Chapter 2
Ultra-Broadband Optical Parametric Amplifiers

Giulio Cerullo and Daniele Brida

2.1 Introduction

Many modern studies of light-matter interaction require optical pulses with short
durations as well as broad frequency tuneability. Both properties are of utmost
importance for time-resolved optical spectroscopy and high-field physics. In fem-
tosecond pump-probe spectroscopy, the system under study (atom, molecule or
solid) is resonantly excited by a “pump” pulse and its subsequent evolution is
monitored by measuring the pump-induced transmission change of a delayed
“probe” pulse [1]. To be able to probe elementary photophysical and photochemical
relaxation processes, it is necessary to push the temporal resolution towards the
limit set by the oscillation period of the carrier wave. The need to excite a system
on resonance and probe optical transitions occurring at different photon energies
requires broad frequency tuneability of both pump and probe pulses [2]. On the
other hand, by focusing high-intensity ultrashort pulses in a noble gas jet, it
is possible to produce coherent bursts of XUV radiation by the so-called High
Harmonic Generation (HHG) process [3] (See Chap. 3 by Marangos et al. and
Chap. 7 by Mathias et al.). Also for the HHG process, wavelength tuneability of
the driver pulses is important, since it influences both the frequency extension and
the phase-matching conditions of the XUV pulses. In view of the above mentioned
applications, the generation of tuneable few-optical-cycle light pulses is one of the
major challenges of ultrafast optics [4].

Nowadays, several reliable sources of femtosecond pulses exist, based for
example on Ti:sapphire or Ytterbium technologies; however they emit only at fixed
frequencies. Despite this limitation, the very high peak power of these sources
enables exploiting the second order nonlinear optical effect known as Optical
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Parametric Amplification (OPA) [5, 6] to extend their tuning range. The principle of
OPA is quite simple (Fig. 2.1a): in a suitable nonlinear crystal, energy is transferred
from a high frequency and high intensity beam (the pump beam, at frequency w3) to
a lower frequency, lower intensity beam (the signal beam, at frequency ;) which
is thus amplified; in addition a third beam (the idler beam, at frequency w;) is
generated. The OPA process can be given a simple corpuscular interpretation (see
Fig. 2.1b): a photon at frequency w; is absorbed by a virtual level of the material
and a photon at frequency w; stimulates the emission of two photons at frequencies
w; and w;. In this interaction energy conservation:

hws = hoy + hon 2.1

is fulfilled. The signal frequency to be amplified can vary in principle from w3/2
(the so-called degeneracy condition, with w; = w;) to w3, and correspondingly the
idler varies from w3/2 to 0 (as a matter of the fact the lowest frequency is limited by
absorption of the nonlinear crystal).

In summary, the OPA process transfers energy from a high-power, fixed fre-
quency pump beam to a low-power, variable frequency signal beam, generating an
idler beam to satisfy energy conservation. The OPA process thus provides an optical
amplifier with continuously variable centre frequency and represents an easy way
of tuning over a broad range the frequency of an otherwise fixed femtosecond laser
system. On the other hand, if suitably designed, an OPA can have a very broad
amplification bandwidth and thus efficiently transfer energy from a narrowband
pump pulse to a broadband signal pulse; it can therefore be used to dramatically
shorten, by more than an order of magnitude, the duration of the pump pulse. The
concept of broadband OPA is very flexible and can be applied to produce few-
optical-cycle pulses over a very wide frequency range, provided that a broadband
yet weak seed is available and the proper phase-matching conditions are identified.

This chapter reviews the principles of ultrashort pulse OPAs, focusing in
particular on the generation of few-optical-cycle pulses. It is organized as follows:
Section 2.2 discusses the propagation of an ultrashort pulse in a nonlinear medium;
Sect. 2.3 reviews the theory of parametric amplification for the case of monochro-
matic waves; Sect. 2.4 extends it to the case of ultrashort pulses; Sect. 2.5 discusses
the architecture of ultrafast OPAs and gives a relevant example; Sect. 2.6 reviews
ultra-broadband OPAs; Sect. 2.7 explains how OPAs can be used to stabilize the
carrier-envelope phase of ultrashort pulses; finally, Sect. 2.8 introduces the concept
of optical parametric chirped pulse amplification, the most promising approach for
energy scaling of ultrashort pulses.
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2.2 Ultrashort Pulse Propagation in a Nonlinear Medium

In this section we briefly derive the equation for the propagation of an ultrashort
pulse in a dispersive nonlinear medium, that will be used in the remainder of the
chapter [6—8]. We start from Maxwell’s propagation equation for the electric field £
of a scalar plane wave:

PE 1 PE 8P
R

= 2.2)

where ¢y is the speed of light in vacuum and P is the polarisation describing the
medium response. We write the electric field as:

E(z.t)=Re{A (z,1) expli (wot — koz)]} == {A (z, 1) expli (wot — koz)] + c.c.}
2.3)

where A(z,t) is the complex field envelope. In the following we will for simplicity
drop the notation Re{...}. The polarisation can be decomposed in the sum of a
linear (Pr) and a non-linear (Py;) component:

P(z,t) = PL(z,t) + Pyi(z.1) (2.4)
Let us initially consider only the linear component of the polarisation:
Pr(z.1) = pr(z.1) expli (wof — koz)] (2.5)
and solve the equation:

*E 1 9%E 32PL
—_—— ——_— = 2.6
022 2 or? Ho=52 (2.6)

Equation (2.6) is more easily solved in the frequency domain, by introducing the
Fourier transforms:

E (z,0) = A (z.0 — wp)exp(—ikoz) (2.7a)
P (z.0) = pr (z, 0 — wo)exp(—ikoz) (2.7b)
and becomes:
PE

E = —pow’ Py (2.8)

oml 8.\)
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which, with the help of (2.7), can be rewritten as:

24 A -
o4 2ikoa— —k}A+

— /I —pow?p 2.9
02 o How”pL (2.9)

We now make the Slowly Varying Envelope Approximation (SVEA), which consists
gy =

0z

the envelope over propagation lengths of the order of the wavelength. With this

assumption we obtain:

. . 04 . . _r
in assuming that & ko——; this corresponds to neglecting variations of
Z

94 . .
2iko- —kid + “’—ZA = @1 (2.10)
z )

From the definition of refractive index n(w), we can write:
L (@) = e [n* (@) = 1] A (@) .11

and obtain:
A s
2ik0%— = [k* (w) — k3] 4 (2.12)
Z

with k (w) = —n (). In a dispersive medium, the refractive index is a function
c

of frequency, and the wavenumber thus becomes a nonlinear function of w. We can
further approximate:

k* (w) — kg = 2ko [k (w) — ko) (2.13)

We now perform a Taylor expansion of k(w) around wy:

1
k (w) = ko + ki (0 — wp) + Ek’{)(a) —w) + ... (2.14)
, dk 1 . . .
where k{, = T = —, Vg being the group velocity of the carrier frequency
w Vg0

d*k
and k') = (ﬁ) the Group Velocity Dispersion (GVD). Usually an expansion
wo

up to the second order is sufficient, with the third order required only for very broad
pulse bandwidths. Equation (2.12) then becomes:

A (0 — i L i
i (Cl) C()O) ~ (C() _ wO) A+ _k/(/)(w — C()())ZA (215)
0z Vg0 2
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We can transform (2.15) back to the time domain, obtaining:

A (z,t) 1 94 i, 94
— K =0 2.16
8z veo 0t 2" 0 9¢2 (2.16)

Equation (2.16) describes the linear propagation of a pulse in a dispersive medium.
We now introduce the nonlinear polarisation, which can be written as:

Pyi (z.1) = pwi (z.1)exp[i (wot —kpz)] (2.17)

We have emphasized that the wavenumber k&, of the nonlinear polarisation at wg
is different from that of the electric field. Matching of the wave-vectors k, = kg
(phase matching) is the key for an efficient nonlinear interaction. If we make the
approximation that the envelope py;, varies slowly over the timescale of an optical

02 ad
cycle, so that ;;;VL , o l;;vL << a)gpNL, we can write:
32 PNL .
7 & —w] pNL exp [i (wot — kpz)] (2.18)

and finally obtain the equation:

A 1 94 ik” PA  powoc

- + — — Ky =i
3z veo ot 2 002 210

DNL exp [—i AkzZ] (2.19)

where Ak =k, — ky is the so-called “wave-vector mismatch” between the nonlinear
polarisation and the field. This equation will be used in the next section to derive the
coupled nonlinear equations for second-order parametric interaction.

2.3 Theory of Optical Parametric Amplification

Let us consider an optical field, consisting of the superposition of three waves, at
frequencies w;, w; and w3:

_ LAz t)exp[i (o1t —ki2)] + Az (z. 1) exp[i (w2t — ka2)] +
E@n= 2 | A3 (z, 1) expi (w3t — kz2)] + c.c. (2.20)

satisfying the condition w; + w; = w3, impinging on a medium with a second order
nonlinear response:

Pyi (z.1) = eox P E* (z,1) 2.21)
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Such a situation is known as “nonlinear second-order parametric interaction” and
corresponds to an exchange of energy between the three fields mediated by the
second order nonlinearity. The nonlinear polarisation will contain three components
at frequencies w;, w, and w3, given by:

gox®

Pive (Z, l) = ) A;Az exp {l [a)lt — (k} — kz) Z] + C.C.} (2.22a)
gox? * .

Poyg (z,1) = TAl Aszexp{i [wat — (k3 — k1) z] + c.c.} (2.22b)
gox? .

Psvr (Z, Z) = > A1A, exp {l [a)3t — (kl + kz) Z] + C.C.}> (2.22¢)

Obviously there are other terms on Py, at different frequencies, such as for example
2w, 2wz, w;j—w; ... Here we consider only the terms at @;, w; and w; because
we assume that only the interaction between these three fields is efficient, due to the
phase-matching condition. We can then derive the following three equations for the
fields at w;, w> and w3:

9A, 104, i, ,04,

_—t—— = = —ik A5 A —i Ak 2.23
0z vg ot 20 a2 Herdy Asexp [HiAKS] (2.232)

04, 1 34, i, 0%Ay Lk .

— + ——— — -kl —— = —ikA] A —i Ak 2.23b
9z vg Ot 20 7 o2 oAy Asexp—i Akd] ¢ )
043 1 045 i, 0°A4;

— + ——— — —k’; = —ik3A; A i Ak 2.23
0z vgs 9 2 a2 Headr AsexpliAks] (2.230)
: , , wi g
where we have defined the nonlinear coupling coefficients: k; = and the
cn;

“wave-vector mismatch” as: Ak = k3 — k; — k;. The three equations are coupled
nonlinear partial differential equations, are in general not amenable to an analytic
solution and must be treated numerically. A first simplification, that captures the
main physics of second order parametric interaction, consists in neglecting the GVD
terms, i.e. putting ¥’/ = 0. This is justified by considering that the three interacting
pulses are propagating with very different group velocities v,;. Unless one considers
ultrashort pulses, the effects of this group velocity mismatch (GVM) are much more
relevant than those of GVD between the different frequency components of a single
pulse. The coupled equations can be further simplified by moving to a frame of

. . . z
reference translating with the group velocity of the pump pulse T = ¢t — —, and
Vg3
become:

A A
83— = ik AT Asexp[—i Akz] (2.24a)
0z it
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04 04
a—; + 5238—: = —ikyA* Azexp[—i Akz] (2.24b)
04
3—; = —ik3A; Arexpli Ak (2.24¢)
where §;3 = - — L i = 1,2 is the GVM between signal/idler and pump

Vgi Vg3
waves. These are nonlinear coupled partial differential equations that can be solved
numerically. To get some physical insight, we can start by considering quasi-

monochromatic waves, which allows us to set — = 0. A further approximation

T
can be made by assuming that the conversion efficiencies are so low that pump
depletion can be neglected, i.e. A3 = A3y = constant. We thus obtain the nonlinear
coupled equations for the signal and idler waves:

A

% = —ik1 A3 A5 exp[—i AkZ] (2.25a)
Z
A

% = —ikyA3A* exp [—i Akz] (2.25b)
Z

Equation (2.25a) can be easily rewritten as:

d*A dA
Eai T T (2.26)

Zngzanan

where I'? = Iyand I3 = %H3CSO|A3|2 is the pump beam intensity. The

0880n1n2n3
nonlinear coefficient d,4 is proportional to the element of the /¥ tensor that keeps
trace of the polarisation of the beams and their propagation directions within the
nonlinear crystal lattice.
In the hypothesis of an initial signal field amplitude 4;(0) = Ajo (the “seed
beam”) and no initial idler (4,(0) = 0), the solutions of Eqs. (2.25) are:

11(z) = ©o

r 2
1+ [— sinh (gz)} (2.27a)
g
wr r 2
L(z) = ho— [— sinh (gz)} (2.27b)
w1 L&
where g = /T2 — (AT")Z. For the case of large gain (gz >> 1) Eqgs. (2.27) further
simplify to:

2
1i(z) = %(g) exp (2gz2) (2.28a)
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L) = Z_Th @) (2.28b)

giving an exponential growth of both signal and idler intensities with crystal length,
characteristic of an optical amplifier. It should also be noted, that, in the large gain
limit, signal and idler intensities are related by energy conservation, since for each
annihilated pump photon a signal and an idler photon are simultaneously generated.

The parametric gain for the signal beam, in the large gain limit, can be written as:

:Il(z)zl r

2
I i (E) exp (2g2) (2.29)

G

Let us now discuss the factors influencing this gain:

1. G o exp(g) exponentially depends on the parameter g, which is maximum when
Ak = 0 (phase-matching condition). G rapidly decreases for non-zero values of
Ak, suggesting that phase-matching is a key condition to be fulfilled in order to
get significant amplification from the non-linear material.

2. G x exp(d.;) depends exponentially on the second order nonlinear optical
coefficient of the crystal d,z; one should therefore select the crystal with the
largest nonlinear response. There are however other considerations leading to the
choice of the crystal, such as phase matching range, dispersive properties, and
optical damage threshold.

3. G scales as the exponential of the square root of the pump intensity. This indicates
the suitability of ultrashort pulses for OPAs, due to their high peak powers. One
should try to use the highest possible pump intensity before the onset of other
nonlinear optical phenomena such as self-focusing, self-phase modulation and
beam breakup. In order to be able to use high pump intensities, it is however
important to have a spatially clean beam profile, without hot spots.

4. G scales as the exponential of the crystal length, as in an optical amplifier. With
ultra-short light pulses, however, the optimum crystal length has to be chosen
considering the durations and group velocities of the interacting pulses.

5. G scales as the exponential of the square root of the product of signal and idler
frequencies. This seems to indicate an advantage to use higher pump frequencies.
However we will see that with ultrashort pulses this advantage is often offset by
the larger difference in group velocities of the interacting pulses.

The gain of an OPA is similar to that of a classical optical amplifier based on
population inversion, but with some important differences;

1. an OPA does not have any energy storage capability, i.e. the gain is present only
during the pump pulse;

2. the gain centre frequency is not fixed, but can be continuously adjusted by
varying the phase-matching condition;

3. the gain bandwidth is not limited by the linewidth of the transition, as in an
amplifier based on population inversion, but rather by the possibility of satisfying
the phase-matching condition over a broad range of frequencies.
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2.4 Parametric Amplification with Ultrashort Pulses

So far we have considered the theory of OPAs with monochromatic waves. When
dealing with ultrashort pulses, one should in principle perform a full numerical
solution of Egs. (2.23). However, considerable physical insight can already be
derived from the simpler Eqgs. (2.24), showing that the efficiency of the process
is governed by the GVM between the interacting pulses. In particular, GVM
between the pump and the signal/idler pulses limits the interaction length over
which parametric amplification takes place, while GVM between the signal and
the idler beams limits the phase matching bandwidth [9]. Given a pump pulse with
duration AT, one can define a pulse splitting length Ly, as the propagation length
after which the signal (or the idler) pulse temporally separates from the pump pulse
in the absence of gain, which can be expressed as:

At

el (2.30)
13|

L3 =

Note that the pulse splitting length becomes shorter for decreasing pulse duration
and for increasing values of GVM, depending on the crystal type, pump wavelength
and type of phase matching. There is a qualitatively significant difference between
the cases in which 8,3 and 8,3 have the same or different signs. When 8;38,3 > 0,
both the signal and the idler pulses walk away from the pump in the same direction
so that the gain rapidly decreases for propagation distances longer than the pulse
splitting length and eventually saturates. On the other hand, when 83853 < 0, signal
and idler pulses move in opposite direction with respect to the pump; in this way
the signal and idler pulses tend to stay localized under the pump pulse and the gain
grows exponentially even for crystal lengths well in excess of the pulse splitting
length. This situation is illustrated in Fig. 2.2, showing simulations of the evolution
of the temporal intensity profiles inside the gain medium, obtained by numerical
solution of Eqgs. (2.24).

Figure 2.2a shows a simulation for the case 838,53 >0; one can see that,
for propagation lengths greater than the pulse splitting length, the parametric
amplification process stops as the signal and idler pulses linearly walk away from
the pump. Figure 2.2b shows a simulation for the case 8;38,3 < 0. Here we see that
the signal growth stays exponential for propagation distances well exceeding the
pulse splitting length and that the signal pulse tends to stay localized under the
pump. To understand this effect we can consider the situation in which the signal
pulse has moved slightly to the left and the idler pulse to the right of the pump
pulse. During the parametric amplification process, the signal pulse generates idler
photons, which move to the right, i.e. towards the peak of the pump; in turn, the
idler pulse generates signal photons which move to the left, again towards the peak
of the pump. This concentration of photons under the peak of the pump explains the
exponential gain growth overcoming GVM effects.
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Fig. 2.2 Simulated signal intensity profiles of OPAs in a frame of reference moving with the pump
pulse: (a) for the case §;3 > 0, 8,3 > 0: signal and idler are slower than the pump and the effective
crystal length is equal to the pulse splitting length between pump and signal, after which both
pulses walk away from the pump; (b) for the case 8,3 > 0, 8,3 < 0: signal and idler walk in different
directions with respect to the pump, as a result they stay trapped under the pump, increasing the
interaction length

Let us now discuss which conditions determine the gain bandwidth of an OPA.
Ideally one would like to have a broadband amplifier, i.e. an amplifier which, for a
fixed pump frequency @s, provides a more or less constant gain over an as broad
as possible range of signal frequencies. To this end, one needs to keep the phase
mismatch Ak as small as possible over a large bandwidth. Practically, however,
the phase-matching condition can be satisfied only for a given set of frequencies
(@1, @7, @3), such that:

Ak =k (@3) — k (&1) — k (@) = 0 2.31)

If the pump frequency is fixed at @3 and the signal frequency changes to @; + Aw,
then by energy conservation the idler frequency changes to @, — Aw. The ensuing
wave vector mismatch becomes:

Ak =k (@3) — [k (@) + Aky] — [k (@) + Aka] = —Ak; — Ak, (2.32)

which can be approximated to the first order as:

ok ok
Ak = ——Aw + — Aw = §pAw (2.33)
8w1 aa)z
1 | . .
where §;, = — — — is the GVM between signal and idler pulses. The full
Vg2 Vgl

width at half maximum parametric gain bandwidth for a crystal of length L can
then be calculated from Eq. (2.29), within the large gain and low pump-depletion
approximations, as:
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Aw

1/2 1/2
_ 4log (2) (E) 1 (2.34)

b4 L m

Equation (2.34) shows that the gain bandwidth is inversely proportional to the GVM
between signal and idler and has only a square root dependence on small-signal gain
and crystal length. For the case when vg; = vy (group velocity matched OPA), Eq.
(2.34) loses validity and (2.33) must be expanded to the second order in Aw, giving:

4log (2)V/* (T\/* 1
Aw = M(—) (2.35)

b4 L iklﬁ T kz//|1/2

In this case the gain bandwidth is inversely proportional to the square root of the sum
of the GVDs of signal and idler pulses. The conditions for achieving group-velocity
matched OPAs will be discussed in Sect. 2.6.

2.5 Ultrafast OPA Architecture

A general scheme of an ultrafast OPA is presented in Fig. 2.3. The system is
powered by energetic femtosecond pulses, such as those produced by an amplified
Ti:sapphire laser at 800 nm or by an Ytterbium laser at 1 pm. A fraction of the beam
is split and used to generate the seed beam. Then the pump beam (which may be
optionally frequency doubled) and the seed, after their timing has been adjusted by
a delay line, interact in a first amplification stage. It is possible to further amplify
the signal in a second stage (power amplifier), using a previously split fraction
of the pump beam. The two-stage approach has two advantages: (i) it allows one
to compensate for the GVM arising between pump and signal pulses in the first
stage; (ii) it enables one to adjust the pump intensity, and thus the parametric gain,
separately in the two stages. In particular the power amplifier requires a much lower
gain. At the OPA output, after the pump has been spectrally filtered, both signal
and idler beams are available. In some cases, it may be necessary to use a pulse
compressor to restore the transform-limited (TL) duration of the pulses.

The first stage of any OPA is the seed generator, i.e. a stage producing the
initial photons at the signal wavelength. Since the seed beam is at a different
wavelength with respect to the pump beam, a nonlinear process is required for its
production. The two main techniques employed for seed generation are white-light
continuum (WLC) generation and parametric superfluorescence. The WLC seed has
the advantages of much higher stability and nearly diffraction-limited spatial beam
quality, and is thus the most widely used.

As an example, we show in Fig. 2.4 a typical setup for a near-IR OPA [10]: it is
pumped by an amplified Ti:sapphire laser generating 500-pJ, 50-fs pulses at 1 kHz
repetition rate. A small fraction of the pump (~2 J) is used to generate a WLC
seed in a 2-mm-thick sapphire plate. 50 uJ are used to pump a pre-amplifier stage
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Fig. 2.3 Scheme of an ultrafast optical parametric amplifier. BS beam splitter, OPA optical
parametric amplification stage
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Fig. 2.4 Scheme of a near-IR OPA. BS beam splitter, DM dichroic mirror, LPF long-pass filter,
VA variable attenuator

consisting of a 3-mm-thick B-barium borate (BBO) crystal cut for type II phase
matching (6 =26°, ¢ =0°). Wavelength tuning is achieved by tilting the crystal,
thus changing the phase-matching condition. Typical signal energies after the pre-
amplifier are up to 6 wJ. The power amplifier stage consists of an identical BBO
crystal pumped by 450 wJ; in this case amplified pulse energies up to 200 pJ are
generated. The signal beam is tuneable from 1.1 to 1.6 wm and the idler up to
2.8 wm, limited by absorption in the BBO crystal; pulsewidth ranges from 30 to
50 fs according to wavelength.
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2.6 Ultra-Broadband OPAs

Equation (2.34) makes it clear that, in order to obtain broad phase matching
bandwidths, one must achieve, for a given signal frequency @;, 81, =0, i.e. group
velocity matching between signal and idler pulses. It will then become possible
to amplify a broad bandwidth centred around @;. We will show in the following
that, by using suitable non-linear crystals, pump frequencies and phase-matching
configurations @; can be varied over a very broad range, spanning from the visible
to the mid-infrared, enabling the generation of widely tuneable few-optical-cycle
light pulses from OPAs.

In an OPA using a collinear interaction geometry, the propagation direction
inside the nonlinear crystal is selected to satisfy the phase-matching condition
(Ak=0) for a given signal wavelength. In this configuration the signal and
idler group velocities are in general not matched. Group velocity matching can
be obtained in a fype I (or type O in a periodically poled crystal) degenerate
configuration, in which signal and idler have the same frequency (v; = w, = w3/2)
and the same polarisation.

If the signal wavelength is tuned away from degeneracy, then the 8, =0
condition is generally not fulfilled in a collinear configuration, leading to narrow
phase-matching bandwidths. An additional degree of freedom can be introduced
using a non-collinear geometry [11], in which pump and signal wave-vectors form
an angle a (independent of signal wavelength) and the idler is emitted at an angle
2 with respect to the signal. In this case the phase matching condition is a vector
equation, k3 = ky + k; that, when projected on directions parallel and perpendicular
to the signal wave-vector, becomes:

kizcosa = ki + kp cos 2 (2.36a)

kiysina = k,sin Q2 (2.36b)

Note that the angle €2 is not fixed, but it depends on the idler frequency according to
Eq. (2.36b). If the signal frequency increases by Aw, the idler frequency decreases

by Aw and the wave-vector mismatches along the two directions parallel and
perpendicular to the signal wavevector can be approximated, to the first order, as:

k k Q
Akpar = —EAQ) + 2 cos Q2 Aw — kj sin Qa—Aa) (2.37a)
dw; dwy dwn
k Q
Akperp = 2 sin Q2 Aw + k> cos Qa—Aa) (2.37b)
8w2 aa)z

To achieve broadband phase matching, both Ak, and Ak, must vanish. Upon
multiplying (2.37a) by cos2 and (2.37b) by sin€2 and adding the results, we get

— —cosQ— =0 (2.38)
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Fig. 2.5 Scheme of a BBO based NOPA pumped at 400 nm. BS beam splitter, SPF shortpass filter

Signal

which is equivalent to:
Vgl = Vg2 COS 2 (2.39)

Equation (2.39) lends itself to a very simple geometrical interpretation [12]: in a
non-collinear configuration, broadband phase matching can be achieved for a signal-
idler angle €2 such that the signal group velocity equals the projection of the idler
group velocity along the signal direction. The so-called non-collinear OPA (NOPA),
is a widely used device for the generation of few-optical-cycle pulses in the visible
range [13—18]. In a practical situation the pump-signal angle a is determined by the
propagation direction of the seed beam, while the signal-idler angle 2 adjusts itself,
according to (2.36b), to satisfy the phase-matching condition. For this reason, the
idler is emitted at a different angle for each wavelength, i.e., it is angularly dispersed
and not easily usable.

In the following we will describe a typical visible NOPA design [19], the
schematic of which is shown in Fig. 2.5. The system is pumped by an amplified
Ti:sapphire laser generating 150-fs, 800-nm pulses at 1 kHz with energy up to
500 wJ. The energy is sufficient for simultaneously pumping several independent
NOPAs. A fraction of the beam is used to generate the pump pulses at 400 nm
by second-harmonic generation in a 1-mm-thick BBO crystal; pulse energies up
to 30 pJ are used to pump the first stage. Another small fraction of the beam,
with energy of approximately 2 wJ, is focused into a 1-mm-thick sapphire plate
to generate the WLC seed; by carefully controlling the energy incident on the plate
(using a variable-optical-density attenuator) and the position of the plate around the
focus, a highly stable single-filament WLC is generated. The chirp of the visible
portion of the white light is small and fairly linear with frequency. To avoid the
introduction of additional chirp, only reflective optics are employed to guide the
WLC to the amplification stage. Parametric gain is achieved in a 1-mm-thick BBO
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crystal, cut for type I phase matching (6 = 32°), using a single-pass configuration to
increase the gain bandwidth. The chosen crystal length is close to the pulse-splitting
length Lgp3 for signal and pump in the visible wavelength range. To minimize the
effects of self-focusing, the BBO crystal is beyond the focus of the pump beam. The
WLC seed is imaged by a spherical mirror in the BBO crystal, with a 100-pwm spot
size matching that of the pump beam. A thin short-pass filter removes the strong
residual 800-nm component from the WLC, preventing its parasitic amplification.

When the BBO crystal is illuminated by the pump pulse and aligned perpendic-
ularly to the pump beam, it emits a strong off-axis parametric superfluorescence in
the visible in the form of a cone with apex angle of &~ 6.2° (corresponding to an
angle of 3.82° inside the crystal); this is the direction for which the group velocities
of signal and idler are matched and therefore the gain bandwidth is maximized.
The visible cone gives a visual aid to the identification of the optimum condition
for broadband generation, which is found when the pump-signal angle matches the
cone apex angle. In this condition, for optimum pump-seed delay, an ultrabroad
gain bandwidth that extends over most of the visible (500-750 nm) is observed.
The amplified pulses from a single stage have energy of approximately 2 J; much
higher energies, up to 300 wJ [20], can be extracted by a second amplification
stage. After the gain stage the amplified pulses are collimated by a spherical mirror
and sent to the compressor.

Several compressor schemes have been implemented for the visible NOPA.
Simple prism pairs can correct the second but not third-order dispersion and thus
can only compress the pulses down to 10-15 fs; sub-10-fs pulses can be achieved
by using either prism-grating [17] or prism-chirped mirrors combinations, as well as
adaptive compressors based on deformable mirrors [20-22]. It is also possible to use
exclusively chirped mirrors [19, 23], greatly simplifying the system design, allowing
for compactness, insensitivity to misalignment and high day-to-day reproducibility,
which are of great importance in practical applications.

2.7 Carrier-Envelope Phase Stabilization in an OPA

The previous paragraphs illustrated ultra-broadband OPA configurations capable
of producing widely tuneable few-optical-cycle pulses. Here we will show how
these schemes can be extended to the synthesis of pulses with controlled carrier-
envelope phase (CEP), i.e. with an electric field profile reproducible from shot to
shot. Mathematically, the electric field of an ultrashort pulse can be written as:

E(t) = A(t) cos (w.t + @) (2.40)

where A(f) is the pulse envelope with its maximum at t=0, o, is the carrier
frequency and ¢ is the CEP. If ¢ = 0, a maximum of the electric field corresponds
to the peak of the pulse envelope (cosine pulse), while if ¢ = /2 the electric
field at the peak of the pulse envelope is zero (sine pulse). Control of the CEP
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Fig. 2.6 Frequency and phase summation rules for (a) sum-frequency generation (SFG), (b)
difference-frequency generation (DFG), equivalent to the generation of the idler wave in an OPA,
and (c) a four-wave mixing process (FWM)

becomes important for few-optical-cycle light pulses and for extreme nonlinear
optics experiments, which are sensitive to the electric field rather than the intensity
of the pulse.

Typical femtosecond laser sources generate a pulse train in which the CEP is not
stabilized, so that ¢ varies randomly from shot to shot. CEP can be stabilized using
either active or passive methods. Active control starts by measuring the pulse-to-
pulse CEP slip A¢ in a mode-locked oscillator and stabilizing it by active electronic
feedback [24]; by picking pulses at a fraction of the laser repetition rate, it is possible
to obtain a train of pulses with a constant absolute phase, which can be further
amplified. A completely different approach is passive CEP stabilization, which
exploits nonlinear optical effects to generate a pulse train with stable CEP [25].

To understand passive CEP stabilization, let us review the effect of different non-
linear processes on the CEPs of the interacting pulses. For the second-order process
of Sum-Frequency Generation (SFG), in which two pulses at frequencies w; and w,
with CEPs ¢; and ¢;, generate the sum frequency ws; = w; + w, the CEP of the
resulting pulse is ¢3 =¢; + ¢ — /2 (Fig. 2.6a). For the particular case of second
harmonic generation (SHG) starting from a pulse with frequency wy and CEP ¢, one
obtains a pulse with frequency wsy = 2wy and CEP ¢syy = 2¢p — /2. In the second-
order process of Difference-Frequency Generation (DFG) between two pulses at
frequencies w; and w3z, with CEPs ¢; and ¢3, the resulting difference-frequency
pulse has frequency w; =ws3; —w; and CEP ¢; =¢3—¢,— /2 (Fig. 2.6b). In
the third order non-linear process of Four-Wave Mixing (FWM), four waves at
frequencies wi, wy, w3 and wy, with w4 = | —w, + w3, are coupled in a ¥
nonlinear medium. In this case, the CEPs of the waves are linked by the relationship:
Ps=¢;— ¢+ ¢p3— /2 (Fig. 2.6c). Self-Phase Modulation (SPM), i.e. spectral
broadening due to the instantaneous intensity-dependent variations of index of
refraction in a Kerr medium, can be regarded as a special case of FWM, in
which a new frequency wspy is generated starting from three frequencies wji,
w; and w3, all belonging to the pulse spectrum, according to the FWM process:
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wspm = 0] + w2 —w3. These new frequencies in turn contribute to subsequent
FWM processes, causing a progressive broadening of the pulse spectrum as it
propagates through the nonlinear medium. If we now consider that the mixing
pulses share the same CEP ¢; =¢, =¢3 =¢, then the SPM pulse will have
the CEP ¢spyy =¢; — P2+ ¢3— /2=¢ — /2. Thus the newly added frequency
components of the broadened SPM spectrum inherit the original value of the CEP
of the driving pulse. The SPM/FWM process is the dominant nonlinear interaction
behind WLC generation.

Having clarified the effects of nonlinear optical processes on the CEPs of the
interacting pulses, we are now in a position to understand the passive CEP stabi-
lization method. If a DFG process wpr = w; — w; occurs between two pulses with
the same shot-to-shot CEP fluctuations (¢; = ¢ + ¢;, ¢2 = ¢ + ¢2), then ¢ppr = cr—
c;— [2=const.,i.e., the fluctuations of ¢ are automatically cancelled [25]. Passive
CEP stabilization has some clear advantages with respect to the active one: (i) it is
an all-optical technique and does not require any electronic feedback circuits; (ii) it
directly produces a train of CEP-stable pulses, avoiding the need to pick pulses.

Let us now discuss how CEP stable pulses can be generated from an OPA. We
start by recalling that the idler pulse is generated through a DFG process between
pump and signal, so that its CEP, according to the previous discussion, is given by
¢ =¢3—¢;— /2. Let us now consider an OPA that is pumped by pulses at the
fundamental frequency (FF) wy, with CEP ¢; = ¢ which is generally fluctuating
from shot to shot. If the seed pulse is produced via WLC generation starting from
the FF pulse, then its CEP is linked to that of the pump by ¢; =¢ — /2 (see
Fig. 2.7¢); in this case the idler has CEP ¢, = 0, which is stable from shot to shot
(Fig. 2.7b). When the OPA is pumped by the second harmonic (SH) of the driving
pulse, then ¢p3 =2¢ — /2; if the WLC seed is generated from the SH of the driver,
then¢p; =2¢ — and ¢, =0 (Fig. 2.7). We can thus conclude that an OPA generates
a CEP stable idler when the seed is generated with the same pulse used as the pump,
either the FF or the SH of the driving laser.

If, on the other hand, the OPA is pumped by the SH but the seed is generated
from the FF, we have ¢p;=2¢p — /2 and ¢p; =¢ — /2. In this case, we obtain
¢ =¢ — /2, so that the idler is not CEP stabilized, but rather reproduces, from
shot to shot, the CEP fluctuations of the driving pulse [26].

2.8 Optical Parametric Chirped Pulse Amplification

In a broadband OPA both the pump and the seed are femtosecond pulses, typically
generated by a Ti:sapphire system. It is generally difficult and expensive to scale
the energy of femtosecond pump lasers; on the other hand, it is easier to generate
energetic picosecond pulses (5-50 ps duration) exploiting well-established gain
media such as Nd: or Yb:doped crystals. With a long pump pulse, in order to achieve
efficient energy extraction, it is necessary to temporally overlap the seed pulse
with the pump by first stretching the seed pulse and then, after the amplification
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Fig. 2.7 Schematics of three OPA configurations. For clarity, the seed and the pump beams are
shown to intersect non-collinearly in the crystal. However, the conclusions are also valid for the
collinear beam arrangement

step, recompressing it back to nearly TL durations. This scheme, which is very
similar to the Chirped Pulse Amplification (CPA) [27] occurring in a real gain
medium, is known as OPCPA [28, 29] and is considered as the most promising
route for energy scaling of few-optical-cycle pulses [30]. The key technical hurdle
in OPCPAs is the synchronization of the pump and seed pulses; it can be achieved
either electronically, using suitable circuitry, or optically, by using a part of the seed
pulse spectrum to injection seed the pump laser. The optical approach allows a much
lower pump-seed timing jitter but it is more challenging, since pump and seed are
at different frequencies.

The OPA/OPCPA approaches offer some distinct advantages with respect to CPA
for the generation of high peak power few-optical-cycle pulses:

1. the OPA/OPCPA has the capability of providing a high gain in a relatively short
path, allowing a compact, tabletop amplifier setup, minimizing the linear and
nonlinear phase distortions and ensuring an excellent temporal and spatial quality
of the pulses.

2. with suitable selection of the phase-matching conditions (see Sect. 2.6), the OPA
process can provide gain bandwidths well in excess of those achievable with
conventional amplifiers and can sustain pulse spectra corresponding to a TL
duration of just a few cycles of the carrier frequency.
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3. in an OPCPA, amplification occurs only during the pump pulse, so that amplified
spontaneous emission and the consequent pre-pulse pedestal are greatly reduced.

4. since the OPA/OPCPA is an instantaneous process of energy exchange between
the interacting beams, no fraction of the pump photon energy is deposited in the
medium; thus, if parasitic pump absorption can be neglected, thermal loading
effects are absent, greatly reducing spatial aberrations of the beams. This allows
much higher repetition rates to be achieved while avoiding the heat removal
problems that limit the frequency scaling of CPA systems.

In addition to these clear advantages, the OPA/OPCPA concept also has some
drawbacks:

1. an OPA/OPCPA requires pump pulses with short duration (hundreds of femtosec-
onds to tens of picoseconds), which are technologically challenging to generate,
especially at high energy and/or high repetition rate; on the other hand the CPA,
thanks to energy storage in the excited state, can use much longer nanosecond
pump pulses (or even continuous wave pumping for materials with long excited
state lifetime like Yb-doped crystals);

2. an OPA/OPCPA is very sensitive to the spatial and temporal quality of the pump,
again putting a severe technological constraint on the pump laser.

2.9 Conclusions

This chapter has provided a brief review of the principles of ultrashort pulse OPAs,
focusing in particular on the generation of few-optical-cycle pulses. After discussing
the propagation of an ultrashort pulse in a nonlinear medium and reviewing the
theory of parametric amplification, we considered the typical architecture of an
ultrafast OPA. This chapter went on to discuss non-collinear OPAs, which are
widely used for the generation of few-optical-cycle pulses in the visible range and
capable of producing pulses with energies of 2 wJ, which can be further amplified to
300 wJ. These schemes can be extended for the synthesis of pulses with controlled
carrier-envelope phase. Indeed, the last section of this chapter introduces the concept
of optical parametric chirped pulse amplification, which is considered the most
promising approach for energy scaling of few-optical-cycle pulses.
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