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Ultrafast optical parametric amplifiers
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1-20133 Milano, lItaly

(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 Physic§DOI: 10.1063/1.1523642

I. INTRODUCTION magnitude, from the millijoule to the multijoule level. This
increase in peak power makes it possible to access a whole

Ultrafast optical science is a rapidly evolving multidis- new class of nonlinear optical phenomena, triggering a re-
ciplinary field: the ability to excite matter with femtosecond naissance in the field of nonlinear optics. Parallel to these
light pulses and probe its subsequent evolution on ultrashodevelopments has been the discovery of novel nonlinear op-
time scales opens up completely new fields of research itical crystals, such ag-barium borate(BBO) and lithium
physics, chemistry, and biologyFurthermore, the high in- triborate(LBO),°~** combining improved optical character-
tensities that can be generated using femtosecond lighistics (high nonlinear optical coefficients, low group velocity
pulses allow us to explore new regimes of light-matterdispersion, broad transparency rangesth high damage
interaction? The implementation of more sophisticated spec-thresholds.
troscopic techniques has been accompanied by improve- KLM Ti:sapphire lasers amplified by the CPA technique
ments in laser sources. Considerable effort has been dedire now widely used sources of stable, energetic femtosec-
cated to the achievement of shorter light pufs@sto  ond pulses: however, their frequency tunability is limited to a
improve temporal resolution; other efforts have worked tonarrow range around the fundamental wavelen@tv) of
expand the frequency tunability of the pulses, since thi€.8 um or around the second harmoni&H) of 0.4 um.
would make it possible to excite in resonance different maTheir tuning range can be greatly extended by using optical
terials, and to probe optical transitions occurring at differenparametric generatiofOPG.**~1° The principle of OPG is
frequencies. Early sources of femtosecond optical pulseguite simple: in a suitable nonlinear crystal, a high frequency
were based on dye laser technoldgy; that case, some fre- and high intensity bearfthe pumpbeam, at frequencw,)
guency tunability could be achieved by simply changing theamplifies a lower frequency, lower intensity beéime signal
laser dye. This flexibility, however, came at the expense of deam, at frequencw); in addition a third beantthe idler
complicated and time consuming reoptimization. beam, at frequency; , with v;<ws<w,) is generated® In

The 1990s have witnessed a revolution in ultrafast lasethe interaction, energy conservation
technology, thanks to the advent of solid state active materi-
als, such as Ti:sapphire, and powerful mode-locking tech- hop=host+ho; @)
niques, such as Kerr lens mode lockifi_M).” With these s satisfied; for the interaction to be efficient, also the mo-

advances, femtosecond lasers have gained tremendously riﬁbntum conservatiofor phase matchir)g;ondition

reliability and user-friendliness, becoming “turnkey” devices

available to a wide community of nonspecialists. Another fikp="nks+ 7k, 2
landmark of.femtosecond tech_nologgl ha; been the C,h'rpe\%herekp, k., andk; are the wave vectors of pump, signal,
pulse amplification(CPA) techniqué’,® which enabled in- ;. idler, respectively, must be fulfilled. The signal fre-
creasing the energy of femtosecond lasers by 2—3 orders %fuency to be amplified can vary in principle fromy/2 (the
so-called degeneracy conditjoto w,, and correspondingly
¥Electronic mail: sandro.desilvestri@polimi.it the idler varies fromwp/Z to 0; at degeneracy, signal and
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idler have the same frequency. In summary, the OPG procedsiefly review the theory of optical parametric amplification

transfers energy from a high-power, fixed frequency pumpand point out the main issues related to optical parametric

beam to a low-power, variable frequency signal beamamplification of ultrashort pulses. In Sec. Ill we present

thereby generating also a third idler beam. To be efficientsome specific OPA designs, with different tuning ran@és-

this process requires very high intensities of the order of tenible, near-infrared, mid-infrared, and ultravigleln Sec. IV

of GW/cn?; it is therefore eminently suited to femtosecond we describe more advanced, ultrabroadband OPA designs for

laser systems, which can easily achieve such intensities evéhe generation of few-optical-cycle light pulses in the visible

with modest energies, of the order of a few microjoules. and near-infrared. In Sec. V we introduce the concept of
OPG can be exploited in two ways to achieve frequencyoptical parametric chirped pulse amplificatid®PCPA,

tunability: if the OPG crystal is enclosed in a suitable opticalwhich holds the promise of scaling the power of amplified

cavity and the parametric gain exceeds the losses, the cavitytrashort pulse systems to the multipetawatt level. Finally, in

starts oscillating like an ordinary laser and an optical paraSec. VI conclusions are drawn and prospects for future de-

metric oscillator(OPO) is obtained. A completely different velopments are discussed.

approach consists in amplifying a suitably generated weak

signal beam(the so-call_eq seed b.ea)nln one or more .- ~ov OF OPTICAL PARAMETRIC

OPG crystals, thus obtaining an optical parametric ampl'f'efAMPLlFICATION

(OPA). Both schemes are employed with ultrashort pulses, as

well as in continuous wavécw) and nanosecond pulse sys- A. The optical parametric amplification process

tems, and each has its advantages and drawbacks. OPOs can | the following we will briefly derive the coupled non-

be pumped by a small-scale femtosecond oscillator, and prgnear equations describing the optical parametric amplifica-
vide pulses at very high repetition rates100 MH2). This  tion process®°We start with a linearly polarized, mono-

heIpS in eXperimentS deteCting very weak Signals to imprOV%hromatiC p|ane wave at frequen@y propagating in the
signal-to-noise rati~2* On the other hand, OPO output djrection

energies are lowtypically a few nanojoules and they re- _
quire a cavity whose length is matched to that of the pump ~ E(Z)=RelA(Z)exfj(ot—k2)]}, 3
laser to within micrometers. Their tunability is limited by the in a medium with nonlinear polarization, at the same fre-
bandwidth of the mirror coatings, so that several mirror setgjuency,
may be required to span the whole tuning range. OPAs re- .
quire high pump intensities, provided only by an amplified P"(z,0) =Re{P"(z)exdj (0t~ ky2) 1} “)
system, and operate at lower repetition rdtgpically from  Within  the  slowly-varying-amplitude  approximation
1 to 100 kHz; on the other hand, they provide high output [(d?A/dZz%)<2k(dA/dz)] we can derive the following
energies, broad frequency tunability and are simpler to opempropagation equation:
ate, since they do not require any cavity length stabilization. e
Therefore, femtosecond OPOs and OPAs are complementary — = —j Hozo®
systems, used in different types of applications. dz 2n
In this article we will deal exclusively with femtosecond wherec, is the speed of light in vacuum amdis the refrac-
OPAs, which have become the most widespread source aive index at frequency». Equation(5) shows that the non-
tunable femtosecond pulses and have reached a high level piear polarization acts as a source term driving the ampli-
stability and reliability, becoming true workhorses of ul- tude variations of the propagating wave.
trafast spectroscopy. These systems are usually pumped by |et us now consider the interaction of three waves, at
an amplified Ti:sapphire laser, providing pulses WithfrequenCiGSwp, ws, and w;, With w;<w<w, and o
millijoule-level energy,~100 fs duration and kilohertz rep- +ws=w,, in a medium with second order nonlinear polar-
etition rate; pumping can occur either at the FW or at the SHzation. The component of the nonlinear polarization vector
of the laser beam. Femtosecond OPAs have demonstrategbng directioni is expressed as
tunability from the ultraviole{UV) to the mid-infraredIR), n_ (2
and produce pulse energies up to the L0level. In addi- Pi"= eoxijk EjEx. ©
tion, femtosecond OPAs have the capability of generatingvherei, j, andk each take the values y, andz, x(? is the
pulses significantly shorter than the pump pulses, exploitinghird-rank (27 componentssecond-order nonlinear suscepti-
the broad gain bandwidths available in the parametric interbility tensor and the Einstein summation convention is used.
action. They can therefore be used as effective pulse confor the moment we will assume that the three beams are
pressors. Recently ultrabroadband pulses with duration dowgollinear, i.e., with parallel wave vectors, although in general
to ~5 fs in the visible and~15 fs in the near-IR have been their polarization will be different. We will, however, see
demonstrated containing only a few optical cycles of thejater that the noncollinear interaction geometry is important

carrier frequency. and is used to achieve ultrabroad amplification bandwidths.
This article will review the substantial recent progress inwe can now easily derive the following coupled

the field of femtosecond OPAs, giving the basic design prinequation&®*°
ciples for different frequency ranges, and in addition present-
ing some advanced designs and perspectives for future de- %: —j et
velopments. The article is organized as follows: in Sec. llwe ~ dz NiCo

P ex —j(k,—k)z], (5)

At A, exp(—jAk2), (7a)
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dAg  ole ) For the case of perfect phase matchidk&0,g=1") and in
dz - e, Al Ay exp(—jAkz), (7b)  the large gain approximatiol'(>1), Egs.(9) simplify to

S

=1

dAp ) wpdeﬁ i IS(L)_4ISO quZFL), (128)
Gz = el AAsexjAka), (70) o

Pro li(L)= 7l exp2rL). (12b)

S

whered is the so-called effective nonlinear optical coeffi-
cient, depending on the propagation direction and the polamote that the ratio of signal and idler intensities is such that
ization of the three beams, antk=k,—ks—k; is the so- an equal number of signal and idler photons are generated.
called wave-vector mismatch. Equatiorig) describe a Equations(12) allow to define a parametric gain as

wealth of second-order nonlinear optical phenomena, such as

sum frequency generation, second harmonic generation, dif- _ w: Eexp(ZI“L) (13)
ference frequency generation, and optical parametric ampli- lso 4

fication. By some straightforward manipulations, these thre

. . rowing exponentially with the cr I len nd with th
coupled equations can be cast into the form %O g exponentially with the crystal lengthand with the

nonlinear coefficient’. Note that the exponential growth of

1dl;, 1 dlg 1 dl, signal and idler waves along the crystal is qualitatively dif-

IO T (8)  ferent from the quadratic growth occurring in other second

w; dz  wg dz w, dz .

order nonlinear phenomena, such as sum frequency genera-

wherelj:%eocoMj|Aj|2 is the intensity of the beam at fre- tion or second harmonic generation. This difference can be
quencyw; . Equations8), also known as Manley—Rowe re- understood intuitively in the following way: in a strong
lationships, state photon conservation and show that thpump field, the presence of a seed photon at the signal wave-
three-wave interaction in second-order nonlinear medidength stimulates the generation of an additional signal pho-
manifests itself in the energy flow from the two lower- ton and of a photon at the idler wavelength. Likewise, due to
frequency fields to the sum-frequency field or vice versa. Ithe symmetry of signal and idler, the amplification of an idler
the case of sum-frequency generation, two powerful beamghoton stimulates the generation of a signal photon. There-
atw; andw, interact to produce a beam at the sum frequencyore, the generation of the signal field reinforces the genera-
wy, i.e., two photons at frequencies and s combine to  tion of the idler field and vice versa, giving rise to a positive
produce a photon at frequenay, (second harmonic genera- feedback that is responsible for the exponential growth of the
tion is just a particular case with,=w;). In the case of Wwaves. Equatior{11) shows that the coefficierit depends
difference frequency generation two powerful beams at freon: (i) the pump intensity{ii) the signal and idler wave-
quenciesws and w, interact; the beam ab,, loses power in  lengthshs and;, (iii) the nonlinear coefficierdes; and(iv)
favor of the beam ato, and of the newly generated differ- the refractive indexes at the three interacting wavelengths. To
ence frequency beam at . In terms of photon balance, we characterize a parametric interaction and compare different
can say that a photon at, is split into a photon ai; and a nonlinear materials, it is possible to define the following fig-
photon atw,. Optical parametric amplification differs from ure of merit:
difference frequency generation only in the initial conditions:

in this case, in fact, the beam aft (signal beamis much EM= e _ (14)
weaker than that ab, (pump beamand gets significantly VAN NN

amplified during the interaction, while at the same time the ) ) )
beam atw; (idler beam is generated. In the following we discuss some examples of parametric

gain calculation relevant to ultrashort pulses, assuming per-
fect phase matching. Figure 1 shows a plot of the parametric
gain in BBO, at the infrared pump wavelength=0.8 um

and the signal wavelengiy=1.2 um as a function of pump
intensity and for different crystal lengths. The gain scales as
the exponential of the square root of the pump intensty:

' (CE! fxexp(\/ﬁ). At a pump intensityl ;=25 GWi/cnt, a gainG

=6 is calculated for a crystal lengthb=1 mm; however, it
rapidly increases t6&=2x 10° for L=5 mm. The same gain

Neglecting pump depletionA,=cost.) and assuming an
initial signal intensityA, (seed beapand no initial idler
beam @;,=0) Egs.(7) can be solved to get the signal and
idler intensities after a length of nonlinear crystal

2

r
I(L)=lg| 1+ ?sinhz(gL)

2

o
'i('-)=|s0w_I ?smr?(gL), (9b)  can be obtained wit a 3 mmecrystal increasing the pump
° intensity to 75 GW/crh The same plot for BBO at the vis-
where ible pump wavelength\;=0.4um and the signal wave-
5 lengthA=0.6 um is shown in Fig. 2. In this case, at a pump
g=\/T2— (ﬁ) (10) intensity | ;=25 GWr/cnf, a gainG=128 is calculated for a
2" crystal lengthL =1 mm, about a factor of 20 larger than in
5 5 ) - the case of infrared pump. The higher gain is due to the
FzzwiwsdefflAp| _2wjolely, 8w deqlp smaller values of\¢ and \;, which increase the figure of
ningCa ninsnpeocg’ NiNgN,N\iNs€0Co merit of the parametric interaction. Despite the improvement

(1)  in figure of merit using a visible pump, the group velocity
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=0.8 um for type | phase matchin@lotted ling, type Il os+e— e, phase

FIG. 1. Parametric gain for an OPA at the pump wavelengfk 0.8 um matching(solid line), and type lles+0;—e, phase matchingdashed ling

and the signal wavelengthy,=1.2 um, using type | phase matching in BBO
(der=2 pm/V). parallel to the pump beam, we talk about type Il phase
matching; in this case either the signal{o;—e,) or the
mismatch between the interacting pulses, as we will see lateidler (os+€;—e;) can have the extraordinary polarization.
prevents the use of long nonlinear crystals in this case.  Both types of phase matching can be used and have their
We now address the problem of phase matching: tepecific advantages according to the system under consider-

achieve maximum gain, we must satisfy the phase matchingtion. Usually the phase matching condition is achieved by

condition,Ak=0, which can be recast in the form adjusting the anglé,, between the wave vector of the propa-
gating beams and the optical axis of the nonlinear crystal
niwi-i—nsws . . . .
Np=—"—. (15) (angular phase matchipgAlternatively, the refractive in-
@p dexes can be changed by adjusting the crystal temperature
It is easy to show that this condition cannot be fulfilled in (temperature phase matchjng .
bulk isotropic materials in the normal dispersion region ( As an example, we consider the case of a negative

<ng<n,). In some birefringent crystals, phase matching Can,miaxigl crystal, for which type | phase matching is achieved

be achieved by choosing for the higher frequency pump/Vhenz

wave (wp) the polarization direction giving the lower refrac- Negl Om) ©p = Noss+ N, (16)

tive index. In the case, common in femtosecond OPAs, of _

negative uniaxial crystalsi,<n,), the pump beam is polar- Which allows to comput@cy(6r,). Recalling the dependence

ized along the extraordinary direction. If both signal and°f the extraordinary index on the propagation direction in

idler beams have the same ordinary polarizatjserpendicu- Uniaxial crystals

lar to that of the pump_bea)rrwe talk about type l(or Os 1 Sif(6,,)  Co(6,)

+0;—ep) phase matching. If one of the two is polarized 2 = ) R
nep( 0m) Nep Nop

whereng, andn,, are the principal extraordinary and ordi-

(17

10°

t4 mm nary refractive indexes at the pump wavelength, the phase
10°F 3 mm matching angle can then be obtained as
i 2 2
10" E i n ng,—ns6m)
Gm:asu‘{ ° ® > * > ™. (19
10° / nep( Orm) nop_ nep

Figures 3 and 4 show the phase matching angles as a func-
tion of wavelength for BBO types | and || OPAs at the pump
wavelengths 0.8 and 04m. Note that, in general, the phase
matching angle shows a less pronounced wavelength depen-
dence for type | with respect to type Il phase matching.

Parametric Gain
o

L . L . L . B. Parametric amplification with ultrashort pulses
20 40 60 80 ) ) )
Pump Intensity (GW/cm®) So far we have studied the interaction of three mono-
chromatic waves, i.e., cw beams. Let us now consider the
FIG. 2. Parametric gain for an OPA at the pump wavelengfk0.4um  case, relevant for femtosecond OPAs, of three pulses like
and the signal wavelength,=0.6 um, using type | phase matching in BBO )
(de=2 pmIV). E(z,t)=Re{A(z,t)exd j(wt—k2)]} (19
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FIG. 4. Angle tuning curves for a BBO OPA at the pump wavelengsh ~ FIG. 5. Pump-signal &) and pump-idler §j;) group velocity mismatch
=0.4 um for type | phase matchinglotted ling, type Il 0.+ e;—e, phase  curves for a BBO OPA at the pump wavelengtl=0.8 um for type | phase
matching(solid line), and type lleg+0,— e, phase matchingdashed ling matching(solid line) and type llos+e—e, phase matchingdashed ling

propagating in the nonlinear crystal with different group ve-the propagation length after which the sigitat the idlej
locities vy=dw/dk. Within the slowly varying amplitude ap- Pulse separates from the pump pulse in the absence of gain,
proximation and neglecting pulse lengthening due to seconand is expressed as

or higher order dispersiofwhich is a good approximation r

for pulses in the 100 fs rangewe obtain the following €jp=5—_, j=s,i, (22
equations®’ %8 ]

where 7 is the pump pulse duration ant|,=1/v,— 1/v, is
oA, 1 OAs  wle e

. . the GVM between pump and signal/idler. Note that the pulse
—+ =— r - o :
9z vgs dt NsCo AT Apexp—jAk2), (203 splitting length becomes shorter for decreasing pulse dura-
tion and for increasing GVM. GVM depends on the crystal
&Ai 1 0"A| . wideﬁ

* . type, pump wavelength, and type of phase matching. Figures
As Apexp(—jAk2), (200 5 and 6 show examples of GVM curves for a BBO OPA
pumped by 0.8 and 0.4m pulses, respectively. Note that,
o, = e 2 effASAi exp(+jAkz). (200 due to greater.dlspersmn values in the visible, GVM is in
9z vy, dt NpCo general larger in this wavelength range.

) ) For crystal lengths shorter than the pulse splitting length,
Note that Eqs(20) neglect also third order nonlinear effects gy effects can be neglected, to a first approximation, and

(self- and cross—phase_modul_atjorB_y transforming 10 a Egs. (9)—(12), valid for cw beams, can be used for gain
frame of reference that is moving with the group velocity of ca|cylations. For crystals longer than or comparable to the
the pump pulse {=t—2z/v4) we obtain the equations pulse splitting length, GVM plays a crucial role and Egs.

E VgiW__J niCO

(21) must be solved numerically to properly account for it.
A 1 1) 0Ag et : : o - .
AT =— Ai*Ap exp(—jAkz), There is a qualitatively significant difference between the
9z \vgs Vgl 7 NsCo cases in whichd,, and 5;, have the same or different signs.
(213 sp p
aAi 1 1 &A, i wideﬁ % X 400
9z T\og” v e = e, As e XAk,
gi gp i Type II : 3.
(21b E 300 | LT ype(05+e'—.e") ip
£ p TypeLs e
(9Ap . wpdeﬁ ) <
—=—] ——AA expjAkz). (219 5 200
0z NpCo g p
Despite the many simplifications, Eq&1) capture the main ; wor Type lo,te~e,) 3, |
issues of parametric amplification with ultrashort pulses, thatg """"""""
are related to group velocity mismat¢BVM) between the g_ ol BBO OPA
interacting pulses. In particular, GVM between the pump and g A, =04 pm
the amplified(signal and idler pulses limits the interaction 100 Ll T T T R T
length over which parametric amplification takes place, 040 045 050 055 060 065 070 075 080
while GVM between the signal and the idler beams limits the OPA signal wavelength (Lm)

phase matCh'”g_ bandwldth. L. . _FIG. 6. Pump-signal §;) and pump-idler §,) group velocity mismatch
_ The_L_JsefuI Interaction Ie_ngth for parametric interactioncyrves for a BBO OPA at the pump wavelength=0.4 um for type | phase
is quantified by the pulse splitting length, which is defined agnatching(solid line) and type llos+e;—e, phase matchingdashed ling
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FIG. 7. Signal pulse evolution for a BBO type | OPA wilh,=0.4 um, . . .
_ . : . . FIG. 8. Signal pulse evolution for a BBO type Il OPA wil),=0.8 um,
As=0.7um, for different lengthd. of the nonlinear crystal. Pump intensity Ns=1.5um, for different length4. of the nonlinear crystal. Pump intensity

is 20 GW/cnt. Time is norn_1a||zed to the_p_ump pulse duration and the is 20 GW/cnf. Time is normalized to the pump pulse duration and the
crystal length to the pump-signal pulse splitting length.

crystal length to the pump-signal pulse splitting length.

When 65,6;,>0, both the signal and the idler pulses walk =w,~wj). If the signal frequency increases éa+Aw, by
away from the pump in the same direction so that the gairenergy conservation the idler frequency decreasesv;to
rapidly decreases for propagation distances longer than the Aw. The wave vector mismatch can then be approximated
pulse splitting length and eventually saturates. On the otheto the first order as
hand, whenss;6;,<<0 signal and idler pulses move in oppo- Ik Ik 1 1

N . N . s i
site direction with respect to the pump; in this way the signal Ak=— —Aw+ —Aw= <__ _) Aw. (23)
and idler pulses tend to stay localized under the pump pulse Jos Jo; Vgi  Vgs
and the gain grows exponentially even for crystal lengthsThe full width at half maximum(FWHM) phase matching

well in excess of the pulse splitting length. To try to ratio- bandwidth can then, within the large-gain approximation, be
nalize this effect, we can consider the situation in which thecalculated as

signal pulse has moved slightly to the left and the idler pulse 1/ 12

to the right of the pump pulse: during the parametric process, A ;= 2(In2) (E) 1
the signal pulse generates idler photons, which move to the Tf L)1 1
right, i.e., towards the peak of the pump; on the other hand
tmhgvgjlfor tﬂilﬁgfﬂggﬁ]ng@t:r ds;gtrr]]ael F?::;ngstr\:\é thﬁ:g.t%?SLarge GVM between signal and idler waves dramatically

concentration of photons under the peak of the pump eXgiecreases the phase matching bandwidth; large gain band-

plains the exponential gain growth. In Fig. 7 we show anWidth can _be expected when the_ OPA a_lpproaches degeneracy
example of solution of Eqg21) for the casedsyd,>0; we (05w in type | phase matching or in the case of group-

. B velocity matching between signal and idler (= v,). Ob-
consider a type | BBO OPA pumped at Qun with signal : . : o9 Tl
wavelengthk,—0.7 zm, with GVMs 85,167 fs/mm and viously, in this case Eq(24) loses validity and the phase

6ip=220 fs/mm. We see that, after an initial growth, the gainmlsmatChAk must be expanded to the second order, giving

rapidly tends to saturate because both signal and idler pulses (In2)Y4/T\ 4 1
temporally separate from the pump. Note that, because the Av= ([) ks k|
trailing edge of the pulse resides for a longer time in the 2t =2
. . . . Jw Jw;
amplification region, there is a modest pulse shortening s :
(20%-30% and asymmetry. The casg,5,<0 is shown in  Figures 9 and 10 show typical plots of phase matching band-
Fig. 8; we consider a type || BBO OPA pumped at &8  widths for BBO OPAs, pumped at 0.8 and Qun, respec-
with signal wavelengthhg=1.5m, having group velocity tively. We see a remarkable difference between types | and Il
mismatchessj,= —47.5 fs/mm andds,=34.6 fss/mm. Here phase matching: for type Il interaction, the bandwidth is
we see that the signal growth stays exponential for propagamaller than in type | and stays more or less constant over
tion distances well exceeding the pulse splitting length andhe tuning range, while for type | interaction, as previously
that the signal pulse tends to stay localized under the pumpaid, the bandwidth increases as the OPA approaches degen-
In the following we will show that GVM between signal eracy. These features can be exploited for different applica-
and idler pulses determines the phase matching bandwidtions: type | phase matching is used to achieve the shortest
for the parametric amplification process. Let us assume thaiulses, while type Il phase matching allows to obtain rela-
perfect phase matching is achieved for a given signal fretively narrow bandwidths over broad tuning ranges, which
quency wg (and for the corresponding idler frequenay  are required for many spectroscopic investigations.

(24)

Vgs Vgi

(25

ks
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enal waveiengt ing from 50 to 150 fs. Other work has reported OPAs

FIG. 9. Phase matching bandwidth for a BBO OPA at the pump wavelengtthumped by systems running at much higher repetition rate
\p=0.8 um for type | phase matchinfsolid line) and type llos+e—e, ; _

phase matchingdashed ling Crystal length is 4 mm and pump intensity 50 (qu r}g)PZSO kHZ bUttWII(th TUCh |t();Ik\:erFF\)/l\Jllse etntir%ngof th
GWIen?. ©J).“° Pumping can take place at the or at the of the

Ti:sapphire laser(i.e., 800 or 400 nm Since the optical

So far we have only considered a collinear interaction, ing ?Tr\?veetarllkc gnﬂ'lf'gzg?nn v?ii?mczssstrgzmlsltﬁnm ézgémfrzchtilros?
which, once the phase matching conditiodkE0) is 9 9 pump !

: s . . stage of any OPA system is the generation of the initial signal
achieved, the group velocities of signal and idler, and thu%ee?m the )s/o-calleé/ seed bean?. Since the seed beam ?s at a

the phase matching bandwidth, are set. In Sec. IV we will se%. . ;
: . . . : - ifferent frequency from the pump beam, a nonlinear optical
that in a noncollinear interaction there is an additional degreé

o . . .= “process is required for its generation. Two different tech-
of freedom, the pump-signal angie Suitably selecting this niques have been used for the seed generation: parametric

angle, it is often possible to achieve simultaneously phase o : .

. . . . &uperfluorescence and white-light continuum generation.
matching and group velocity matching between signal and ™™o 1 oic o inerfluoresceMt®is a parametric ampli-
idler, thus obtaining very broad gain bandwidths. o P p P

fication of the vacuum or quantum noise, and can be also

thought as two-photon spontaneous emission from a virtual
lll. OPTICAL PARAMETRIC AMPLIFIER DESIGNS level excited by the pump field. In practice it is simply

Although a great variety of femtosecond optical para_achieved by pumping a suitable nonlinear <_:rysta|, which is
metric amplifier designs have been reported, there are a fe@ften Of the same types as the ones used in the subsequent
basic principles underlying the different implementations.OPA stages; amplification will occur at those wavelengths
Before illustrating in detail some of the most common opalfor which the parametr_lc Interaction Is phasg matched..T.h_e
designs, we will try to present a very general description Ofadvant.agg of parametrlq .sup.erfluorescence is the possibility
the operating principles of an OPA, according to the schem8' achieving large amplification and substantial seed pulse
shown in Fig. 11. Femtosecond OPAs are in general pumpegherdies; its @sadvantages are the' inherent fluctuations of a
by amplified Ti:sapphire lasers: standard systems typicall?*oCess starting from quantum noise, and the poor spatial
run at 1 kHz repetition rate and generate pulses at the way@uality of the generated seed beam.

. . . ’32 .
lengthA=0.8 um, with 0.5—1 mJ energy and duration rang- White Ilght_ generatlo?‘i_L ~occurs when an mtens_e ul-
trashort pulse is focused inside a transparent material, such

as fused silica or sapphire: as a result of the interplay be-
tween self-focusing and self-phase modulation, a large spec-
tral broadening takes place. Although the processes occur-
ring during the generation of white-light continuum are still
not fully understood? its properties are very good for its use
as an OPA seed. When focusing @8, 100 fs pulses into a
sapphire plate, with thickness ranging from 1 to 3 mm, the
threshold for white-light generation is around ). (The
exact value depends on the focusing conditipiihie con-

30

- BBO OPA

251 A =04
| ° n Typel

N
o

Bandwidth (THz)
) >

i Type llote~e, tinuum spectrum extends throughout the visibilwn to

M SRS EE L ~0.42 um) and the near-IRup to~1.5 um), with an energy
o [ . . . . L of approximately 10 pJ per nm of bandwidth. Under the cor-

045 050 055 060 065 070 075 080 rect conditiongi.e., a single self-focused filameérhe white
Signal wavelength (um) light has an excellent spatial quality, with a circular gaussian

FiG. 10. Ph wching bandwidth ¢ BBO OPA at th beam, and a very high pulse-to-pulse stability. When using
. . ase martchning bandwi or a a e pump wave- . . . .. )
length X ,=0.4m for type | phase matchingsolid line) and type Ilo, materials with high thermal conductivity and low UV ab

+e—e, phase matchingdashed ling Crystal length is 2 mm and pump sorpti(_)n _SUCh as sapphire, no long-term degradation of the
intensity 100 GW/crh material is experienced.
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Following generation of the seed pulse, the pump and op  2E0 BBO
seed pulses are combined in a suitable nonlinear crystal, in ¢ " Type lI Typell
first parametric amplification stagpreamplifiey. To achieve —- I— I x
temporal overlap, their relative timing must be adjusted by a 1.1-2.8 um ” 450 W 50 W
delay line. Often the pump spot size in the nonlinear crystal 200 W 30-50fs
is set by a telescope and is chosen to achieve the highes " ’? ZWL
possible gain without causing optical damage of the crystal, DL «<—— DLe——>
or inducing third-order nonlinear effectself-focusing, self- \
phase modulation, or white light generatiothat would CPA o il
cause beam distortion or breakup. In case of parametric su- | TiSapphire [ 555, 550 ¢ #
perfluorescence seed, the preamplifier is also used as a spi. 790 nm, 1 kHz

tial fllter,_to_ improve the spatlal_coherence of the signal beamFIG. 12. Scheme of a near-IR OPA DL: delay lines; WL: white light gen-
by amplifying only those spatial components of the superration stage: DF: dichroic filter.
fluorescence that overlap the pump beam in the crystal. After

the first amplification stage, the signal beam can be furthegyiying length. Other advantages of type Il phase matching
amplified in a second stage, power amplifier. Usually thisyre 5 phase matching bandwidth that is relatively constant
stage is driven into saturation, i.e., with significant pUMPqyer most of the tuning range and the possibility to separate

depletion and conversion efficiency above 30%. In this regjgna| and idler pulses because of their orthogonal polariza-

gime, the amplified energy is less sensitive to seed fluctugjon This Jast point is especially important when operating

tions, and high pulse stability can be achieved. The purposg,e opa close to degeneracy, where these wavelengths are
of using two amplification stages instead of one long CryStahuite close to each other. A typical setup for a white-light

is twofold: (i) the GVM between pump and signal pulses ingeeded near-IR OPA is shown in Fig. “2the OPA is
the first stage can be compensated by a delay line;(iahd pumped by an amplified Ti:sapphire laser generati&p0
this scheme gives the flexibility of separately adjusting the, 5 50 fs pulses at 1 kHz repetition rate. A small fraction of
pump intensity, and thus the parametric gain, in the tWohe pump light(~2 wJ) is used to generate the white-light
stages. After the power amplifier, signal and idler beams argeeq in a 2-mm-thick sapphire plate; the near-IR fraction of
separated from the pump and from each other using dichroigye continuum is amplified in a first stage consisting of a 3
filters or mirrors. Finally, in case of broadband amplification, jnm long BBO crystal cut for type Il phase matching (

a pulse compressor is used to obtain transform-limited pulse- 2g°) pumping with~50 wJ of energy, up to G.J energy

duration. at the signal wavelength is obtained. Wavelength tuning is

We will now review the state of art in OPA design in 5chieved by changing the phase matching angle of the crystal
different spectral ranges. and simultaneously optimizing the pump-seed delay. The
A. OPA in the near-IR second stage consists of an identical BBO crystal pumped by

) ~450 uJ of energy, and generates up to 2aDof amplified
OPAs tunable in the near-IR, pumped by the fundamengjgna) |ight, corresponding to a conversion efficiency of

tal (800 nm radiation of an amplified Ti;:sapphire laser, are 45%; the pulse width ranges from 30 to 50 fs across the
the most straightforward to opgre?fb‘.“They have the fol-  ning range. Similar results in terms of pulse energies are
lowing advantages(i) high available pump energi€sp to  gptained using a parametric superfluorescence %aadhis

Fhe millijoule leve); and (i) low pump-signal and pump- case, significant compression of the signal pg&fs with
idler GVM values. Low GVM allows the use of long non- respect to the pump pulgd50 f9 is observed, due to the

linear crystals, making it possible to obtain high gains. Thes@ygnjinear effects taking place in the parametric process at
advantages are partially offset by a lower figure of merit forhign conversion efficiencies.

the parametric interaction in the near-IR compared to the
visible. Tunability is limited by the losses due to absorption
of the idler wave in the nonlinear crystal. This is typically a
problem at wavelengths longer thas8 um. Therefore, the The generation of femtosecond pulses tunable in the vis-
signal beam is tunable from degenerdty6 um) to 1.1 um  ible is important for a variety of spectroscopic applications,
while the idler beam tunes from 1.6 toi@n. There is, how- because many systems of interest in physics, chemistry, and
ever, a “hole” in the tuning range from 0.8 to 14m. biology have absorption bands in this range. A straightfor-
Most systems use BBO as nonlinear crystal, because afiard way of achieving tunable visible pulses consists in fre-
its high nonlinearity and favorable dispersion properties. Agjuency doubling the output of an 0@m pumped near-IR
can be seen from Fig. 5, pump-signal and pump-idler GVMOPA#3*® however, since absorption of the idler in the non-
values are quite low in the case of type | phase matching, slinear crystal sets a blue tuning limit e¢1.1 um, the SH
that, for 100 fs pump pulses, pump-signal temporal overlapvould be tunable down to only 0.5&m, leaving a substan-
can be maintained for crystal lengths up~@ mm. On the tial part of the visible range uncovered. Pumping with the SH
other hand, with type Il phase matching pump-signal andf a Ti:sapphire laser around Owdn, the signal can be tuned
pump-idler GVMs have opposite signs so that, as explainethrough most of the visible range, from0.45 um to degen-
in the discussion in Sec. Il B, exponential growth of the gaineracy(0.8 um). Correspondingly, the idler tunes from 0.8 to
is preserved for crystal lengths well in excess of the puls€.5 um; this fills the gap in the tuning range for near-IR

B. OPA in the visible
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4 W, 250 kHz SHG 10, giving signal energies o150 nJ, which represent a
790 nm, 170 fs n 15% conversion efficiency of the pump pulse energy. After
amplification, the signal beam is collimated and separated
/) from the remaining pump and idler beams by dichroic reflec-
DL <> tors. The amplified pulses are tunable, in the visible, from
WL 0.47 um to beyond 0.7um; they display excellent spatial
quality and peak-to-peak noise less than 5% across the entire
L BBO tuning range. Because of type | phase matching, the ampli-
| fied pulse bandwidth strongly depends on signal wavelength
_ﬂ.> (see Fig. 10 increasing in the red as degeneracy is ap-
ad DF proached. The pulses generated by the OPA are not transform
t limited, but are frequency chirped by the white-light genera-
DL tion process and by group velocity dispersion in the optics
and the BBO crystal. This chirp can be removed with a prism
FIG. 13. Scheme of a visible OPA. DL: delay lines; WL: white light gen- compressor and transform-limited pulses are generated, with
eration stage; SHG: second harmonic generation stage; DF: dichroic ﬁlterduration ranging from 80 fs in the blue to less than 30 fs in

the red; note that the OPA generates pulses that are consid-
OPAs*~%2 \/isible OPAs in general obtain lower energies €rably shorter than the pump pulses. The limitation in
than near-IR ones, because of the lower pump energy avaifichievable pulsewidth is set by the relatively narrow phase
able from a frequency doubled pump. Furthermore GVM jsmatching bandwidths available in a collinear interaction ge-
much larger in the visible rangsee Fig. 6 which limits the ~ Ometry. A possible solution to this problem consists of
use of long nonlinear crystals. This disadvantage is partiallzhanging the phase-matching angle in the subsequent ampli-
compensated for by the larger figures of merit for parametridication stage, so as to amplify at each pass a different spec-
interaction in the visible. Also for visible OPAs the most tral region of the white light; this technique makes it pos-
popular nonlinear material is BBO. Type Il phase matchingSible to generate 30 fs pulses tunable throughout the visible.
provides gain bandwidths that are narrower and stay esseA more effective solution to the problem, which consists in
tially constant over the tuning range, which may be beneﬁysing a non-collinear interaction geometry, will be discussed
cial for some spectroscopic applicatioi3s. in Sec. IV.

Figure 13 shows a typical visible OPA desitfh>! the
system is pumped by an high repetition rate amplified Ti:sap- . .
phire laser, generating 4J, 170 fs pulses at 250 kHz repeti- C. OPAIin the mid-IR
tion rate. A fraction of the beam is used to generate a white- The generation of tunable femtosecond pulses in the
light seed in a 3-mm-thick sapphire plate, while the mid-IR spectral region is very interesting for several spectro-
remaining part is frequency doubled in a BBO crystal to givescopic applications, such as study of vibrational transitions in
1 wJ of energy at 0.44m; the pump and seed beams are thermolecules or intersubband transitions in semiconductor
combined by a dichroic mirror and their path lengths arenanostructures; therefore several approaches have been de-
matched by a suitable delay line. The two pulses are themeloped to generate pulses in this wavelength range.
focused on a 1-mm-thick BBO OPA crystal, cut for type | Mid-IR pulses can be obtained from the idler of a 0.8
phase matching; the crystal thickness is close to the pumpzm pumped OPA; however, in the most commonly used
signal pulse splitting length for BBO in the visiblsee Fig. crystal, BBO, tuning is limited to wavelengths shorter than 3
6). The white-light seed component to be amplified is se-um by the onset of IR absorption. The tuning range can be
lected by simply rotating the BBO crystal and reoptimizing extended up to wavelengths longer thamh, with output
the pump-seed delay in order to compensate for the groupnergies in the microjoule range, by using different nonlinear
velocity dispersion in the continuum. Given the small crystalcrystals, such as KTiOPQor its isomorph$2®* KNbO;,°
thickness, high pump intensities are required to achieve highr MgO:LiNbO,.%¢ For these systems, the efficiency can be
parametric gain; in this design intensities lower than 50increased and the temporal and spectral quality of the OPA
GWicnt are used to avoid the onset of self-focusing effectspulses can be preserved by seeding the OPA, at the signal
in the BBO crystal. Typical single-pass gains in this systemwavelength, with a narrow-band nanosecond p$en de-
are in the order of 100. The BBO crystal is placed after therived from the pump laser of the regenerative amplifiér
focus of the lens, i.e., in a diverging beam. This techniqueHowever, the tuning range in these systems is limitee-
makes it possible to prevent self-focusing and use highexm not only by the long-wavelength transparency cutoff but
intensities than would be possible by just putting the crystablso by the increasing GVM between the signal and idler
at the focus of a longer-focal-length lens. After the first passheams. Nonlinear crystals with extended mid-IR transpar-
pump and signal beams are separated by a dichroic beaemcy range are available, but the pumping wavelength needs
splitter, and then reflected back into the BBO OPA crystal forto be tuned to the infrared, because of residual absorption or
a second amplification pass. Two passes in the crystal, idack of phase matching at 0/8m. In ZnGeR, pumped at 2
stead of a single pass in a crystal of double length, are reum by the idler beam of a 0.8m pumped OPA, tuning from
quired to compensate for the GVM effects by suitably adjust2.5 to 10um was demonstratet;more recently, a mercury
ing the delays. Typical gains in the second pass are arourttliogallate (HgGgS,) OPA, pumped at 1.2xm by an am-

CPA
Ti:Sapphire

DL
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OUTPUT continuously tuned from 7 to 2@m, with pulse duration in
2412 the 100 fs range.
OPA
I 0 D. OPA in the ultraviolet
OPR The generation of ultrashort laser pulses tunable in the
UV spectral range, especially in the extreme-ultraviolet

— (XUV) region, is important for spectroscopic investigations
, INPUT and also for technological applications, such as for example
signal+idler

from near-IR OPA photolithography. A straightforward way of achieving tun-
able UV pulses consists in frequency doubfthgr upcon-
FIG. 14. Scheme of a mid-IR pulse generation stage. DM1, DM2, dichroicverting with a powerful IR puls¥ the output of a visible
mirrors; DL: delay line; OPR: off-axis parabolic reflector. OPA: these arrangements result in pulses with 100 nJ level
energy, 30-50 fs duration and tunability from 0.25 to 0.35

plified Cr:forsterite system, showed tunability from 5 to 9 #M- Even shorter wavelengths can be obtained by using non-
um with microjoule-level output energy and pulse duration!in€ar crystals with E:axtendeql UV transparency, such as ce-
below 200 f<&° sium lithium boraté”® To achieve even shorter wavelengths
An alternative way to generate tunable mid-IR pulses i2nd develop a true UV OPA, two obvious problems need to
by difference-frequency generatiéBFG) between the sig- be addressedi) finding a nonlinear medium that is transpar-

nal and the idler pulses of a 0;8n pumped OPA. The most €ntat UV wavelengths; ar@) finding a suitable pump laser
commonly used crystal in this case is AgGa®/hich allows at UV wavelengths. The first problem can be solved by us-

continuous tuning from 2.4m to wavelengths longer than N9 as nonlinear medium, a gas or a plasma, while pumping
12 um:"in this case, the output energies are in the tens of&n occur atIR or visible wavelengths exploiting a multipho-
nanojoule range, significantly lower than with previous !N Process. This scheme, called high-order optical paramet-

implementations, however repetition rates up to 250 kHZIC amplification (HOPA),*=*? generates signal and idler
have been demonstratét2 A typical setup for DFG is Waves via the process

shown in Fig. 14: the collinear signal and idler beams are Ghwp=tho+hio, (26)
generated by a near-IR type Il OPA and have thus perpen-

dicular polarization, as is required for phase matching in thevhereq is an integer. In this case the equations describing
DFG process. The two pulses are separated by a dichrol@€ parametric interaction, in the undepleted pump approxi-
mirror, reflecting the signal and transmitting the idler, so thatmation, can be written as

their relative delay can be adjusted, and then recombined 4 A
using an identical mirror. The two collinear pulses are then
focused by a quartz lens onto a 1-mm-thick AgGagystal,

Cmw; q+1 .
Gz~ Ihgy 2t NN V(@D ALATexp —jAK2),
1

cut for type Il phase matchingd& 40°). After the crystal, (279
standard lenses cannot be used to collimate the DFG signal, dA,  Tws q+1 G+ D)  nd _
because of their absorption bands in the mid-IR; an inexpen- g7 ~ ~J e 202 NX T (ws) AT Ap expl— jAkz),
sive alternative for collimating and focussing mid-IR wave- (270

lengths is a diamond-turned, off-axis parabola. A similar, al- B . ) .
ternative method for generation of mid-IR pulses consists ifVhereAk=ak,—ks—k; is the wave vector mismatcl is

. L : . i i (a+1) @+1)( o -
difference frequency mixing of the output of a single-cavity, tN€ atomic density, ang™"“(ws), x™"*(«w;) are the non
two-color femtosecond Ti:sapphire lager. linear atomic susceptibilities for thg-order process, which

An even simpler technique for the generation of tunablecan b(_a assumed as gqgal.if sufficiently far from_ resonances.
mid-IR pulses consists of optical rectification of a single ul-Eauations(27) bear similarity to Eqs(7), describing para-
trashort pulse focused in a suitable electro-optic materialMetric amplification in a second-order medium and have
This technique has been initially used for the generation of&l0gous solutions giving, in the large-gain limit, exponen-

far-IR radiation, with a frequency of a few tetrah&fZ® tial growth of signal and idler waves along the propagation
which was in turn detected by electro-optic samplihi;has

direction. In particular, it is possible to define a gain coeffi-
been subsequently extended to the mid-IR frequency'€nt as
range’®~8!Using a very short excitation pulgith duration - ( 0w, ) 2q+1

of 20 fs or lessit is possible to obtain tunable mid-IR pulses ~ I'=— Nx @ DA (28

c 201

by difference-frequency generation of different spectral com- Nsi
ponents of a broadband pulse spectrum. In this case a singléis coefficient is much smaller than in ordinary OPAs, be-
ultrashort pulse is required generated directly from a femtocause of the lower nonlinear susceptibilities associated to
second oscillatofpossibly cavity dumped or amplifigdbr ~ multiphoton processes, which can be enhanced by adjusting
by external pulse compressi6h:by varying the phase the pump frequency close to @photon resonance of the
matching angle of the nonlinear cryst@aAs or GaSg the  medium. The HOPA is seeded by the idler beam, which is

center wavelength of the difference frequency pulse can behosen in the visibléor infrared frequency range, so that
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FIG. 16. (a) Schematic of a noncollinear interaction geomethy;represen-
(a) (b) tation of signal and idler pulses in the case of collinear interaction;(@nd

same agb) for noncollinear interaction.
FIG. 15. Phase-matching schemes for HOPAs in a plasma.
w;=wl2 is generated by an IR OPA tuned to degeneracy;

the signal is in the UV range. Given the low gain coeffi- ?;:]gléflcatlon 's obtained abs=17.5, well within the XUV

cients, to achieve significant amplification it is necessary to Finally, a method for generating UV radiation is high

safisfy the phase-maiching conditidrk=0. harmonic generatiofHHG) from a noble ga¥-*°exposed to

tThe flrsLJ[expeélrEenlt;;\I ?;'10[132@“02 of the H?ZAtﬁon'an ultrashort pulse. While the HHG radiation is at odd har-
cept was obtained by bur al, who generate € monics of the driver laser frequency, tunability can be

third harmonic of a Ti:sapphire _Iaser by the parametnc_ PO~ chieved by either using an OPA to generate the harmonics
cess X 2w=w+3w. The experiments were performed in a

. . : r mixing, in the gas, radiation from an high energy, fixed
gas filled hollow core fiber, which has the advantage Of?requency source and a tunable OBA?

greatly extending the interaction length. In addition, the hol-
low fiber provides a simple way of obtaining phase match-
ing. In this structure, in fact, phase mismatch between thg' ULTRABROADBAND OPTICAL PARAMETRIC

. . S MPLIFIERS
different propagating waves results from a combination o
modal dispersion, depending on the propagating modes and Until recently the shortest pulses achieved from OPAs
the fiber diameter, and material dispersion, depending on thieave been in the 30-50 fs range, limited either by the narrow
gas pressure. If the modes of the interacting waves are sphase matching bandwidths or by the long pump pulse dura-
lected in such way that the two dispersions have oppositéon. In the following we report on different OPA schemes
sign, phase matching can be achieved by simply tuning thevhich overcome these difficulties and generate few-optical-
gas pressure. In these initial experiments, both the fundasycle pulses with microjoule-level energy in the visible as
mental and the SH of the Ti:sapphire laser are injected in thevell as in the infrared. In the visible, relatively long pump
hollow core fiber: pulses at the third harmonic with energy inpulses(~100 f9 are used and the properties of noncollinear
excess of JuJ and 8 fs duration were obtained. Recently, thisphase matching are exploited to achieve broadband amplifi-
technique was extended to the generation of the fourth andation of the white-light seed; the amplified pulses are then
fifth harmonic of the Ti:sapphire las&. Phase matched compressed to sub-10 fs duration using suitable dispersive
high-order difference frequency mixing for the ninth har- delay lines. In the infrared, ultrabroadband pulses can be
monic of Ti;:sapphire was achieved in a plasma, driven by thgenerated using shoi20—40 fg pump pulses and exploiting
fundamental and the SH, according to the proces6 nonlinear compression effects arising in the parametric am-
—30w=90.% plification process at high conversion efficiencies.

Another elegant proposal for achieving phase matching)\
consists in using as nonlinear medium a plasma, for which "
the refractive index is essentially determined by the free In an OPA using a collinear interaction geometry, the
electrons, and its frequency dependence can be approximatgtppagation direction in the nonlinear crystal is selected to
as satisfy, for a given signal wavelength, the phase-matching
conditionAk=0. In this condition the signal and idler group
velocities are fixed and so the phase matching bandwidth of
the proces$see Eq.(24)]. An additional degree of freedom
can be introduced using a noncollinear geometry, such as that
shown in Fig. 16a): pump and signal wave vectors form an

Noncollinear visible optical parametric amplifier

2

(,Up|
n(w)El—?, (29

wp being the plasma frequency. If the conditiag> w,, is

satisfied, them(wg)=1 and the phase-matching condition
becomes

qop N(wp) = 1]= wi[n(w;))—1]. (30)
By using Eq.(29), it is straightforward to show that E¢30)
is satisfied whemw;= w,/q. Two possible schemes of phase-

matched HOPA in a plasma are shown in Fig. 15. In ¢age
for example, the pump beam at,= 3w is provided by the

angle « (independent of signal wavelengtand the idler is
emitted at an angl€) with respect to the signal. In this case
the phase matching condition becomes a vector equation,
which, projected on directions parallel and perpendicular to
the signal wave vector, becomes

Akpa=Kp cosa—Kks—k; cos) =0, (313
AKper=Kp Sina—k; sinQ2=0. (31b
Note that the angl€) is not fixed, but depends on the signal

third harmonic of a Ti:sapphire laser, while the idler beam atwavelength. If the signal frequency increases Ay, the
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for a type | BBO OPA pumped at 0.4m, the phase match-
ing angled,, as a function of signal wavelength for different

FIG. 17. Phase-matching curves for a noncollinear type | BBO OPAvalues of pump-signal angke. For a collinear configuration

pumped at 0.4um, as a function of the pump-signal angte

idler frequency decreases liyw and the wave vector mis-

(«=0°) 6, shows a strong dependence on the signal wave-
length so that, for a fixed crystal orientation, phase matching

matches along the two directions can be approximated, to thean be achieved only over a narrow signal frequency range.

first order, as

A= 2 p ot T osnre—k sing LA
pa,—=—a—ws w ﬁ—a)iCOS w—K; SIn 19_| w,
(328
ok Q)
Akper= 5, SiNQAw+ ki cos - Aw. (320

To achieve broadband phase matching, ok, andAkpe,
must vanish. Upon multiplying Eq:323 by cos() and Eq.
(32b) by sinQ) and adding the results, we get

ak; dKs

a—a)i— cos() T, =0 (33
which is equivalent to

Vgs™ Vg COS(). (34)

By going to a noncollinear configuration and increasing
the wavelength dependence 6f, becomes progressively
weaker until, for the optimum value=3.7°, a given crystal
orientation @=31.3°) allows to achieve simultaneously
phase matching over an ultrabroad bandwidth, extending
from 0.5 to 0.75um. Note that, in this configuration, the
symmetry between signal and idler is lost, because they
propagate at different angles.

This favorable property of the noncollinear geometry for
broadband parametric amplification was first recognized by
Galeet al%®-1%and was exploited to build broadband OPOs
generating pulses as short as 13 fs; more recently, the same
concept was extended by several research groups to OPAs
seeded by the white-light continuut??~*3A schematic of
the experimental setup of an ultrabroadband noncollinear
OPA (NOPA) is reported in Fig. 18%319619%The system is
pumped by an amplified Ti:sapphire laser, generating 140 fs

Equation(34) shows that broadband phase matching can b%ulses at 0.7&um and 1 kHz repetition rate with energy up
achieved for a signal-idler angfe such that the signal group g 500 wJ. The pump pulse€0.39 um wavelength, 10ud

velocity quals the projectio.n of the. idler group vglociyy energy,~180 fs duratioh are obtained by frequency dou-
along the signal direction. This effect is shown pictorially in pjing a fraction of the light in a 1-mm-thick lithium triborate

Fig. 16: for a collinear geometfyFig. 16b)], signal and idler

crystal. The seed pulses are generated by focusing another

moving with different group velocities get quickly separatedsma|| fraction of the FW beam, with energy of approximately
giving rise to pulse lengthening and bandwidth reduction, wJ, into a 1-mm-thick sapphire plate; by carefully control-

while in the noncollinear casg-ig. 16c)] the two pulses
manage to stay effectively overlapped. Note thatB4) can

ling the energy incident on the plateising a variable-
optical-density attenuatprand the position of the plate

be satisfied only itzg>v4s; this is, however, always the case around the focus, a highly stable single-filament white-light
in the commonly used type | phase matching in negativgontinuum is generated. To avoid the introduction of addi-
unlaxu_il crystals, where poth signal and idler see the ordinarygnal chirp, reflective optics are employed to guide the white
refractive index. Equation34) allows to determine the |ight to the amplification stage. Parametric gain is achieved
signal-idler angle) required for broadband phase matching;in a 1-mm-thick BBO crystal, cut a#=32°, using a single-
from a practical point of view, it is more useful to know the pass configuration to increase the gain bandwidth. The cho-
pump-signal anglex, which is given by sen crystal length is close to the pulse-splitting length for
r( 1_,,5!,,3 12 signal and pump in the wavelength range of interest. The
a=arc si N TN white light seed is imaged into the BBO crystal by spherical
L+ 2vgdIshi /vgiNiA s+ NSAT/NTAS mirror M,, with a spot size nearly matching that of the pump

(39

As an example, in a type | BBO OPA pumped R}
=0.4um for a signal wavelengthhs=0.6 um broadband
phase matching is achieved far=3.7°. To better illustrate

beam. The amplified pulses have energy of approximately 2
ud, peak-to-peak fluctuations of less than 7% and maintain a
good TEM,, beam quality. Higher energies, up 1010 uJ,

can be extracted by a second pass in the BBO crystal. After

the effect of noncollinear phase matching, in Fig. 17 we plotthe gain stage the amplified pulses are collimated by the
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T T T The NOPA generates pulses with very broad bandwidths
and thus potentially very short: to obtain the minimum pulse
duration compatible with their bandwidtfthe so-called
transform-limited duration however, their phase character-
istics must be accurately controlled. The group d€iap)
versus frequency characteristics of the pulses generated by
the setup of Fig. 18 is shown in Fig. @. The GD the
amplified pulses was measured by upconversion with a 10
nm spectral slice of the pulse, selected with an interference
filter and having approximately 70 fs FWHM duration. After
the upconverting crystal, an UV monochromator allowed us
to determine the relative arrival times of different frequency
components of the pulse. The measurement gives an overall
GD of ~400 fs between the red and the blue components of
the spectrum; the main contributions to the dispersion are the
sapphire plate, the BBO crystal, and the pat8.5 m) in air.
Accurately correcting the phase over such broad bandwidths
] poses a challenge on the compression system and different
350 - - approaches have been proposed. Standard Brewster-cut
o 800} 4 prism pairs can be used to compress the narrower bandwidth
< sl ] pulses down to a duration of 10-15 & 1% for broader
N bandwidths, thin prism sequenc@,prism-grating®” and
3 , ® ] prism-chirped mirror combination$® or adaptive pulse
0]

1.0F

0.0

150 1 compressors>!were used. These systems show different
100 | . performance in terms of corrected bandwidth and energy
] throughput. The shortest pulses generated by the NOPA were
obtained by a prism-chirped mirror combination and have a
. ‘ . nearly transform-limited duration of 4.4 18 Note the dra-
450 500 550 600 eéo 730 ' 7;50 800 matic shortening of the pulsewidths with respect to the pump
Wavelength (nm) pulse duration, which is in the 100 fs range. As a matter of
fact, using short pump pulses does not help in getting shorter
FIG. 19. (@ Solid line: NOPA spectrum under optimum alignment condi- pulses from the OPA, but on the contrary could be detrimen-
tions; dashed line: sequence of spectra obtained by increasing the white light e .
chirp; (b) points: measured GD of the NOPA pulses; dashed line: GD an‘tertal to the broadband amplification process, because of the
ten bounces on the ultrabroadband chirped mirrors. reduced temporal overlap between the pump pulses and the
chirped white-light seed.
A simple and experimentally convenient compressor de-
spherical mirrotM 5 and sent to the compressor. This designsign employs exclusively chirped dielectric mirrdté8
is quite similar to the one reported in Sec. Il B for a visible with dispersion characteristics tailored to compensate for the
OPA, the main differences being the noncollinear geometrfNOPA GD: this approach, besides the high energy through-
and the use of reflective optics to prevent pulse chirping. Arput and the broadband phase correction, greatly simplifies
accurate numerical modeling of the NOPA operation can béhe system design, allowing for compactness, reproducibility
found in Ref. 114. and insensitivity to misalignment which are of great impor-
The NOPA pulse bandwidth strongly depends on the systance in practical applicatiorts!**As an example, we show
tem alignment and on the chirp of the white-light seed. Ain Fig. 19b) as a solid line the opposite of the GD generated
typical spectrum obtained under optimum alignment condiby ten bounces on chirped mirrors which were custom de-
tions is shown in Fig. 1&) as a solid line: it extends over a signed to compensate for the NOPA dispersion: it can be
FWHM bandwidth of 180 THz and is virtually not tunable, seen that it matches the required GD very accurately over the
since it covers the maximum available gain bandwidth. Ex.wavelength range 0.51-0.74m, with a root-mean-square
perimentally, this condition can be easily achieved by adjustdeviation of only 1.8 fs.
ing the pump-signal angle to match the apex angle of the For ultrabroadband pulses with duration in the sub-10 fs
strong parametric superfluorescence Cbremitted by the regime, traditional autocorrelation techniques, which require
BBO crystal when illuminated by the pump pulse. Narrowerana priori knowledge of the pulse shape, provide only rough
gain bandwidths, which may be required for some experi-estimates of the pulse duration. An accurate pulse character-
ments, can be simply achieved by detuning the pump-seedation requires full knowledge of the amplitude and phase of
angle from the optimum value and/or deliberately increasinghe pulse, and ideallythough less commonly in practice
the white light chirp: in this case, the NOPA can be tuned byknowledge of the variations of the parameters across the
slightly tilting the BBO crystal and/or varying the pump-seed pulse profile. Amplitude and phase can be measured in the
delay. A typical sequence of amplified pulse spectra obtainetime-frequency domain using frequency-resolved optical gat-
under these conditions is shown in Fig(d9as dashed lines. ing (FROG,'° pulse spectral phase can be measured using

[$2]
[=]
T

1

or ]
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a‘) Ti:Sapphire Compressor W
t—g 02l 200 DM1
3 FIG. 21. Scheme of an ultrabroadband near-IR OPA. DM1, DM2: dichroic
pd mirrors; DL: delay line; DF: dichroic filter.
0.0
1 N 1 " 1 " 1 " 1

' : The amplified pulses are coupled into a 30@ diameter, 60
-30 -20 -10 . 0 10 20 30 cm long, argon-filled fused-silica hollow fiber. The pulses
Time (fs) emerging from the fiber, frequency broadened by self phase
FIG. 20. Reconstructed temporal intensity of the compressed NOPA pulsEnOdUIatlon' are then compressed dOW_n to 18_ fs by a double
measured by the SPIDER technique. The inset shows the correspondifd@ss through a Brewster-cut quartz prism pair. Pulse energy
pulse spectrum. after compression is 20QJ. Parametric light conversion is
obtained in a three-pass optical parametric generation and
spectral interferometry for direct electric field reconstructionamplification system based on two BBO crystals, cut for type
(SPIDER),*?° and combined with a separate spectral ampli-Il collinear phase matching=27°). The seed pulse is
tude measurement from a spectrometer to obtain a timgormed by parametric superfluorescence and subsequent am-
domain reconstruction of the pulse. For the pulses generatddification in OPAL, designed in two-pass configuration em-
by the NOPA shown in Fig. 18 and compressed by theploying a single 5 mm long type Il phase-matching BBO
chirped mirrors, a full amplitude and phase characterizatiorystal pumped by~100 wJ pulses. The power amplifier
was achieved using the SPIDER technidtieA typical re-  OPAZ2 is pumped by~100 ©J pulses, matched with seed
constructed pulse amplitude profile is reported in Fig. 20pulses in time and space by means of a delay line and a
corresponding to a 5.7 fs pulse duration: its shape is remarlichroic mirror. Usig a 1 mmlong BBO crystal, pulses as
ably clean and nearly free of side lobes, indicating the googhort as 14.5 fésee Fig. 22 for a typical pulse autocorrela-
quality of the compressor. Using the FROG technique, dion), with a broad spectrum centered at lufn, are ob-
pulse duration as short as 4 fs was recently measdfed.  tained. Pulse energy is@J with peak to peak fluctuations of
So far we have discussed only the signal pulses geneftess than 15%. The observed pulse compression is in good
ated by the NOPA, the idler pulses have a bandwidth equal tégreement with that predicted by numerical simulations and
the signal pulses and are therefore potentially very shoriis due to a nonlinear temporal reshaping induced by the in-
However, Eq. 3(b) shows that the emission andleof the  terplay of GVM between the interacting pulsesgnal and
idler beam is wavelength dependent, so that the idler pulsigller pulses are moving in opposite directions with roughly
presents a large angular spectral dispersion. It is, however,
possible to compensate for it by use of a suitable grating-
cylindrical mirror combinationt?”**°subsequent pulse com- _ 1.0
pression using a standard Brewster-cut prism pair makes it 5
possible to generate sub-10 fs pulses in the near-IR Wave-\m_;o.s

length range. > ]
G 06 7400 feep 1300 14.5 fs FWHM
B. Ultrabroadband near-infrared optical parametric € | Wavelength (nm)
amplifier ;04
As an alternative to using the idler of the NOPA, few- 8

optical-cycle pulses in the near-IR can be generated by OPAs®
pumped by the FW of a Ti:sapphire laser, using short pump E
pulses and exploiting nonlinear pulse compression effects.
We will report on two OPA designs for short pulse genera- ~ 0.0
tion, exploiting respectively types Il and | phase matching. . )
Both schemes generate the short pulses directly from the -80 -60 -40 '20_ 0 20 40 60 80
OPA, without using pulse compressors. Time (fs)

The first design, shown in Fig. 2111 is pumped by a FIG. 22. Noncollinear autocorrelation of the pulses generated by the ultra-

standard amplified Ti:sapphire laser, which proyides 140 fsproadband near-IR OPA shown in Fig. 21. The inset shows the correspond-
500 wJ energy pulses at 0.78m at 1 kHz repetition rate. ing pulse spectrum.
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the same velocity with respect to the pump puksed pump 25011,3
pulse depletion at high conversion efficiency. The extraction | Ti:sapphire opai1l [oPaz| | opa3 4PW
of higher energies or the achievement of even larger pulsel, Seilaor I stretcher [ o[ Leo [ Kpp []eomPpressor [—
compression are limited by the onset of third order nonlinear
effect in the BBO crystals.

The second design is pumped &0 fs pulses from an ‘égf]m 4:"3080;1“
amplified Ti:sapphire laser and seeded by a white-light con-{ Asterix v Frequency
tinuum generated in a sapphire platé1?*Parametric ampli- THIS00Ps 171 wipling

fication takes place in two stages using type | BBO crystals

and generates pulses with energies greater thapb@nd  FiG. 23. Scheme of an OPCPA stage pumped by the Asterix IV iodine laser.
duration as short a 20 fs. The shortening by a factor of 2 of

the OPA pulses with respect to the pump pulses can be earametric amplification process, in the noncollinear geom-
plained as follows: in the last OPA stage, after reaching &itry, can provide gain bandwidths well in excess of those of
maximum energy the signal wave starts to recombine withyonyentional amplifiers and could sustain pulse spectra cor-
the idler to generate, by backconversion, some pump radi%sponding to a transform-limited duration f fs. High
tion. Due to GVM effects(in type | phase-matching signal energies are possible by using large nonlinear crystals, such
and idler pulses are moving in the same direction with re4g potassium dihydrogen phosph&DP), which can be
spect to the pumponly the trailing edge of the signal recom- grown to sizes of tens of centimeters. These crystals should
bines, giving rise to an effective saturable absorber effecpe capable of withstanding pump energies of hundreds of
which shortens the pulse. joules. In addition the OPCPA has the capability of providing
a high gain in a relatively short path; for example, an LBO
crystal pumped by 0.5 ns pulses at 0.52@, at intensities
below the damage threshold, can have a gain coefficient of
12 cm L. This short path length allows a compact, tabletop

We have seen that ultrafast OPAs have the capability tamplifier setup and also minimizes the linear and nonlinear
generate broadly tunable femtosecond pulses with moderatgthase distortions and ensures an excellent temporal and spa-
energy, which can be used for time-resolved spectroscoptjal quality of the pulses. Finally, the very low amplified
and other nonlinear optics experiments. In this paragraph wepontaneous emission level guarantees an excellent pulse
describe an application of OPAs to large-scale amplificatiorcontrast, and the almost complete absence of thermal loading
systems, which holds promise to replace the CPA scheme fan the crystals eliminates spatial aberration effects on the
the generation of the highest peak powers and intensities. beams.

There is a great interest in the generation of ever increas- The OPCPA concept is very promising and has been al-
ing laser peak powers and focused intensities, for a numbeeady implemented in a proof-of-principle experiment to
of current and potential applications. Using the CPA tech-generate TW-level pulses; in a low repetition rate system
nique, peak powers in excess of 1 PW and intensities great@umped by a Nd:glass laser chain, 0.5 J amplified stretched
than 1G* W/cn? have been demonstrated; to scale this perpulses were obtained, subsequently recompressed to 300 fs
formance to even higher levels, a number of issues must bauration'?’ More recently, using as pump a commercial
faced in conventional CPA systems. Since the energy level®-switched Nd:yttrium—aluminum—garnet laser, 31 mJ
are approaching the damage threshold of the compresspulses with 300 fs duration were obtained using a three-pass
gratings, significant increases of the peak power can be onl@PCPA, using just 40 mm of gain materfaf.In the follow-
achieved by shortening the pulse duration, which in turn reing we briefly describe the design of an OPC#pumped
quires an increase of the gain bandwidth. For strongly driveroy the high-power iodine laser Asterix IV, a conceptual
amplifying media, however, the phenomenon of gain narrowscheme of which is shown in Fig. 23. The Asterix IV pump
ing reduces the available bandwidth. In addition, prepulsdaser delivers at the fundamental wavelengitt815 nm) up
due to amplified spontaneous emission spoils the temporab 1.2 kJ of energy in pulses with a duration of 500 ps; the
pulse contrast, and the large linear and nonlinear phases ageam can be efficiently frequency tripled to generate over
cumulated in the long paths through the amplifying media500 J of energy at 0.438m. The 10 fs seed pulses are
prevent transform-limited pulse recompression andgenerated by a Ti:sapphire oscillator and then stretched to
diffraction-limited focusing. A novel high power amplifica- several hundreds picoseconds; parametric amplification takes
tion scheme, solving most of these problems, was recentlplace in three stages, using a noncollinear interaction geom-
proposed by Rosst al., based on the seminal work by Du- etry, and telescopes increase the beam size after each stage.
bietis et al,*?* and termed OPCPA. In this scheme paramet-The first two stages employ LBO because of its high nonlin-
ric gain is achieved by coupling a quasimonochromatic highear coefficient and broad amplification bandwidth, while the
energy pump fieldsuch as, for example, a nanosecond pulsdast stage uses KDP because this nonlinear crystal can be
generated by a neodymium lagéo a chirped, low energy grown in the large size&~30 cn) required to keep the flu-
broadband seed field in a nonlinear cry$tar!?’If the seed  ence below the damage threshold. After the compressor, en-
pulse is sufficiently stretched, good energy extraction fromergies of 100 J with pulse duration of 20 fs are expected,
the pump field can be achieved, and subsequent recompresarresponding to a peak power of 5 PW and to a focused
sion makes it possible to reach very high peak powers. Thintensity of 16> W/cn?. In principle, these performances are

V. CHIRPED PULSE OPTICAL PARAMETRIC
AMPLIFICATION
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well in excess of those achievable with state of the art CPAlivision multiplexing systems find their main limitation in
systems; whether the OPCPA scheme will fulfill its promisesthe bandwidth of Er-doped fiber amplifiers, which is cur-
still remains to be tested. Some possible problems whichently only 50—-80 nm around the wavelength of 158,
may arise in its practical implementation are: thermal load-and cannot cover the full transmission window of low-loss
ing due to residual absorption from the nonlinear crystalssilica fibers(1.2—1.7um). OPAs can in principle extend this
optical damage of the crystals, high alignment sensitivitybandwidth. However, in order to operate at the low peak
and low pulse-to-pulse stability. power levels typical of optical communications systems,
Finally, the OPCPA concept was applied successfully byvery high nonlinearities are required. This can be achieved
Galvanauskast al. to amplify the output of a femtosecond using periodically poled LiNb@ waveguides?* guided
Er-doped fiber lasét’ in a very compact all-solid-state sys- propagation allows to maintain high intensities over long in-
tem, achieving subpicosecond microjoule-level pulses. Quaseraction lengths, of the order of a few centimeters, while
phase matching in a periodically poled LiNp@rystal, giv-  quasi phase matching makes it possible to select the propa-
ing a nonlinear coefficient about an order of magnitudegation direction in LiNbQ which displays the highest non-
larger than in BBO, is exploited to achieve sufficiently high linearity. Using these systems, parametric gains of up to 65
gains at pump intensities below the damage threshold. dB can be achieved with punjpeakpowers of only 10 W,
making these devices very attractive for optical communica-

tion systems®
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