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a b s t r a c t

In this paper, we report theoretical studies on optimization of a broadband optical parametric amplifier
(OPA) with enhanced output stability for chirped pulse amplification. Optimization of various signal,
pump, crystal and ambient parameters has been carried out to achieve an output energy fluctuation that
is much smaller than the pump fluctuation. Different practical examples of single/multi stage OPAs and
single/ multi pass OPAs, operating in many optical cycles and few optical cycles regimes have been
considered in our studies. It is shown that apart from several crystal and beam parameter parameters,
crystal temperature and inter/ intra crystal losses constitute important parameters which can be varied
to achieve stable broadband pulse amplification in an optical parametric amplifier.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Optical parametric amplifiers (OPA) have been extensively studied
both theoretically and experimentally over several decades [1–7]. The
application of the OPAs in the optical parametric chirped pulse
amplification (OPCPA) scheme to built terawatt/ petawatt class ultra-
short pulse laser system [8–25] have further boosted research in this
field. A non-collinear OPA (NOPA) configuration [26–32] has been
preferred over a collinear OPA configuration as it support wavelength
tunable ultra-broadband amplification and offers easier implementa-
tion as the amplified signal beam is geometrically separated from the
corresponding idler beam. The OPA offers high gain ultra-broad
bandwidth over smaller temporal window (governed by the pump
pulse duration) on a much smaller interaction length (crystal thick-
ness), thus leading to a smaller material dispersion, smaller beam
breakup i.e. B integral, larger pre-pulse contrast, and lower thermal
effects compared to conventional laser amplifiers like regenerative or
multi-pass laser amplifiers.

Unlike conventional laser amplifiers, the OPAs utilize instanta-
neous non-linear interaction of the signal and the pump beams.
Hence the performance of an OPCPA system is expected to be
highly sensitive to the temporal and the spatial overlap between
the pump and the signal laser pulses inside the non-linear crystal.
While the pump pulse duration has to be matched to the signal
pulse duration in a single stage OPA, a much longer pump
pulse has been used in multiple OPA or multi-pass OPA to achieve
a maximum pump-to-signal conversion efficiency [33–37].

While pump pulse with a duration shorter than that of stretched
signal pulse would result in an undesirable loss of amplified pulse
spectrum in OPCPA, much longer pump pulse duration would
result in poorer energy conversion efficiency. A spatio-temporal
shaping of both the pump and signal laser beam with matched
duration and beam size is often required to get an efficient
broadband amplification [17]. In such cases, one would require
precise synchronization between pump and signal pulses and a
minimum error in the beam pointing. Further for ultra broadband
pulse amplification, one often works with shorter duration pulses,
as discussed in next paragraph. Pulse duration should not reduce
below a certain value in order to avoid B-integral, and should not
be increased above a certain value to avoid optical damage. In
general, choice of pump pulse duration is then a trade-off between
reasonable stretching ratio of the signal pulse, gain, bandwidth,
accumulated optical nonlinearity (i.e. B integral) and damage
threshold of optical coating and materials.

As the gain of an OPA scales with pump pulse intensity, hence it
is desirable to work with higher pump pulse intensities with
minimum fluctuation to achieve a larger gain with an excellent
shot-to-shot output stability. Further, in order to avoid optical
nonlinearity and damage, the pulse intensity should be much
smaller than damage threshold of optical coating and material.
Next, a short length crystal shall results in a smaller accumulated
phase mismatch and therefore shall yields a larger gain bandwidth
to allow amplification of few optical cycle laser pulses. However,
the pump pulse intensity in such cases has to be extremely high.
Such a scheme of using thinner crystals pumped at much higher
pulse intensities, have been used to achieve amplification of few
optical cycle laser pulses [38–40]. Working at very high pump
intensities is possible with shorter duration laser pulses as the
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damage threshold increases with decrease in the pulse duration.
Therefore shorter duration pump laser pulses are used in few cycle
laser pulse amplification.

Although, OPA can operate in both many as well as few optical
cycle pulse amplification regimes, the requirements for OPA design
parameters are slightly different in the two cases. However, most
important parameters of any non-collinear phase matched OPA are
to have an optimum non-collinear angle and phase matching
angle for a given crystal, pump wavelength and pump pulse
intensity to obtain broad band amplification. Apart from optimiz-
ing various parameters, several bandwidth engineering solutions
have been adopted to achieve broadband OPA gain. Both narrow
spectral bandwidth pump pulse in single or multiple color pump
scheme and broad spectral bandwidth pump pulses with angular
dispersion or temporal dispersion have been used in the past to
achieve a broad or ultra broad spectral gain bandwidth for an OPA.
In addition to have a broadband spectral gain of an OPA, the
spectral profile of the signal pulse can also be tailored to achieve
broadband amplified laser pulses. Another alternative promising
approach to have efficient pulse amplification [41,42] is to use
chirped quasi-phase matched OPA with nearly 100% pump deple-
tion. In this approach, an ultra-broadband amplification is possible
with suitably engineered quasi phase matched periods and seg-
ments; while a high conversion efficiency is possible via adiabatic
frequency conversion in engineered nonlinear structures [43,44].

Next, it is highly desirable for any amplifier [45–48] that its
output is stable against any fluctuation in the pump source or any
change in the ambiance. For an OPA, it is known that for an
optimized crystal length, one can achieve a highly stable output
[48] with fluctuation much below the pump fluctuation. This point
is termed as gain-stationary point. Likewise, one may obtain a
bandwidth-stationary point, at which the gain bandwidth is
maximum [49]. This is maximum achievable bandwidth using
narrow bandwidth pump pulses even without additional band-
width engineering solutions briefly discussed above. It is expected
that any variation in the beam (pump or signal), crystal and
ambient parameters may change the gain and bandwidth of an
optical parametric amplifier. Hence, in order to achieve a highly
stable broadband optical parametric amplifier in real laboratory
conditions, it is desirable to study the effect of various parameters
of the crystal, signal, pump and ambiance on the gain-stationary
point and bandwidth-stationary point. In case of multi-pass/multi-
stage optical parametric amplifiers, additional parameters such as
inter pass or stage losses are also important and should be
considered in designing efficient stable broadband and or ultra
broadband OPA.

In this paper, we report theoretical studies on the optimization
of an optical parametric amplifier considering geometrical para-
meters, pulse intensity, inter and or intra crystal losses, tempera-
ture, and phase mismatch in general. It is shown that the crystal
temperature and loss are additional important parameters that
may be varied to achieve stable pulse amplification in an optical
parametric amplifier. The present analysis is useful in designing a
highly stable, broadband, multi-pass, and multi-stage optical
parametric amplifiers, wherein inter pass/stage losses constitute
additional controls to obtain stable operation of optical parametric
amplifier.

2. Non-collinear phase matching geometry

Fig. 1 shows a typical non-collinear phase matching geometry
that is used to achieve broad bandwidth gain for the signal laser
pulse. In Fig. 1, α is the non-collinear angle between the pump and
the signal wave vector, β is the angle between the pump and the
idler wave vector, θ is the angle between the pump beam and the

crystal optic axis, and ρ is the pump beam walk-off angle. The
parameter δβ is the angular dispersion of an idler beam arising due
to physical constraints as given below. The energy and momentum
conservation in such a three wave parametric interaction results in
following constraints [1,2]

wp ¼ws þwi ð1Þ

kp ¼ ks cos ðaÞ þ ki cos ðbÞ ð2aÞ

0¼ ks sin ðaÞ�ki sin ðbÞi:e:b¼ sin �1½ks cos ðaÞ=ki� ð2bÞ
where ωp, ωs and ωi are the angular frequencies and kp, ks and ki
are the wave vectors of the pump, signal and idler beam respec-
tively. The Eqs. (1),(2) can be solved for angle tuning curves to
obtain phase matching angles for a given crystal and interaction
geometry and these are readily available in literature e.g. [2]. One
calculates the optimum values e.g. [2] of the angles α and θ for a
given pump wavelength such that the wave vector mismatch and
group velocity mismatch is minimized over a broad range of signal
spectrum.

3. Gain equations of an optical parametric amplification

Following are the main coupled wave equations that have been
used to calculate the spatial evolution of the signal, the idler, and
the pump beam, and the output stability, for optical parametric
amplification in a nonlinear crystal under slowly-varying ampli-
tude approximation [2].

dAs

dz
¼�j

ωsdef f
nsc

An

i Ap exp ð�jΔkzÞ ð3aÞ

dAi

dz
¼�j

ωidef f
nic

An

s Ap exp ð�jΔkzÞ ð3bÞ

dAp

dz
¼�j

ωpdef f
npc

AsAi exp ðjΔkzÞ ð3cÞ

where As, Ai, and Ap are the amplitudes of the signal, idler and
pump beams, at a distance z within the nonlinear crystal, deff is the
effective nonlinear optical coefficient that depends on the propa-
gation direction and the polarization of the beam, and Δk¼kp�ks
cos (α)�ki cos(β) is the wave vector mismatch, ns, ni, np are the
effective refractive index of the signal, idler and pump beams, and
ωs, ωi, ωp are the corresponding angular frequencies. Eqns. (3a–c)
can be solved analytically for initial signal beam with amplitude
Aso and no initial idler beam Aio¼0, and for negligible pump
depletion (Ap≅constant). In this case, the signal beam intensity
Is(z) and idler beam intensity Ii(z) can be expressed as [2]

Fig. 1. Schematic geometry of the non-collinear optical parametric amplification.
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