier by changing the
relative delay between pump and signal.

Despite these differences, general design rules obtained in the case of quasi-CW fiber PA
based on the analytic expression of the gain given in [7] apply to fiber OPCPA : for a fixed
nonlinear phase shift of the pump, the bandwidth of the amplifier increases with decreasing
fiber length [4]. Also, fourth-order dispersion can be used to increase and flatten the bandwidth
for a givenβ2 [8]. An example of such an optimization of the phase matchingis given in next
section.

3. Energy and bandwidth limitations

We now discuss the energy limitations of this amplifying scheme. If we assume a lossless fiber
and no pump depletion, the maximum nonlinear phase accumulated by the pump along the
fiber is given byφp = γPpz, whereγ is the nonlinear coefficient of the fiber,Pp is the peak
pump power, andz is the propagation distance. The value of the gainG varies over the band-



width of the amplifier, between a quadratic gain region in thevicinity of the pump wavelength
and an exponential gain at the phase-matching wavelength. The dominant energy limitation
comes from self-phase modulation on the signal that prevents proper recompression. Let us
fix a maximum nonlinear phase value ofφs on the signal. Empirically, we found thatφs < 0.4
ensures no degradation on the output pulses. This nonlinearphase shift can be evaluated as

φs =

∫ L

0
γPs(z)dz= γPeqL , (2)

where L is the length of the amplifier,Ps(z) is the peak signal power along the amplifier,
and Peq depends on the type of gain :Peq = Ps(0)(G− 1)/ ln(G) for exponential gain and
Peq = Ps(0)G/3 for quadratic gain. Replacing these expressions in the inequality that defines
the maximum nonlinear phase shift, and defining the pulsewidth ratio between the stretched
signal and pumpRsp, we obtain a limit on the signal to pump energy ratio at the input of the
fiberEs/Ep. In the exponential gain region, we find

Es

Ep
<

φs ln(G)Rsp

Gφp
, (3)

while in the quadratic gain region, this ratio is given by

Es

Ep
<

3φsRsp

Gφp
. (4)

These upper bounds can also be seen as limits on the energy efficiency defined asGEs/Ep.
In our example, it evaluates to 3.8%, in good agreement with numerical simulations that give
an output pulse energy of 1.5 nJ. The relation between the pulsewidth ratio and energy effi-
ciency clearly appears in these inequalities, leading to a tradeoff between energy efficiency and
bandwidth. In our example, setting all parameters constantexcept for pump pulsewidth, the
maximum energy efficiency was found to be 15%, correspondingto 10 ps pump pulses. In this
case, slight gain narrowing led to a recompressed pulse duration of 230 fs. Further decrease of
the pump pulse duration led to significant gain narrowing andlonger recompressed pulses at
the output.

To scale the output pulse energy to higher values while keeping the gain constant, one could
use fibers with a broader mode area, thereby decreasingγ, while increasing the pump power or
the length to compensate for the loss of efficiency in the interaction. However, for the type of
fiber considered here, where guiding relies on total internal reflection between the silica core
and the cladding essentially made of air, increasing the mode area translates into a modification
of the dispersion properties. This in turn modifies the phasematching condition of the interac-
tion, affecting the amplifier performance. Ultimately, forvery large mode areas, the dispersion
is essentially defined by the silica material, fixing the operation wavelength at 1.3µm. A pos-
sible way to overcome this problem could be to use fibers whereguiding is based on a photonic
bandgap, such as Bragg fibers [9]. In such structures it is possible to shift the group-velocity
dispersion towards short wavelengths [10].

To remain at fixedφp, it is preferable to increase the pump power because increasing the
length leads to a reduced bandwidth of the amplifier. Depending on the repetition rate and
peak power of the pump pulses, issues such as optical surfacedamage and thermal effects in
fibers must be addressed when scaling the pump power. For instance, end-caps might be used
to avoid surface damage at the facets of the fiber. Increasingthe signal stretching ratio provides
a convenient way to increase output pulse energy while keeping self-phase modulation at a
tolerable level. Although we use a stretching ratio of 20 to facilitate the numerical simulations,
values of the order of 10000 are commonplace in experimentalCPA systems. We therefore



expect that> µJ pulse energies are attainable using large-mode area fibersand longer stretched
signal and pump pulses.

To illustrate the potential bandwidth of the fiber OPCPA scheme, an example of possible
optimization is now presented based on the previous configuration. Following the analysis given
in [8], we use fourth-order dispersion to enhance the bandwidth, along with a higher pump
power and reduced fiber length. The parameters of the amplifier are the following: the effective
area, second-, and third-order dispersion parameters are unchanged, fourth order dispersion is
set toβ4 = 7×10−55 s2.m−1 at 1064 nm, pump pulses are 40 ps long with a peak power of 2
kW, and the fiber length is reduced to 30 cm. These parameters result in a flat CW gain region
extending from 940 to 1010 nm using a 3 dB cutoff criterion, asshown in fig. 3. The input signal
pulses are 70-fs FWHM long, centered at 980 nm, with a peak power of 50 W, and are stretched
with the same dispersion values as in the first simulation. Figure 4 shows the input and output
spectra and waveform for this configuration. The gain in energy is 27 dB, producing 1.7 nJ
ouput pulses. Four-wave mixing generates some spectral content on the short-wavelength side
of the signal, which prevents from using a signal wavelengthcloser to the pump. The amplified
spectrum exhibits a slight gain narrowing effect, with the FWHM spectral width being reduced
from 34 nm down to 27 nm, consistent with a recompressed pulsewidth of 85 fs.
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Fig. 4. Input (solid line) and output (dashed line) spectra (top) and waveforms (bottom) of
the large bandwidth fiber OPCPA.

The fiber implementation of OPCPA also allows the use of the idler for optimal recompres-
sion. Since the idler and signal are phase-conjugated, an exact copy of the signal stretcher
can be used to recompress the idler after amplification. In crystal-based OPCPA systems, the
idler inherits spatial properties from the pump beam, whichprevents its use if no special care
is taken to address this problem. In fibers, however, the idler wavefront is determined by the
waveguiding properties, ensuring a flat wavefront in singlemode fibers. Along with wavelength
conversion, the use of the idler therefore allows potentially simple compressor implementation.

4. Conclusion

In summary we have proposed the use of optical fibers to fabricate OPCPA systems in the
femtosecond regime. Numerical simulations show the feasibility of such a scheme in a typical
configuration using a commercially available fiber. Many other wavelength configurations of
interest are feasible, provided that fibers exhibiting the right dispersion and nonlinear charac-



teristics can be fabricated. Moreover, the other degrees offreedom available for design (pump
power, fiber length) make this amplifier scheme very versatile. Configurations with a 1064 nm
pump and 800 nm signal could be imagined. In the 1300 nm region, high power Nd-based
pump lasers and conventional large mode area fibers exhibiting zero group-velocity dispersion
are readily available, making another potential configuration. The design rules of CW para-
metric amplifiers should allow the engineering of microstructured fibers specially dedicated to
OPCPA. For even more flexibility, two-pump schemes [11] could also be used to further extend
the operating bandwidth.


