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Ultrafast optical parametric amplifiers
Giulio Cerullo and Sandro De Silvestria)

Istituto Nazionale per la Fisica della Materia, IFN-CNR, Dipartimento di Fisica, Politecnico,
I-20133 Milano, Italy

~Received 26 October 2001; accepted 27 July 2002!

Over the last decade there have been spectacular developments in ultrafast laser technology, due to
the introduction of solid state active materials and of new mode-locking and amplification
techniques. These advances, together with the discovery of new nonlinear optical crystals, have
fostered the introduction of ultrafast optical parametric amplifiers as a practical source of
femtosecond pulses tunable across the visible and infrared spectral ranges. This article summarizes
the recent progress in the development of ultrafast optical parametric amplifiers, giving the basic
design principles for different frequency ranges and in addition presenting some advanced designs
for the generation of ultrabroadband, few-optical-cycle pulses. Finally, we also briefly discuss the
possibility of applying parametric amplification schemes to large-scale, petawatt-level systems.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1523642#
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I. INTRODUCTION

Ultrafast optical science is a rapidly evolving multidi
ciplinary field: the ability to excite matter with femtosecon
light pulses and probe its subsequent evolution on ultras
time scales opens up completely new fields of researc
physics, chemistry, and biology.1 Furthermore, the high in-
tensities that can be generated using femtosecond
pulses allow us to explore new regimes of light-mat
interaction.2 The implementation of more sophisticated spe
troscopic techniques has been accompanied by impr
ments in laser sources. Considerable effort has been d
cated to the achievement of shorter light pulses,3–5 to
improve temporal resolution; other efforts have worked
expand the frequency tunability of the pulses, since t
would make it possible to excite in resonance different m
terials, and to probe optical transitions occurring at differ
frequencies. Early sources of femtosecond optical pu
were based on dye laser technology;6 in that case, some fre
quency tunability could be achieved by simply changing
laser dye. This flexibility, however, came at the expense o
complicated and time consuming reoptimization.

The 1990s have witnessed a revolution in ultrafast la
technology, thanks to the advent of solid state active mat
als, such as Ti:sapphire, and powerful mode-locking te
niques, such as Kerr lens mode locking~KLM !.7 With these
advances, femtosecond lasers have gained tremendous
reliability and user-friendliness, becoming ‘‘turnkey’’ device
available to a wide community of nonspecialists. Anoth
landmark of femtosecond technology has been the chir
pulse amplification~CPA! technique,8,9 which enabled in-
creasing the energy of femtosecond lasers by 2–3 orde

a!Electronic mail: sandro.desilvestri@polimi.it
10034-6748/2003/74(1)/1/18/$20.00
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magnitude, from the millijoule to the multijoule level. Thi
increase in peak power makes it possible to access a w
new class of nonlinear optical phenomena, triggering a
naissance in the field of nonlinear optics. Parallel to th
developments has been the discovery of novel nonlinear
tical crystals, such asb-barium borate~BBO! and lithium
triborate~LBO!,10–14 combining improved optical characte
istics ~high nonlinear optical coefficients, low group veloci
dispersion, broad transparency ranges! with high damage
thresholds.

KLM Ti:sapphire lasers amplified by the CPA techniqu
are now widely used sources of stable, energetic femto
ond pulses: however, their frequency tunability is limited to
narrow range around the fundamental wavelength~FW! of
0.8 mm or around the second harmonic~SH! of 0.4 mm.
Their tuning range can be greatly extended by using opt
parametric generation~OPG!.15–19 The principle of OPG is
quite simple: in a suitable nonlinear crystal, a high frequen
and high intensity beam~the pumpbeam, at frequencyvp)
amplifies a lower frequency, lower intensity beam~thesignal
beam, at frequencyvs); in addition a third beam~the idler
beam, at frequencyv i , with v i,vs,vp) is generated.20 In
the interaction, energy conservation

\vp5\vs1\v i ~1!

is satisfied; for the interaction to be efficient, also the m
mentum conservation~or phase matching! condition

\kp5\ks1\k i , ~2!

wherekp , ks , andk i are the wave vectors of pump, signa
and idler, respectively, must be fulfilled. The signal fr
quency to be amplified can vary in principle fromvp/2 ~the
so-called degeneracy condition! to vp , and correspondingly
the idler varies fromvp/2 to 0; at degeneracy, signal an
© 2003 American Institute of Physics
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idler have the same frequency. In summary, the OPG pro
transfers energy from a high-power, fixed frequency pu
beam to a low-power, variable frequency signal bea
thereby generating also a third idler beam. To be efficie
this process requires very high intensities of the order of t
of GW/cm2; it is therefore eminently suited to femtoseco
laser systems, which can easily achieve such intensities
with modest energies, of the order of a few microjoules.

OPG can be exploited in two ways to achieve frequen
tunability: if the OPG crystal is enclosed in a suitable opti
cavity and the parametric gain exceeds the losses, the c
starts oscillating like an ordinary laser and an optical pa
metric oscillator~OPO! is obtained. A completely differen
approach consists in amplifying a suitably generated w
signal beam~the so-called ‘‘seed’’ beam! in one or more
OPG crystals, thus obtaining an optical parametric ampli
~OPA!. Both schemes are employed with ultrashort pulses
well as in continuous wave~cw! and nanosecond pulse sy
tems, and each has its advantages and drawbacks. OPO
be pumped by a small-scale femtosecond oscillator, and
vide pulses at very high repetition rates~'100 MHz!. This
helps in experiments detecting very weak signals to impr
signal-to-noise ratio.21–24 On the other hand, OPO outpu
energies are low~typically a few nanojoules!, and they re-
quire a cavity whose length is matched to that of the pu
laser to within micrometers. Their tunability is limited by th
bandwidth of the mirror coatings, so that several mirror s
may be required to span the whole tuning range. OPAs
quire high pump intensities, provided only by an amplifi
system, and operate at lower repetition rates~typically from
1 to 100 kHz!; on the other hand, they provide high outp
energies, broad frequency tunability and are simpler to o
ate, since they do not require any cavity length stabilizati
Therefore, femtosecond OPOs and OPAs are complemen
systems, used in different types of applications.

In this article we will deal exclusively with femtosecon
OPAs, which have become the most widespread sourc
tunable femtosecond pulses and have reached a high lev
stability and reliability, becoming true workhorses of u
trafast spectroscopy. These systems are usually pumpe
an amplified Ti:sapphire laser, providing pulses w
millijoule-level energy,'100 fs duration and kilohertz rep
etition rate; pumping can occur either at the FW or at the
of the laser beam. Femtosecond OPAs have demonstr
tunability from the ultraviolet~UV! to the mid-infrared~IR!,
and produce pulse energies up to the 100mJ level. In addi-
tion, femtosecond OPAs have the capability of generat
pulses significantly shorter than the pump pulses, exploi
the broad gain bandwidths available in the parametric in
action. They can therefore be used as effective pulse c
pressors. Recently ultrabroadband pulses with duration d
to '5 fs in the visible and'15 fs in the near-IR have bee
demonstrated containing only a few optical cycles of
carrier frequency.

This article will review the substantial recent progress
the field of femtosecond OPAs, giving the basic design p
ciples for different frequency ranges, and in addition prese
ing some advanced designs and perspectives for future
velopments. The article is organized as follows: in Sec. II
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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briefly review the theory of optical parametric amplificatio
and point out the main issues related to optical parame
amplification of ultrashort pulses. In Sec. III we prese
some specific OPA designs, with different tuning ranges~vis-
ible, near-infrared, mid-infrared, and ultraviolet!. In Sec. IV
we describe more advanced, ultrabroadband OPA design
the generation of few-optical-cycle light pulses in the visib
and near-infrared. In Sec. V we introduce the concept
optical parametric chirped pulse amplification~OPCPA!,
which holds the promise of scaling the power of amplifi
ultrashort pulse systems to the multipetawatt level. Finally
Sec. VI conclusions are drawn and prospects for future
velopments are discussed.

II. THEORY OF OPTICAL PARAMETRIC
AMPLIFICATION

A. The optical parametric amplification process

In the following we will briefly derive the coupled non
linear equations describing the optical parametric amplifi
tion process.15–19 We start with a linearly polarized, mono
chromatic plane wave at frequencyv, propagating in thez
direction

E~z,t !5Re$A~z!exp@ j ~vt2kz!#%, ~3!

in a medium with nonlinear polarization, at the same f
quency,

Pnl~z,t !5Re$Pnl~z!exp@ j ~vt2kpz!#%. ~4!

Within the slowly-varying-amplitude approximatio
@(d2A/dz2)!2k(dA/dz)# we can derive the following
propagation equation:

dA

dz
52 j

m0c0v

2n
Pnl exp@2 j ~kp2k!z#, ~5!

wherec0 is the speed of light in vacuum andn is the refrac-
tive index at frequencyv. Equation~5! shows that the non-
linear polarization acts as a source term driving the am
tude variations of the propagating wave.

Let us now consider the interaction of three waves,
frequenciesvp , vs , and v i , with v i,vs,vp and v i

1vs5vp , in a medium with second order nonlinear pola
ization. The component of the nonlinear polarization vec
along directioni is expressed as

Pi
nl5e0x i jk

~2!EjEk , ~6!

wherei, j, andk each take the valuesx, y, andz, x (2) is the
third-rank~27 components! second-order nonlinear suscep
bility tensor and the Einstein summation convention is us
For the moment we will assume that the three beams
collinear, i.e., with parallel wave vectors, although in gene
their polarization will be different. We will, however, se
later that the noncollinear interaction geometry is import
and is used to achieve ultrabroad amplification bandwid
We can now easily derive the following couple
equations18,19

dAi

dz
52 j

v ideff

nic0
As* Ap exp~2 j Dkz!, ~7a!
ct to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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dAs

dz
52 j

vsdeff

nsc0
Ai* Ap exp~2 j Dkz!, ~7b!

dAp

dz
52 j

vpdeff

npc0
AiAs exp~ j Dkz!, ~7c!

wheredeff is the so-called effective nonlinear optical coef
cient, depending on the propagation direction and the po
ization of the three beams, andDk5kp2ks2ki is the so-
called wave-vector mismatch. Equations~7! describe a
wealth of second-order nonlinear optical phenomena, suc
sum frequency generation, second harmonic generation,
ference frequency generation, and optical parametric am
fication. By some straightforward manipulations, these th
coupled equations can be cast into the form

1

v i

dI i

dz
5

1

vs

dIs

dz
52

1

vp

dIp

dz
, ~8!

whereI j5
1
2e0C0M j uAj u2 is the intensity of the beam at fre

quencyv j . Equations~8!, also known as Manley–Rowe re
lationships, state photon conservation and show that
three-wave interaction in second-order nonlinear me
manifests itself in the energy flow from the two lowe
frequency fields to the sum-frequency field or vice versa
the case of sum-frequency generation, two powerful bea
at v i andvs interact to produce a beam at the sum freque
vp , i.e., two photons at frequenciesv i and vs combine to
produce a photon at frequencyvp ~second harmonic genera
tion is just a particular case withvs5v i). In the case of
difference frequency generation two powerful beams at
quenciesvs andvp interact; the beam atvp loses power in
favor of the beam atvs and of the newly generated differ
ence frequency beam atv i . In terms of photon balance, w
can say that a photon atvp is split into a photon atv i and a
photon atvs . Optical parametric amplification differs from
difference frequency generation only in the initial condition
in this case, in fact, the beam atvs ~signal beam! is much
weaker than that atvp ~pump beam! and gets significantly
amplified during the interaction, while at the same time
beam atv i ~idler beam! is generated.

Neglecting pump depletion (Ap>cost.) and assuming a
initial signal intensityAs0 ~seed beam! and no initial idler
beam (Ai050) Eqs.~7! can be solved to get the signal an
idler intensities after a lengthL of nonlinear crystal

I s~L !5I s0F11
G2

g2 sinh2~gL!G , ~9a!

I i~L !5I s0

v i

vs

G2

g2 sinh2~gL!, ~9b!

where

g5AG22S Dk

2 D 2

, ~10!

G25
v ivsdeff

2 uApu2

ninsc0
2 5

2v ivsdeff
2 I p

ninsnpe0c0
3 5

8p2deff
2 I p

ninsnpl ilse0c0
.

~11!
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For the case of perfect phase matching (Dk50,g5G) and in
the large gain approximation (GL@1), Eqs.~9! simplify to

I s~L !> 1
4I s0 exp~2GL !, ~12a!

I i~L !>
v i

4vs
I s0 exp~2GL !. ~12b!

Note that the ratio of signal and idler intensities is such t
an equal number of signal and idler photons are genera
Equations~12! allow to define a parametric gain as

G5
I s~L !

I s0
5

1

4
exp~2GL ! ~13!

growing exponentially with the crystal lengthL and with the
nonlinear coefficientG. Note that the exponential growth o
signal and idler waves along the crystal is qualitatively d
ferent from the quadratic growth occurring in other seco
order nonlinear phenomena, such as sum frequency gen
tion or second harmonic generation. This difference can
understood intuitively in the following way: in a stron
pump field, the presence of a seed photon at the signal w
length stimulates the generation of an additional signal p
ton and of a photon at the idler wavelength. Likewise, due
the symmetry of signal and idler, the amplification of an id
photon stimulates the generation of a signal photon. The
fore, the generation of the signal field reinforces the gene
tion of the idler field and vice versa, giving rise to a positi
feedback that is responsible for the exponential growth of
waves. Equation~11! shows that the coefficientG depends
on: ~i! the pump intensity;~ii ! the signal and idler wave
lengthsls andl i , ~iii ! the nonlinear coefficientdeff ; and~iv!
the refractive indexes at the three interacting wavelengths
characterize a parametric interaction and compare diffe
nonlinear materials, it is possible to define the following fi
ure of merit:

FM5
deff

Alsl inpnsni

. ~14!

In the following we discuss some examples of parame
gain calculation relevant to ultrashort pulses, assuming
fect phase matching. Figure 1 shows a plot of the parame
gain in BBO, at the infrared pump wavelengthlp50.8mm
and the signal wavelengthls51.2mm as a function of pump
intensity and for different crystal lengths. The gain scales
the exponential of the square root of the pump intensity:G
}exp(AI p). At a pump intensityI p525 GW/cm2, a gainG
>6 is calculated for a crystal lengthL51 mm; however, it
rapidly increases toG>23106 for L55 mm. The same gain
can be obtained with a 3 mmcrystal increasing the pump
intensity to 75 GW/cm2. The same plot for BBO at the vis
ible pump wavelengthlp50.4mm and the signal wave
lengthls50.6mm is shown in Fig. 2. In this case, at a pum
intensity I p525 GW/cm2, a gainG>128 is calculated for a
crystal lengthL51 mm, about a factor of 20 larger than i
the case of infrared pump. The higher gain is due to
smaller values ofls and l i , which increase the figure o
merit of the parametric interaction. Despite the improvem
in figure of merit using a visible pump, the group veloci
ct to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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mismatch between the interacting pulses, as we will see l
prevents the use of long nonlinear crystals in this case.

We now address the problem of phase matching:
achieve maximum gain, we must satisfy the phase match
condition,Dk50, which can be recast in the form

np5
niv i1nsvs

vp
. ~15!

It is easy to show that this condition cannot be fulfilled
bulk isotropic materials in the normal dispersion region (ni

,ns,np). In some birefringent crystals, phase matching c
be achieved by choosing for the higher frequency pu
wave (vp) the polarization direction giving the lower refrac
tive index. In the case, common in femtosecond OPAs
negative uniaxial crystals (ne,no), the pump beam is polar
ized along the extraordinary direction. If both signal a
idler beams have the same ordinary polarization~perpendicu-
lar to that of the pump beam! we talk about type I~or os

1oi→ep) phase matching. If one of the two is polarize

FIG. 1. Parametric gain for an OPA at the pump wavelengthlp50.8mm
and the signal wavelengthls51.2mm, using type I phase matching in BBO
(deff52 pm/V).

FIG. 2. Parametric gain for an OPA at the pump wavelengthlp50.4mm
and the signal wavelengthls50.6mm, using type I phase matching in BBO
(deff52 pm/V).
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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parallel to the pump beam, we talk about type II pha
matching; in this case either the signal (es1oi→ep) or the
idler (os1ei→ep) can have the extraordinary polarization.25

Both types of phase matching can be used and have
specific advantages according to the system under cons
ation. Usually the phase matching condition is achieved
adjusting the angleum between the wave vector of the prop
gating beams and the optical axis of the nonlinear cry
~angular phase matching!. Alternatively, the refractive in-
dexes can be changed by adjusting the crystal tempera
~temperature phase matching!.

As an example, we consider the case of a nega
uniaxial crystal, for which type I phase matching is achiev
when26

nep~um!vp5nosvs1noiv i , ~16!

which allows to computenep(um). Recalling the dependenc
of the extraordinary index on the propagation direction
uniaxial crystals

1

nep
2 ~um!

5
sin2~um!

nep
2 1

cos2~um!

nop
2 , ~17!

wherenep and nop are the principal extraordinary and ord
nary refractive indexes at the pump wavelength, the ph
matching angle can then be obtained as

um5asinF nep

nep~um!
Anop

2 2nep
2 ~um!

nop
2 2nep

2 G . ~18!

Figures 3 and 4 show the phase matching angles as a f
tion of wavelength for BBO types I and II OPAs at the pum
wavelengths 0.8 and 0.4mm. Note that, in general, the phas
matching angle shows a less pronounced wavelength de
dence for type I with respect to type II phase matching.

B. Parametric amplification with ultrashort pulses

So far we have studied the interaction of three mon
chromatic waves, i.e., cw beams. Let us now consider
case, relevant for femtosecond OPAs, of three pulses lik

E~z,t !5Re$A~z,t !exp@ j ~vt2kz!#% ~19!

FIG. 3. Angle tuning curves for a BBO OPA at the pump wavelengthlp

50.8mm for type I phase matching~dotted line!, type II os1ei→ep phase
matching~solid line!, and type IIes1oi→ep phase matching~dashed line!.
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propagating in the nonlinear crystal with different group v
locitiesng5dv/dk. Within the slowly varying amplitude ap
proximation and neglecting pulse lengthening due to sec
or higher order dispersion~which is a good approximation
for pulses in the 100 fs range!, we obtain the following
equations:27,28

]As

]z
1

1

ngs

]As

]t
52 j

vsdeff

nsc0
Ai* Ap exp~2 j Dkz!, ~20a!

]Ai

]z
1

1

ngi

]Ai

]t
52 j

v ideff

nic0
As* Apexp~2 j Dkz!, ~20b!

]Ap

]z
1

1

ngp

]Ap

]t
52 j

vpdeff

npc0
AsAi exp~1 j Dkz!. ~20c!

Note that Eqs.~20! neglect also third order nonlinear effec
~self- and cross-phase modulation!. By transforming to a
frame of reference that is moving with the group velocity
the pump pulse (t5t2z/ngp) we obtain the equations

]As

]z
1S 1

ngs
2

1

ngp
D ]As

]t
52 j

vsdeff

nsc0
Ai* Ap exp~2 j Dkz!,

~21a!

]Ai

]z
1S 1

ngi
2

1

ngp
D ]Ai

]t
52 j

v ideff

nic0
As* Ap exp@2 j Dkz#,

~21b!

]Ap

]z
52 j

vpdeff

npc0
AsAi exp~ j Dkz!. ~21c!

Despite the many simplifications, Eqs.~21! capture the main
issues of parametric amplification with ultrashort pulses, t
are related to group velocity mismatch~GVM! between the
interacting pulses. In particular, GVM between the pump a
the amplified~signal and idler! pulses limits the interaction
length over which parametric amplification takes pla
while GVM between the signal and the idler beams limits
phase matching bandwidth.

The useful interaction length for parametric interacti
is quantified by the pulse splitting length, which is defined

FIG. 4. Angle tuning curves for a BBO OPA at the pump wavelengthlp

50.4mm for type I phase matching~dotted line!, type II os1ei→ep phase
matching~solid line!, and type IIes1oi→ep phase matching~dashed line!.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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the propagation length after which the signal~or the idler!
pulse separates from the pump pulse in the absence of g
and is expressed as

, jp5
t

d jp
, j 5s,i , ~22!

wheret is the pump pulse duration andd jp51/ngj21/ngp is
the GVM between pump and signal/idler. Note that the pu
splitting length becomes shorter for decreasing pulse d
tion and for increasing GVM. GVM depends on the crys
type, pump wavelength, and type of phase matching. Figu
5 and 6 show examples of GVM curves for a BBO OP
pumped by 0.8 and 0.4mm pulses, respectively. Note tha
due to greater dispersion values in the visible, GVM is
general larger in this wavelength range.

For crystal lengths shorter than the pulse splitting leng
GVM effects can be neglected, to a first approximation, a
Eqs. ~9!–~12!, valid for cw beams, can be used for ga
calculations. For crystals longer than or comparable to
pulse splitting length, GVM plays a crucial role and Eq
~21! must be solved numerically to properly account for
There is a qualitatively significant difference between t
cases in whichdsp andd ip have the same or different sign

FIG. 5. Pump-signal (dsp) and pump-idler (d ip) group velocity mismatch
curves for a BBO OPA at the pump wavelengthlp50.8mm for type I phase
matching~solid line! and type IIos1ei→ep phase matching~dashed line!.

FIG. 6. Pump-signal (dsp) and pump-idler (d ip) group velocity mismatch
curves for a BBO OPA at the pump wavelengthlp50.4mm for type I phase
matching~solid line! and type IIos1ei→ep phase matching~dashed line!.
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When dspd ip.0, both the signal and the idler pulses wa
away from the pump in the same direction so that the g
rapidly decreases for propagation distances longer than
pulse splitting length and eventually saturates. On the o
hand, whendspd ip,0 signal and idler pulses move in opp
site direction with respect to the pump; in this way the sig
and idler pulses tend to stay localized under the pump p
and the gain grows exponentially even for crystal leng
well in excess of the pulse splitting length. To try to rati
nalize this effect, we can consider the situation in which
signal pulse has moved slightly to the left and the idler pu
to the right of the pump pulse: during the parametric proce
the signal pulse generates idler photons, which move to
right, i.e., towards the peak of the pump; on the other h
the idler pulse will generate signal photons which in tu
move to the left, again towards the peak of the pump. T
concentration of photons under the peak of the pump
plains the exponential gain growth. In Fig. 7 we show
example of solution of Eqs.~21! for the casedspd ip.0; we
consider a type I BBO OPA pumped at 0.4mm with signal
wavelengthls50.7mm, with GVMs dsp5167 fs/mm and
d ip5220 fs/mm. We see that, after an initial growth, the ga
rapidly tends to saturate because both signal and idler pu
temporally separate from the pump. Note that, because
trailing edge of the pulse resides for a longer time in
amplification region, there is a modest pulse shorten
~20%–30%! and asymmetry. The casedspd ip,0 is shown in
Fig. 8; we consider a type II BBO OPA pumped at 0.8mm
with signal wavelengthls51.5mm, having group velocity
mismatchesd ip5247.5 fs/mm anddsp534.6 fs/mm. Here
we see that the signal growth stays exponential for propa
tion distances well exceeding the pulse splitting length a
that the signal pulse tends to stay localized under the pu

In the following we will show that GVM between signa
and idler pulses determines the phase matching bandw
for the parametric amplification process. Let us assume
perfect phase matching is achieved for a given signal
quency vs ~and for the corresponding idler frequencyv i

FIG. 7. Signal pulse evolution for a BBO type I OPA withlp50.4mm,
ls50.7mm, for different lengthsL of the nonlinear crystal. Pump intensit
is 20 GW/cm2. Time is normalized to the pump pulse duration and t
crystal length to the pump-signal pulse splitting length.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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5vp2vs). If the signal frequency increases tovs1Dv, by
energy conservation the idler frequency decreases tov i

2Dv. The wave vector mismatch can then be approxima
to the first order as

Dk>2
]ks

]vs
Dv1

]ki

]v i
Dv5S 1

ngi
2

1

ngs
DDv. ~23!

The full width at half maximum~FWHM! phase matching
bandwidth can then, within the large-gain approximation,
calculated as

Dn>
2~ ln 2!1/2

p S G

L D 1/2 1

U 1

ngs
2

1

ngi
U . ~24!

Large GVM between signal and idler waves dramatica
decreases the phase matching bandwidth; large gain b
width can be expected when the OPA approaches degene
(vs→v i) in type I phase matching or in the case of grou
velocity matching between signal and idler (ngs5ngi). Ob-
viously, in this case Eq.~24! loses validity and the phas
mismatchDk must be expanded to the second order, givi

Dn52
~ ln 2!1/4

p S G

L D 1/4 1

U]2ks

]vs
2 1

]2ki

]v i
2U . ~25!

Figures 9 and 10 show typical plots of phase matching ba
widths for BBO OPAs, pumped at 0.8 and 0.4mm, respec-
tively. We see a remarkable difference between types I an
phase matching: for type II interaction, the bandwidth
smaller than in type I and stays more or less constant o
the tuning range, while for type I interaction, as previous
said, the bandwidth increases as the OPA approaches de
eracy. These features can be exploited for different appl
tions: type I phase matching is used to achieve the sho
pulses, while type II phase matching allows to obtain re
tively narrow bandwidths over broad tuning ranges, wh
are required for many spectroscopic investigations.

FIG. 8. Signal pulse evolution for a BBO type II OPA withlp50.8mm,
ls51.5mm, for different lengthsL of the nonlinear crystal. Pump intensit
is 20 GW/cm2. Time is normalized to the pump pulse duration and t
crystal length to the pump-signal pulse splitting length.
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So far we have only considered a collinear interaction
which, once the phase matching condition (Dk50) is
achieved, the group velocities of signal and idler, and t
the phase matching bandwidth, are set. In Sec. IV we will
that in a noncollinear interaction there is an additional deg
of freedom, the pump-signal anglea. Suitably selecting this
angle, it is often possible to achieve simultaneously ph
matching and group velocity matching between signal a
idler, thus obtaining very broad gain bandwidths.

III. OPTICAL PARAMETRIC AMPLIFIER DESIGNS

Although a great variety of femtosecond optical pa
metric amplifier designs have been reported, there are a
basic principles underlying the different implementation
Before illustrating in detail some of the most common O
designs, we will try to present a very general description
the operating principles of an OPA, according to the sche
shown in Fig. 11. Femtosecond OPAs are in general pum
by amplified Ti:sapphire lasers: standard systems typic
run at 1 kHz repetition rate and generate pulses at the w
lengthl>0.8mm, with 0.5–1 mJ energy and duration ran

FIG. 9. Phase matching bandwidth for a BBO OPA at the pump wavele
lp50.8mm for type I phase matching~solid line! and type IIos1ei→ep

phase matching~dashed line!. Crystal length is 4 mm and pump intensity 5
GW/cm2.

FIG. 10. Phase matching bandwidth for a BBO OPA at the pump wa
length lp50.4mm for type I phase matching~solid line! and type II os

1ei→ep phase matching~dashed line!. Crystal length is 2 mm and pump
intensity 100 GW/cm2.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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ing from 50 to 150 fs. Other work has reported OPA
pumped by systems running at much higher repetition r
~up to 250 kHz! but with much lower pulse energy~5–10
mJ!.29 Pumping can take place at the FW or at the SH of
Ti:sapphire laser~i.e., 800 or 400 nm!. Since the optical
parametric amplification process consists of the interac
of a weak signal beam with a strong pump beam, the fi
stage of any OPA system is the generation of the initial sig
beam, the so-called seed beam. Since the seed beam is
different frequency from the pump beam, a nonlinear opti
process is required for its generation. Two different tec
niques have been used for the seed generation: param
superfluorescence and white-light continuum generation.

Parametric superfluorescence18,30 is a parametric ampli-
fication of the vacuum or quantum noise, and can be a
thought as two-photon spontaneous emission from a vir
level excited by the pump field. In practice it is simp
achieved by pumping a suitable nonlinear crystal, which
often of the same types as the ones used in the subseq
OPA stages; amplification will occur at those waveleng
for which the parametric interaction is phase matched. T
advantage of parametric superfluorescence is the possib
of achieving large amplification and substantial seed pu
energies; its disadvantages are the inherent fluctuations
process starting from quantum noise, and the poor spa
quality of the generated seed beam.

White light generation31,32 occurs when an intense u
trashort pulse is focused inside a transparent material, s
as fused silica or sapphire: as a result of the interplay
tween self-focusing and self-phase modulation, a large sp
tral broadening takes place. Although the processes oc
ring during the generation of white-light continuum are s
not fully understood,33 its properties are very good for its us
as an OPA seed. When focusing 0.8mm, 100 fs pulses into a
sapphire plate, with thickness ranging from 1 to 3 mm,
threshold for white-light generation is around 1mJ. ~The
exact value depends on the focusing conditions.! The con-
tinuum spectrum extends throughout the visible~down to
'0.42mm! and the near-IR~up to'1.5mm!, with an energy
of approximately 10 pJ per nm of bandwidth. Under the c
rect conditions~i.e., a single self-focused filament! the white
light has an excellent spatial quality, with a circular gauss
beam, and a very high pulse-to-pulse stability. When us
materials with high thermal conductivity and low UV ab
sorption such as sapphire, no long-term degradation of
material is experienced.

th

-

FIG. 11. Scheme of an ultrafast optical parametric amplifier. SEED: s
generation stage; DL1, DL2: delay lines; OPA1, OPA2 parametric amp
cation stages; COMP: compressor.
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Following generation of the seed pulse, the pump a
seed pulses are combined in a suitable nonlinear crystal,
first parametric amplification stage~preamplifier!. To achieve
temporal overlap, their relative timing must be adjusted b
delay line. Often the pump spot size in the nonlinear crys
is set by a telescope and is chosen to achieve the hig
possible gain without causing optical damage of the crys
or inducing third-order nonlinear effects~self-focusing, self-
phase modulation, or white light generation! that would
cause beam distortion or breakup. In case of parametric
perfluorescence seed, the preamplifier is also used as a
tial filter, to improve the spatial coherence of the signal be
by amplifying only those spatial components of the sup
fluorescence that overlap the pump beam in the crystal. A
the first amplification stage, the signal beam can be furt
amplified in a second stage, power amplifier. Usually t
stage is driven into saturation, i.e., with significant pum
depletion and conversion efficiency above 30%. In this
gime, the amplified energy is less sensitive to seed fluc
tions, and high pulse stability can be achieved. The purp
of using two amplification stages instead of one long crys
is twofold: ~i! the GVM between pump and signal pulses
the first stage can be compensated by a delay line; and~ii !
this scheme gives the flexibility of separately adjusting
pump intensity, and thus the parametric gain, in the t
stages. After the power amplifier, signal and idler beams
separated from the pump and from each other using dich
filters or mirrors. Finally, in case of broadband amplificatio
a pulse compressor is used to obtain transform-limited p
duration.

We will now review the state of art in OPA design
different spectral ranges.

A. OPA in the near-IR

OPAs tunable in the near-IR, pumped by the fundam
tal ~800 nm! radiation of an amplified Ti:sapphire laser, a
the most straightforward to operate.34–45 They have the fol-
lowing advantages:~i! high available pump energies~up to
the millijoule level!; and ~ii ! low pump-signal and pump
idler GVM values. Low GVM allows the use of long non
linear crystals, making it possible to obtain high gains. Th
advantages are partially offset by a lower figure of merit
the parametric interaction in the near-IR compared to
visible. Tunability is limited by the losses due to absorpti
of the idler wave in the nonlinear crystal. This is typically
problem at wavelengths longer than'3 mm. Therefore, the
signal beam is tunable from degeneracy~1.6 mm! to 1.1mm
while the idler beam tunes from 1.6 to 3mm. There is, how-
ever, a ‘‘hole’’ in the tuning range from 0.8 to 1.1mm.

Most systems use BBO as nonlinear crystal, becaus
its high nonlinearity and favorable dispersion properties.
can be seen from Fig. 5, pump-signal and pump-idler GV
values are quite low in the case of type I phase matching
that, for 100 fs pump pulses, pump-signal temporal over
can be maintained for crystal lengths up to'7 mm. On the
other hand, with type II phase matching pump-signal a
pump-idler GVMs have opposite signs so that, as explai
in the discussion in Sec. II B, exponential growth of the g
is preserved for crystal lengths well in excess of the pu
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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splitting length. Other advantages of type II phase match
are a phase matching bandwidth that is relatively cons
over most of the tuning range and the possibility to sepa
signal and idler pulses because of their orthogonal polar
tion. This last point is especially important when operati
the OPA close to degeneracy, where these wavelengths
quite close to each other. A typical setup for a white-lig
seeded near-IR OPA is shown in Fig. 12;44 the OPA is
pumped by an amplified Ti:sapphire laser generating'500
mJ, 50 fs pulses at 1 kHz repetition rate. A small fraction
the pump light~'2 mJ! is used to generate the white-ligh
seed in a 2-mm-thick sapphire plate; the near-IR fraction
the continuum is amplified in a first stage consisting of a
mm long BBO crystal cut for type II phase matching (u
528°). Pumping with'50 mJ of energy, up to 6mJ energy
at the signal wavelength is obtained. Wavelength tuning
achieved by changing the phase matching angle of the cry
and simultaneously optimizing the pump-seed delay. T
second stage consists of an identical BBO crystal pumped
'450mJ of energy, and generates up to 200mJ of amplified
signal light, corresponding to a conversion efficiency
45%; the pulse width ranges from 30 to 50 fs across
tuning range. Similar results in terms of pulse energies
obtained using a parametric superfluorescence seed;42 in this
case, significant compression of the signal pulse~60 fs! with
respect to the pump pulse~150 fs! is observed, due to the
nonlinear effects taking place in the parametric process
high conversion efficiencies.

B. OPA in the visible

The generation of femtosecond pulses tunable in the
ible is important for a variety of spectroscopic application
because many systems of interest in physics, chemistry,
biology have absorption bands in this range. A straightf
ward way of achieving tunable visible pulses consists in f
quency doubling the output of an 0.8mm pumped near-IR
OPA;43,46 however, since absorption of the idler in the no
linear crystal sets a blue tuning limit of'1.1 mm, the SH
would be tunable down to only 0.55mm, leaving a substan
tial part of the visible range uncovered. Pumping with the S
of a Ti:sapphire laser around 0.4mm, the signal can be tune
through most of the visible range, from'0.45mm to degen-
eracy~0.8 mm!. Correspondingly, the idler tunes from 0.8
2.5 mm; this fills the gap in the tuning range for near-I

FIG. 12. Scheme of a near-IR OPA DL: delay lines; WL: white light ge
eration stage; DF: dichroic filter.
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OPAs.47–62 Visible OPAs in general obtain lower energie
than near-IR ones, because of the lower pump energy a
able from a frequency doubled pump. Furthermore GVM
much larger in the visible range~see Fig. 6!, which limits the
use of long nonlinear crystals. This disadvantage is parti
compensated for by the larger figures of merit for parame
interaction in the visible. Also for visible OPAs the mo
popular nonlinear material is BBO. Type II phase match
provides gain bandwidths that are narrower and stay es
tially constant over the tuning range, which may be ben
cial for some spectroscopic applications.52

Figure 13 shows a typical visible OPA design;49–51 the
system is pumped by an high repetition rate amplified Ti:s
phire laser, generating 4mJ, 170 fs pulses at 250 kHz repet
tion rate. A fraction of the beam is used to generate a wh
light seed in a 3-mm-thick sapphire plate, while t
remaining part is frequency doubled in a BBO crystal to g
1 mJ of energy at 0.4mm; the pump and seed beams are th
combined by a dichroic mirror and their path lengths a
matched by a suitable delay line. The two pulses are t
focused on a 1-mm-thick BBO OPA crystal, cut for type
phase matching; the crystal thickness is close to the pu
signal pulse splitting length for BBO in the visible~see Fig.
6!. The white-light seed component to be amplified is
lected by simply rotating the BBO crystal and reoptimizi
the pump-seed delay in order to compensate for the gr
velocity dispersion in the continuum. Given the small crys
thickness, high pump intensities are required to achieve h
parametric gain; in this design intensities lower than
GW/cm2 are used to avoid the onset of self-focusing effe
in the BBO crystal. Typical single-pass gains in this syst
are in the order of 100. The BBO crystal is placed after
focus of the lens, i.e., in a diverging beam. This techniq
makes it possible to prevent self-focusing and use hig
intensities than would be possible by just putting the crys
at the focus of a longer-focal-length lens. After the first pa
pump and signal beams are separated by a dichroic b
splitter, and then reflected back into the BBO OPA crystal
a second amplification pass. Two passes in the crystal
stead of a single pass in a crystal of double length, are
quired to compensate for the GVM effects by suitably adju
ing the delays. Typical gains in the second pass are aro

FIG. 13. Scheme of a visible OPA. DL: delay lines; WL: white light ge
eration stage; SHG: second harmonic generation stage; DF: dichroic fi
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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10, giving signal energies of'150 nJ, which represent
15% conversion efficiency of the pump pulse energy. Af
amplification, the signal beam is collimated and separa
from the remaining pump and idler beams by dichroic refl
tors. The amplified pulses are tunable, in the visible, fro
0.47 mm to beyond 0.7mm; they display excellent spatia
quality and peak-to-peak noise less than 5% across the e
tuning range. Because of type I phase matching, the am
fied pulse bandwidth strongly depends on signal wavelen
~see Fig. 10!, increasing in the red as degeneracy is a
proached. The pulses generated by the OPA are not trans
limited, but are frequency chirped by the white-light gene
tion process and by group velocity dispersion in the opt
and the BBO crystal. This chirp can be removed with a pri
compressor and transform-limited pulses are generated,
duration ranging from 80 fs in the blue to less than 30 fs
the red; note that the OPA generates pulses that are co
erably shorter than the pump pulses. The limitation
achievable pulsewidth is set by the relatively narrow ph
matching bandwidths available in a collinear interaction g
ometry. A possible solution to this problem consists
changing the phase-matching angle in the subsequent am
fication stage, so as to amplify at each pass a different s
tral region of the white light;59 this technique makes it pos
sible to generate 30 fs pulses tunable throughout the visi
A more effective solution to the problem, which consists
using a non-collinear interaction geometry, will be discuss
in Sec. IV.

C. OPA in the mid-IR

The generation of tunable femtosecond pulses in
mid-IR spectral region is very interesting for several spect
scopic applications, such as study of vibrational transition
molecules or intersubband transitions in semiconduc
nanostructures; therefore several approaches have bee
veloped to generate pulses in this wavelength range.

Mid-IR pulses can be obtained from the idler of a 0
mm pumped OPA; however, in the most commonly us
crystal, BBO, tuning is limited to wavelengths shorter than
mm by the onset of IR absorption. The tuning range can
extended up to wavelengths longer than 4mm, with output
energies in the microjoule range, by using different nonlin
crystals, such as KTiOPO4 or its isomorphs,63,64 KNbO3,65

or MgO:LiNbO3.66 For these systems, the efficiency can
increased and the temporal and spectral quality of the O
pulses can be preserved by seeding the OPA, at the si
wavelength, with a narrow-band nanosecond pulse~often de-
rived from the pump laser of the regenerative amplifier!.67

However, the tuning range in these systems is limited to'5
mm not only by the long-wavelength transparency cutoff b
also by the increasing GVM between the signal and id
beams. Nonlinear crystals with extended mid-IR transp
ency range are available, but the pumping wavelength ne
to be tuned to the infrared, because of residual absorptio
lack of phase matching at 0.8mm. In ZnGeP2, pumped at 2
mm by the idler beam of a 0.8mm pumped OPA, tuning from
2.5 to 10mm was demonstrated;68 more recently, a mercury
thiogallate (HgGa2S4) OPA, pumped at 1.25mm by an am-

r.
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plified Cr:forsterite system, showed tunability from 5 to
mm with microjoule-level output energy and pulse durati
below 200 fs.69

An alternative way to generate tunable mid-IR pulses
by difference-frequency generation~DFG! between the sig-
nal and the idler pulses of a 0.8mm pumped OPA. The mos
commonly used crystal in this case is AgGaS2, which allows
continuous tuning from 2.4mm to wavelengths longer tha
12 mm;70 in this case, the output energies are in the tens
nanojoule range, significantly lower than with previo
implementations, however repetition rates up to 250 k
have been demonstrated.71,72 A typical setup for DFG is
shown in Fig. 14: the collinear signal and idler beams
generated by a near-IR type II OPA and have thus perp
dicular polarization, as is required for phase matching in
DFG process. The two pulses are separated by a dich
mirror, reflecting the signal and transmitting the idler, so t
their relative delay can be adjusted, and then recombi
using an identical mirror. The two collinear pulses are th
focused by a quartz lens onto a 1-mm-thick AgGaS2 crystal,
cut for type II phase matching (u540°). After the crystal,
standard lenses cannot be used to collimate the DFG sig
because of their absorption bands in the mid-IR; an inexp
sive alternative for collimating and focussing mid-IR wav
lengths is a diamond-turned, off-axis parabola. A similar,
ternative method for generation of mid-IR pulses consists
difference frequency mixing of the output of a single-cavi
two-color femtosecond Ti:sapphire laser.73

An even simpler technique for the generation of tuna
mid-IR pulses consists of optical rectification of a single
trashort pulse focused in a suitable electro-optic mate
This technique has been initially used for the generation
far-IR radiation, with a frequency of a few tetrahertz74–76

which was in turn detected by electro-optic sampling;77 it has
been subsequently extended to the mid-IR freque
range.78–81Using a very short excitation pulse~with duration
of 20 fs or less! it is possible to obtain tunable mid-IR pulse
by difference-frequency generation of different spectral co
ponents of a broadband pulse spectrum. In this case a s
ultrashort pulse is required generated directly from a fem
second oscillator~possibly cavity dumped or amplified! or
by external pulse compression:82 by varying the phase
matching angle of the nonlinear crystal~GaAs or GaSe!, the
center wavelength of the difference frequency pulse can

FIG. 14. Scheme of a mid-IR pulse generation stage. DM1, DM2, dich
mirrors; DL: delay line; OPR: off-axis parabolic reflector.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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continuously tuned from 7 to 20mm, with pulse duration in
the 100 fs range.

D. OPA in the ultraviolet

The generation of ultrashort laser pulses tunable in
UV spectral range, especially in the extreme-ultravio
~XUV ! region, is important for spectroscopic investigatio
and also for technological applications, such as for exam
photolithography. A straightforward way of achieving tu
able UV pulses consists in frequency doubling83 or upcon-
verting with a powerful IR pulse84 the output of a visible
OPA: these arrangements result in pulses with 100 nJ le
energy, 30–50 fs duration and tunability from 0.25 to 0.
mm. Even shorter wavelengths can be obtained by using n
linear crystals with extended UV transparency, such as
sium lithium borate.85 To achieve even shorter wavelengt
and develop a true UV OPA, two obvious problems need
be addressed:~i! finding a nonlinear medium that is transpa
ent at UV wavelengths; and~ii ! finding a suitable pump lase
at UV wavelengths. The first problem can be solved by
ing, as nonlinear medium, a gas or a plasma, while pump
can occur at IR or visible wavelengths exploiting a multiph
ton process. This scheme, called high-order optical param
ric amplification ~HOPA!,86–92 generates signal and idle
waves via the process

q\vp5\v i1\vs , ~26!

whereq is an integer. In this case the equations describ
the parametric interaction, in the undepleted pump appro
mation, can be written as

dAi

dz
52 j

pv i

nic0

q11

2q21 Nx~q11!~v i !As* Ap
q exp~2 j Dkz!,

~27a!

dAs

dz
52 j

pvs

nsc0

q11

2q21 Nx~q11!~vs!Ai* Ap
q exp~2 j Dkz!,

~27b!

whereDk5qkp2ks2ki is the wave vector mismatch,N is
the atomic density, andx (q11)(vs), x (q11)(v i) are the non-
linear atomic susceptibilities for theq-order process, which
can be assumed as equal if sufficiently far from resonan
Equations~27! bear similarity to Eqs.~7!, describing para-
metric amplification in a second-order medium and ha
analogous solutions giving, in the large-gain limit, expone
tial growth of signal and idler waves along the propagat
direction. In particular, it is possible to define a gain coe
cient as

G5
p

c S vsv i

nsni
D 2 q11

2q21 Nx~q11!uApuq. ~28!

This coefficient is much smaller than in ordinary OPAs, b
cause of the lower nonlinear susceptibilities associated
multiphoton processes, which can be enhanced by adjus
the pump frequency close to aq-photon resonance of th
medium. The HOPA is seeded by the idler beam, which
chosen in the visible~or infrared! frequency range, so tha

c
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the signal is in the UV range. Given the low gain coef
cients, to achieve significant amplification it is necessary
satisfy the phase-matching conditionDk50.

The first experimental demonstration of the HOPA co
cept was obtained by Durfeeet al.,86,87 who generated the
third harmonic of a Ti:sapphire laser by the parametric p
cess 232v5v13v. The experiments were performed in
gas filled hollow core fiber, which has the advantage
greatly extending the interaction length. In addition, the h
low fiber provides a simple way of obtaining phase mat
ing. In this structure, in fact, phase mismatch between
different propagating waves results from a combination
modal dispersion, depending on the propagating modes
the fiber diameter, and material dispersion, depending on
gas pressure. If the modes of the interacting waves are
lected in such way that the two dispersions have oppo
sign, phase matching can be achieved by simply tuning
gas pressure. In these initial experiments, both the fun
mental and the SH of the Ti:sapphire laser are injected in
hollow core fiber: pulses at the third harmonic with energy
excess of 1mJ and 8 fs duration were obtained. Recently, t
technique was extended to the generation of the fourth
fifth harmonic of the Ti:sapphire laser.88 Phase matched
high-order difference frequency mixing for the ninth ha
monic of Ti:sapphire was achieved in a plasma, driven by
fundamental and the SH, according to the process 632v
23v59v.93

Another elegant proposal for achieving phase match
consists in using as nonlinear medium a plasma, for wh
the refractive index is essentially determined by the f
electrons, and its frequency dependence can be approxim
as

n~v!>12
vpl

2

v2 , ~29!

vpl being the plasma frequency. If the conditionvs@vpl is
satisfied, thenn(vs)>1 and the phase-matching conditio
becomes

qvpbn~vp!21c5v i@n~v i !21#. ~30!

By using Eq.~29!, it is straightforward to show that Eq.~30!
is satisfied whenv i5vp /q. Two possible schemes of phas
matched HOPA in a plasma are shown in Fig. 15. In case~b!,
for example, the pump beam atvp53v is provided by the
third harmonic of a Ti:sapphire laser, while the idler beam

FIG. 15. Phase-matching schemes for HOPAs in a plasma.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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v i5v/2 is generated by an IR OPA tuned to degenera
amplification is obtained atvs517.5v, well within the XUV
range.

Finally, a method for generating UV radiation is hig
harmonic generation~HHG! from a noble gas94,95exposed to
an ultrashort pulse. While the HHG radiation is at odd h
monics of the driver laser frequency, tunability can
achieved by either using an OPA to generate the harmo
or mixing, in the gas, radiation from an high energy, fix
frequency source and a tunable OPA.96,97

IV. ULTRABROADBAND OPTICAL PARAMETRIC
AMPLIFIERS

Until recently the shortest pulses achieved from OP
have been in the 30–50 fs range, limited either by the nar
phase matching bandwidths or by the long pump pulse d
tion. In the following we report on different OPA scheme
which overcome these difficulties and generate few-optic
cycle pulses with microjoule-level energy in the visible
well as in the infrared. In the visible, relatively long pum
pulses~'100 fs! are used and the properties of noncolline
phase matching are exploited to achieve broadband amp
cation of the white-light seed; the amplified pulses are th
compressed to sub-10 fs duration using suitable disper
delay lines. In the infrared, ultrabroadband pulses can
generated using short~20–40 fs! pump pulses and exploiting
nonlinear compression effects arising in the parametric a
plification process at high conversion efficiencies.

A. Noncollinear visible optical parametric amplifier

In an OPA using a collinear interaction geometry, t
propagation direction in the nonlinear crystal is selected
satisfy, for a given signal wavelength, the phase-match
conditionDk50. In this condition the signal and idler grou
velocities are fixed and so the phase matching bandwidt
the process@see Eq.~24!#. An additional degree of freedom
can be introduced using a noncollinear geometry, such as
shown in Fig. 16~a!: pump and signal wave vectors form a
anglea ~independent of signal wavelength! and the idler is
emitted at an angleV with respect to the signal. In this cas
the phase matching condition becomes a vector equa
which, projected on directions parallel and perpendicular
the signal wave vector, becomes

Dkpar5kp cosa2ks2ki cosV50, ~31a!

Dkperp5kp sina2ki sinV50. ~31b!

Note that the angleV is not fixed, but depends on the sign
wavelength. If the signal frequency increases byDv, the

FIG. 16. ~a! Schematic of a noncollinear interaction geometry;~b! represen-
tation of signal and idler pulses in the case of collinear interaction; and~c!
same as~b! for noncollinear interaction.
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idler frequency decreases byDv and the wave vector mis
matches along the two directions can be approximated, to
first order, as

Dkpar>2
]ks

]vs
Dv1

]ki

]v i
cosVDv2ki sinV

]V

]v i
Dv,

~32a!

Dkperp>
]ki

]v i
sinVDv1ki cosV

]V

]v i
Dv. ~32b!

To achieve broadband phase matching, bothDkpar andDkperp

must vanish. Upon multiplying Eq.~32a! by cosV and Eq.
~32b! by sinV and adding the results, we get

]ki

]v i
2cosV

]ks

]vs
50 ~33!

which is equivalent to

ngs5ngi cosV. ~34!

Equation~34! shows that broadband phase matching can
achieved for a signal-idler angleV such that the signal grou
velocity equals the projection of the idler group veloc
along the signal direction. This effect is shown pictorially
Fig. 16: for a collinear geometry@Fig. 16~b!#, signal and idler
moving with different group velocities get quickly separat
giving rise to pulse lengthening and bandwidth reducti
while in the noncollinear case@Fig. 16~c!# the two pulses
manage to stay effectively overlapped. Note that Eq.~34! can
be satisfied only ifngi.ngs; this is, however, always the cas
in the commonly used type I phase matching in nega
uniaxial crystals, where both signal and idler see the ordin
refractive index. Equation~34! allows to determine the
signal-idler angleV required for broadband phase matchin
from a practical point of view, it is more useful to know th
pump-signal anglea, which is given by

a5arc sinS 12ngs
2 /ngi

2

112ngsnsl i /nginils1ns
2l i

2/ni
2ls

2D 1/2

.

~35!

As an example, in a type I BBO OPA pumped atlp

50.4mm for a signal wavelengthls50.6mm broadband
phase matching is achieved fora53.7°. To better illustrate
the effect of noncollinear phase matching, in Fig. 17 we p

FIG. 17. Phase-matching curves for a noncollinear type I BBO O
pumped at 0.4mm, as a function of the pump-signal anglea.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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for a type I BBO OPA pumped at 0.4mm, the phase match
ing angleum as a function of signal wavelength for differen
values of pump-signal anglea. For a collinear configuration
(a50°) um shows a strong dependence on the signal wa
length so that, for a fixed crystal orientation, phase match
can be achieved only over a narrow signal frequency ran
By going to a noncollinear configuration and increasinga,
the wavelength dependence ofum becomes progressivel
weaker until, for the optimum valuea53.7°, a given crystal
orientation (u>31.3°) allows to achieve simultaneous
phase matching over an ultrabroad bandwidth, extend
from 0.5 to 0.75mm. Note that, in this configuration, th
symmetry between signal and idler is lost, because t
propagate at different angles.

This favorable property of the noncollinear geometry f
broadband parametric amplification was first recognized
Galeet al.98–101and was exploited to build broadband OPO
generating pulses as short as 13 fs; more recently, the s
concept was extended by several research groups to O
seeded by the white-light continuum.102–113A schematic of
the experimental setup of an ultrabroadband noncollin
OPA ~NOPA! is reported in Fig. 18.103,106,109The system is
pumped by an amplified Ti:sapphire laser, generating 14
pulses at 0.78mm and 1 kHz repetition rate with energy u
to 500 mJ. The pump pulses~0.39 mm wavelength, 10mJ
energy,'180 fs duration! are obtained by frequency dou
bling a fraction of the light in a 1-mm-thick lithium triborat
crystal. The seed pulses are generated by focusing ano
small fraction of the FW beam, with energy of approximate
2 mJ, into a 1-mm-thick sapphire plate; by carefully contro
ling 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 white-lig
continuum is generated. To avoid the introduction of ad
tional chirp, reflective optics are employed to guide the wh
light to the amplification stage. Parametric gain is achiev
in a 1-mm-thick BBO crystal, cut atu532°, using a single-
pass configuration to increase the gain bandwidth. The c
sen crystal length is close to the pulse-splitting length
signal and pump in the wavelength range of interest. T
white light seed is imaged into the BBO crystal by spheri
mirror M2 , with a spot size nearly matching that of the pum
beam. The amplified pulses have energy of approximate
mJ, peak-to-peak fluctuations of less than 7% and mainta
good TEM00 beam quality. Higher energies, up to'10 mJ,
can be extracted by a second pass in the BBO crystal. A
the gain stage the amplified pulses are collimated by

FIG. 18. Scheme of a noncollinear visible OPA. BS: beam splitter; V
variable attenuator;S: 1-mm-thick sapphire plate; DF: dichroic filter;M 1 ,
M2 , M 3 , spherical mirrors.
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spherical mirrorM3 and sent to the compressor. This desi
is quite similar to the one reported in Sec. III B for a visib
OPA, the main differences being the noncollinear geome
and the use of reflective optics to prevent pulse chirping.
accurate numerical modeling of the NOPA operation can
found in Ref. 114.

The NOPA pulse bandwidth strongly depends on the s
tem alignment and on the chirp of the white-light seed
typical spectrum obtained under optimum alignment con
tions is shown in Fig. 19~a! as a solid line: it extends over
FWHM bandwidth of 180 THz and is virtually not tunable
since it covers the maximum available gain bandwidth. E
perimentally, this condition can be easily achieved by adju
ing the pump-signal angle to match the apex angle of
strong parametric superfluorescence cone54 emitted by the
BBO crystal when illuminated by the pump pulse. Narrow
gain bandwidths, which may be required for some exp
ments, can be simply achieved by detuning the pump-s
angle from the optimum value and/or deliberately increas
the white light chirp: in this case, the NOPA can be tuned
slightly tilting the BBO crystal and/or varying the pump-se
delay. A typical sequence of amplified pulse spectra obtai
under these conditions is shown in Fig. 19~a! as dashed lines

FIG. 19. ~a! Solid line: NOPA spectrum under optimum alignment cond
tions; dashed line: sequence of spectra obtained by increasing the white
chirp; ~b! points: measured GD of the NOPA pulses; dashed line: GD a
ten bounces on the ultrabroadband chirped mirrors.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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The NOPA generates pulses with very broad bandwid
and thus potentially very short: to obtain the minimum pu
duration compatible with their bandwidth~the so-called
transform-limited duration!, however, their phase characte
istics must be accurately controlled. The group delay~GD!
versus frequency characteristics of the pulses generate
the setup of Fig. 18 is shown in Fig. 19~b!. The GD the
amplified pulses was measured by upconversion with a
nm spectral slice of the pulse, selected with an interfere
filter and having approximately 70 fs FWHM duration. Afte
the upconverting crystal, an UV monochromator allowed
to determine the relative arrival times of different frequen
components of the pulse. The measurement gives an ov
GD of ;400 fs between the red and the blue components
the spectrum; the main contributions to the dispersion are
sapphire plate, the BBO crystal, and the path~;3.5 m! in air.
Accurately correcting the phase over such broad bandwid
poses a challenge on the compression system and diffe
approaches have been proposed. Standard Brewste
prism pairs can be used to compress the narrower bandw
pulses down to a duration of 10–15 fs;102–105 for broader
bandwidths, thin prism sequences,106 prism-grating107 and
prism-chirped mirror combinations,108 or adaptive pulse
compressors115,116 were used. These systems show differe
performance in terms of corrected bandwidth and ene
throughput. The shortest pulses generated by the NOPA w
obtained by a prism-chirped mirror combination and hav
nearly transform-limited duration of 4.4 fs.108 Note the dra-
matic shortening of the pulsewidths with respect to the pu
pulse duration, which is in the 100 fs range. As a matter
fact, using short pump pulses does not help in getting sho
pulses from the OPA, but on the contrary could be detrim
tal to the broadband amplification process, because of
reduced temporal overlap between the pump pulses and
chirped white-light seed.

A simple and experimentally convenient compressor
sign employs exclusively chirped dielectric mirrors,117,118

with dispersion characteristics tailored to compensate for
NOPA GD: this approach, besides the high energy throu
put and the broadband phase correction, greatly simpli
the system design, allowing for compactness, reproducib
and insensitivity to misalignment which are of great impo
tance in practical applications.111,113As an example, we show
in Fig. 19~b! as a solid line the opposite of the GD generat
by ten bounces on chirped mirrors which were custom
signed to compensate for the NOPA dispersion: it can
seen that it matches the required GD very accurately over
wavelength range 0.51–0.71mm, with a root-mean-square
deviation of only 1.8 fs.

For ultrabroadband pulses with duration in the sub-10
regime, traditional autocorrelation techniques, which requ
ana priori knowledge of the pulse shape, provide only rou
estimates of the pulse duration. An accurate pulse chara
ization requires full knowledge of the amplitude and phase
the pulse, and ideally~though less commonly in practice!
knowledge of the variations of the parameters across
pulse profile. Amplitude and phase can be measured in
time-frequency domain using frequency-resolved optical g
ing ~FROG!,119 pulse spectral phase can be measured us
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r
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spectral interferometry for direct electric field reconstructi
~SPIDER!,120 and combined with a separate spectral am
tude measurement from a spectrometer to obtain a ti
domain reconstruction of the pulse. For the pulses gener
by the NOPA shown in Fig. 18 and compressed by
chirped mirrors, a full amplitude and phase characteriza
was achieved using the SPIDER technique.113 A typical re-
constructed pulse amplitude profile is reported in Fig.
corresponding to a 5.7 fs pulse duration: its shape is rem
ably clean and nearly free of side lobes, indicating the go
quality of the compressor. Using the FROG technique
pulse duration as short as 4 fs was recently measured.116

So far we have discussed only the signal pulses ge
ated by the NOPA; the idler pulses have a bandwidth equa
the signal pulses and are therefore potentially very sh
However, Eq. 31~b! shows that the emission angleV of the
idler beam is wavelength dependent, so that the idler p
presents a large angular spectral dispersion. It is, howe
possible to compensate for it by use of a suitable grati
cylindrical mirror combination;107,110subsequent pulse com
pression using a standard Brewster-cut prism pair make
possible to generate sub-10 fs pulses in the near-IR w
length range.

B. Ultrabroadband near-infrared optical parametric
amplifier

As an alternative to using the idler of the NOPA, few
optical-cycle pulses in the near-IR can be generated by O
pumped by the FW of a Ti:sapphire laser, using short pu
pulses and exploiting nonlinear pulse compression effe
We will report on two OPA designs for short pulse gene
tion, exploiting respectively types II and I phase matchin
Both schemes generate the short pulses directly from
OPA, without using pulse compressors.

The first design, shown in Fig. 21,121 is pumped by a
standard amplified Ti:sapphire laser, which provides 140
500 mJ energy pulses at 0.78mm at 1 kHz repetition rate

FIG. 20. Reconstructed temporal intensity of the compressed NOPA p
measured by the SPIDER technique. The inset shows the correspo
pulse spectrum.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje

128.104.160.126 On: Thu,
-
e-
ed
e
n

,
k-
d
a

r-
to
rt.

se
er,
-

it
e-

s
p
s.
-
.
e

s,

The amplified pulses are coupled into a 300mm diameter, 60
cm long, argon-filled fused-silica hollow fiber. The puls
emerging from the fiber, frequency broadened by self ph
modulation, are then compressed down to 18 fs by a dou
pass through a Brewster-cut quartz prism pair. Pulse en
after compression is 200mJ. Parametric light conversion i
obtained in a three-pass optical parametric generation
amplification system based on two BBO crystals, cut for ty
II collinear phase matching (u527°). The seed pulse is
formed by parametric superfluorescence and subsequent
plification in OPA1, designed in two-pass configuration e
ploying a single 5 mm long type II phase-matching BB
crystal pumped by;100 mJ pulses. The power amplifie
OPA2 is pumped by;100 mJ pulses, matched with see
pulses in time and space by means of a delay line an
dichroic mirror. Using a 1 mmlong BBO crystal, pulses as
short as 14.5 fs~see Fig. 22 for a typical pulse autocorrel
tion!, with a broad spectrum centered at 1.5mm, are ob-
tained. Pulse energy is 8mJ with peak to peak fluctuations o
less than 15%. The observed pulse compression is in g
agreement with that predicted by numerical simulations a
is due to a nonlinear temporal reshaping induced by the
terplay of GVM between the interacting pulses~signal and
idler pulses are moving in opposite directions with rough

se
ing

FIG. 21. Scheme of an ultrabroadband near-IR OPA. DM1, DM2: dichr
mirrors; DL: delay line; DF: dichroic filter.

FIG. 22. Noncollinear autocorrelation of the pulses generated by the u
broadband near-IR OPA shown in Fig. 21. The inset shows the corresp
ing pulse spectrum.
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the same velocity with respect to the pump pulse! and pump
pulse depletion at high conversion efficiency. The extract
of higher energies or the achievement of even larger p
compression are limited by the onset of third order nonlin
effect in the BBO crystals.

The second design is pumped by'40 fs pulses from an
amplified Ti:sapphire laser and seeded by a white-light c
tinuum generated in a sapphire plate.122,123Parametric ampli-
fication takes place in two stages using type I BBO crys
and generates pulses with energies greater than 50mJ and
duration as short a 20 fs. The shortening by a factor of 2
the OPA pulses with respect to the pump pulses can be
plained as follows: in the last OPA stage, after reachin
maximum energy the signal wave starts to recombine w
the idler to generate, by backconversion, some pump ra
tion. Due to GVM effects~in type I phase-matching signa
and idler pulses are moving in the same direction with
spect to the pump! only the trailing edge of the signal recom
bines, giving rise to an effective saturable absorber ef
which shortens the pulse.

V. CHIRPED PULSE OPTICAL PARAMETRIC
AMPLIFICATION

We have seen that ultrafast OPAs have the capabilit
generate broadly tunable femtosecond pulses with mode
energy, which can be used for time-resolved spectrosc
and other nonlinear optics experiments. In this paragraph
describe an application of OPAs to large-scale amplificat
systems, which holds promise to replace the CPA scheme
the generation of the highest peak powers and intensitie

There is a great interest in the generation of ever incre
ing laser peak powers and focused intensities, for a num
of current and potential applications. Using the CPA te
nique, peak powers in excess of 1 PW and intensities gre
than 1021 W/cm2 have been demonstrated; to scale this p
formance to even higher levels, a number of issues mus
faced in conventional CPA systems. Since the energy le
are approaching the damage threshold of the compre
gratings, significant increases of the peak power can be
achieved by shortening the pulse duration, which in turn
quires an increase of the gain bandwidth. For strongly dri
amplifying media, however, the phenomenon of gain narro
ing reduces the available bandwidth. In addition, prepu
due to amplified spontaneous emission spoils the temp
pulse contrast, and the large linear and nonlinear phase
cumulated in the long paths through the amplifying me
prevent transform-limited pulse recompression a
diffraction-limited focusing. A novel high power amplifica
tion scheme, solving most of these problems, was rece
proposed by Rosset al., based on the seminal work by Du
bietis et al.,124 and termed OPCPA. In this scheme param
ric gain is achieved by coupling a quasimonochromatic h
energy pump field~such as, for example, a nanosecond pu
generated by a neodymium laser! to a chirped, low energy
broadband seed field in a nonlinear crystal.125–127If the seed
pulse is sufficiently stretched, good energy extraction fr
the pump field can be achieved, and subsequent recom
sion makes it possible to reach very high peak powers.
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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parametric amplification process, in the noncollinear geo
etry, can provide gain bandwidths well in excess of those
conventional amplifiers and could sustain pulse spectra
responding to a transform-limited duration of'5 fs. High
energies are possible by using large nonlinear crystals, s
as potassium dihydrogen phosphate~KDP!, which can be
grown to sizes of tens of centimeters. These crystals sho
be capable of withstanding pump energies of hundreds
joules. In addition the OPCPA has the capability of providi
a high gain in a relatively short path; for example, an LB
crystal pumped by 0.5 ns pulses at 0.526mm, at intensities
below the damage threshold, can have a gain coefficien
12 cm21. This short path length allows a compact, tablet
amplifier setup and also minimizes the linear and nonlin
phase distortions and ensures an excellent temporal and
tial quality of the pulses. Finally, the very low amplifie
spontaneous emission level guarantees an excellent p
contrast, and the almost complete absence of thermal loa
on the crystals eliminates spatial aberration effects on
beams.

The OPCPA concept is very promising and has been
ready implemented in a proof-of-principle experiment
generate TW-level pulses; in a low repetition rate syst
pumped by a Nd:glass laser chain, 0.5 J amplified stretc
pulses were obtained, subsequently recompressed to 30
duration.127 More recently, using as pump a commerc
Q-switched Nd:yttrium–aluminum–garnet laser, 31 m
pulses with 300 fs duration were obtained using a three-p
OPCPA, using just 40 mm of gain material.128 In the follow-
ing we briefly describe the design of an OPCPA129 pumped
by the high-power iodine laser Asterix IV, a conceptu
scheme of which is shown in Fig. 23. The Asterix IV pum
laser delivers at the fundamental wavelength~1.315mm! up
to 1.2 kJ of energy in pulses with a duration of 500 ps; t
beam can be efficiently frequency tripled to generate o
500 J of energy at 0.438mm. The 10 fs seed pulses ar
generated by a Ti:sapphire oscillator and then stretche
several hundreds picoseconds; parametric amplification ta
place in three stages, using a noncollinear interaction ge
etry, and telescopes increase the beam size after each s
The first two stages employ LBO because of its high non
ear coefficient and broad amplification bandwidth, while t
last stage uses KDP because this nonlinear crystal ca
grown in the large sizes~'30 cm! required to keep the flu-
ence below the damage threshold. After the compressor,
ergies of 100 J with pulse duration of 20 fs are expect
corresponding to a peak power of 5 PW and to a focu
intensity of 1023 W/cm2. In principle, these performances a

FIG. 23. Scheme of an OPCPA stage pumped by the Asterix IV iodine la
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well in excess of those achievable with state of the art C
systems; whether the OPCPA scheme will fulfill its promis
still remains to be tested. Some possible problems wh
may arise in its practical implementation are: thermal lo
ing due to residual absorption from the nonlinear crysta
optical damage of the crystals, high alignment sensitiv
and low pulse-to-pulse stability.

Finally, the OPCPA concept was applied successfully
Galvanauskaset al. to amplify the output of a femtosecon
Er-doped fiber laser130 in a very compact all-solid-state sys
tem, achieving subpicosecond microjoule-level pulses. Q
phase matching in a periodically poled LiNbO3 crystal, giv-
ing a nonlinear coefficient about an order of magnitu
larger than in BBO, is exploited to achieve sufficiently hig
gains at pump intensities below the damage threshold.

VI. DISCUSSION

We have seen in this review article that ultrafast O
technology has matured, making it possible to extend c
siderably the tuning range of femtosecond Ti:sapphire la
systems. Some OPA designs have become standard an
even commercially available. In particular, near-IR OP
~pumped by the FW of a Ti:sapphire laser! offer tunability
from 1.1 to 2.5mm with several tens of microjoule energ
while visible OPAs~pumped by the SH of a Ti:sapphire la
ser! are tunable from 0.45 to 2.5mm with somewhat lower
energies. Typical pulse widths obtainable from these syst
are in the 50–200 fs range, depending on the specific de
and the pump pulse duration. More advanced schemes
DFG or upconversion techniques allow extending the t
ability to the mid-IR range, out to 12mm, and the UV range

These schemes generate so called ‘‘narrow-bandwid
pulses, i.e., pulses with a bandwidth which is a small fract
of the optical carrier frequency, that are tunable over a br
frequency range. However, if the proper phase matching c
ditions are achieved, the OPG process can have a very b
bandwidth and OPAs can generate pulses with a bandw
which is comparable to the carrier frequency: if prope
compressed, these pulses contain only a few carrier cy
under their envelope and have duration well below 10
Ultrabroadband OPAs, also thanks to their reliability a
simplicity of operation, are becoming established tools
ultrafast spectroscopy with extreme tempo
resolution.131–133 The gain in temporal resolution comes
the expense of a loss in spectral selectivity and also in
quency tunability, if the OPG bandwidth is fully exploited

OPAs also have the capability of providing very hig
gains over ultrabroad bandwidths: this characteristics,
gether with the relatively short material path, negligible th
mal loading of the crystals, low linear and nonlinear pha
distortions, and low levels of amplified spontaneous em
sion, make them very attractive candidates for large-sc
high peak power amplifiers. The OPCPA concept has not
been demonstrated experimentally, but it holds promise
increase the peak powers available from lasers well ab
the current limit of 1 PW.

OPAs can find also an interesting application in the fi
of high capacity optical communication systems. Wavelen
icle is copyrighted as indicated in the article. Reuse of AIP content is subje
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division multiplexing systems find their main limitation i
the bandwidth of Er-doped fiber amplifiers, which is cu
rently only 50–80 nm around the wavelength of 1.55mm,
and cannot cover the full transmission window of low-lo
silica fibers~1.2–1.7mm!. OPAs can in principle extend thi
bandwidth. However, in order to operate at the low pe
power levels typical of optical communications system
very high nonlinearities are required. This can be achie
using periodically poled LiNbO3 waveguides:134 guided
propagation allows to maintain high intensities over long
teraction lengths, of the order of a few centimeters, wh
quasi phase matching makes it possible to select the pr
gation direction in LiNbO3 which displays the highest non
linearity. Using these systems, parametric gains of up to
dB can be achieved with pumppeakpowers of only 10 W,
making these devices very attractive for optical communi
tion systems.135
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118F. X. Kärtner et al., Opt. Lett.22, 831 ~1997!.
119R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. N. Sweetser, M. A
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