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Abstract: We present a procedure for simultaneous optimization of efficiency-bandwidth product
and superfluorescence noise suppression in ultrabroadband high-energy optical parametric chirped
pulse amplification. Gain dependence of parameters makes stage-by-stage signal chirp
optimization necessary in multi-stage amplification.

© 2009 Optical Society of America

OCIS codes: (320.7110) Ultrafast nonlinear optics; (190.4970) Parametric oscillators and amplifiers

Optical parametric chirped pulse amplification (OPCPA) has become valuable not only as a means to push the limits
of high peak power pulse generation at wavelengths at which laser amplification has not been developed, but as the
only demonstrated technology for producing few-cycle pulses beyond the terawatt peak-power level [1]. Central to
the emergence of OPCPA technology is the issue of maintaining ultrabroadband amplification while pushing the
limits of efficient energy conversion from pump to signal. Additionally, the OPCPA may combine low seed energy
(<<1 nJ) with high desired gain. Under these conditions, the presence of noise at signal wavelengths due to
spontaneous parametric generation cannot be ignored. Such amplified noise or “superfluorescence” may overtake
the signal amplification, causing a strong decrease in amplified signal energy and stability, and introduce a temporal
pedestal in the compressed pulse which may be detrimental for some applications. Indeed, recent reports of OPCPA
in the mid-infrared have found superfluorescence to be a major limiting factor in signal energy scaling [2, 3].

In this paper, we employ analytical and numerical analyses, supported by experiment, to investigate the
simultaneous optimization of conversion efficiency, signal bandwidth, and signal-to-noise ratio in ultrabroadband,
high-energy OPCPA. We find that each of these properties is strongly tied to the ratio of seed and pump pulse
durations, and that due to dependence of the optimization problem on the peak amplifier gain, the seed pulse chirp
must be optimized independently in each stage of a multi-stage OPCPA system. Additionally, we find that a small
reduction in signal bandwidth strongly enhances the signal-to-noise ratio and conversion efficiency. These principles
have since been used to build a high-energy, 3-cycle, 2-um amplifier with low noise and good energy stability [4].
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Figure 1. (a,b) Gaussian pump (black, solid) and seed (gray, solid) intensity profiles with corresponding signal gain (green,
dot-dashed) and noise gain (red, dotted) profiles for different ratios of seed and pump pulse durations (At,,At,). The shaded
region represents the difference between noise and signal gain. The chirp of the signal pulse is represented by colored bars.
(c,d) Corresponding signal gain profiles (green, dot-dashed) in the frequency domain, plotted alongside the full phase-
matching bandwidth of the amplifier (red, solid).
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Figure 1 illustrates the dependence of conversion efficiency, amplifier bandwidth, and signal-to-noise ratio in
OPCPA on the seed chirp. The panels on the left plot the signal gain profile, G = 1 + (I'/y)’sinh*(yL), for a chirped
seed pulse overlapped with a Gaussian pump pulse with intensity /(t), alongside the corresponding noise gain
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profile; here y = (I'* — (Ak/2)%), T is the nonlinear drive (proportional to the square-root of I,), and Ak is the wave-
vector mismatch. Since noise photons produced by spontaneous parametric generation will be statistically equally
distributed in time and frequency, the instantaneous noise gain is determined solely by the local pump intensity, /,(t),
while the instantaneous signal gain is further reduced by the local wave-vector mismatch Ak(f). With Ats = Atp/3
(small seed chirp, Fig. 1a) the signal pulse fits within a largely unvarying portion of the pump intensity profile. As a
result, there is little clipping of the signal pulse at the wings, and the effective amplifier bandwidth is nearly the full
phase-matching bandwidth (Fig. 1c). However, since the signal carrier frequency sweeps quickly in time, so does
Ak(t), and as a result the gain profile of the signal is much narrower than that of the noise. The narrow signal gain
profile means the conversion efficiency will be small, as only a fraction of the pump pulse will be depleted, and the
large area between signal and noise gain profiles means the signal-to-noise ratio will strongly degrade after
amplification. At Ats= A#p (large seed chirp, Fig. 1b), the slower variation in Ak(¢) allows the signal gain profile to
widen relative to the noise gain profile, resulting in larger conversion efficiency and higher signal-to-noise ratio. On
the other hand, since there is more spectral clipping of the signal pulse during amplification, there is a narrower
effective amplifier bandwidth. This bandwidth reduction strongly improves the robustness of signal-to-noise ratio of
the amplifier; in fact, since the effective amplifier bandwidth covers only the flat, phase-matched central region of
the gain bandwidth, Ak is essentially zero over the full significant gain region of the pump pulse. Therefore, there is
little preferential amplification of the noise.

We have verified the qualitative predictions of Fig. 1 by means of numerical simulations solving the coupled
nonlinear equations in a 3-mm long periodically poled stoichiometric lithium tantalate crystal pumped by a 9-ps
pulse. In Fig. 2 we show excellent agreement between numerical and experimental results for the measured spectra
and efficiencies [3]. We see a monotonic rise in maximum conversion efficiency and a monotonic fall in amplifier
bandwidth as seed chirp is increased, as expected from the previous discussion. There is close quantitative
agreement in both efficiency-bandwidth product maximum and spectral trend between numerics and experiment.
The simulations of signal-to-noise evolution (not shown) verify the predicted increase in signal-to-noise ratio as the
seed chirp is increased, which occurs sharply until roughly the same chirp that maximizes efficiency-bandwidth
product is reached; from that point on the signal-to-noise ratio flattens out.

Our results further suggest a need for stage-by-stage optimization of the signal chirp. The chirp that maximizes
efficiency-bandwidth product and insures robustness of signal-to-noise ratio decreases with increasing gain, due to
the increase in gain narrowing. We have found our simulation results to be fit well by an analytic formula for
temporal signal gain profile width, (Ats/Afp)opr = a(-2 In[1 — 1/In(4G)])"?, where G, is the peak signal gain.
According to this result, a power amplifier stage with Gy = 10” will have 1.5 times larger an optimal chirp than a
preamplifier stage with G, = 10°. In order to prevent stage-to-stage buildup of superfluorescence noise while
maintaining an ultrabroad bandwidth, the seed chirp should be readjusted at each amplification stage.
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Fig. 2. Comparison between numerical simulations [(a),(c)] and experiments [(b),(d)] for a 2-um OPCPA pumped by a 9-
ps pulse at 1 um. (a)-(b) Best conversion efficiencies (squares) and bandwidths (triangles) as a function of seed duration.
(c)-(d) Amplified spectra corresponding to highest efficiencies for each of the three given seed durations.
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