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Abstract We review the physical properties, linear and nonlinear optical characteristics, and phase-matching conﬁgurations
of BiB3 O6 (BIBO), the ﬁrst low-symmetry (monoclinic) inorganic nonlinear crystal that has found broad applications for
frequency conversion of laser sources from the UV, across the
visible, to the near-IR based on three-wave interactions. We
describe in detail the most relevant optical properties that make
this material an attractive candidate for nonlinear frequency conversion of laser light in general, and ultrafast femtosecond laser
sources in particular. With special focus on ultrafast frequency
conversion, characteristics such as group-velocity mismatch and
spectral acceptance, parametric gain bandwidth, group-velocity
dispersion, as well as angular acceptance and spatial walk-off
are evaluated and optimum conﬁgurations for the attainment of
maximum conversion efﬁciency, minimum pulse duration, and
highest spatial beam quality are identiﬁed and compared with the
most widely established alternative borate crystal, β-BaB2 O4 .
Experimental results are presented on both parametric up- and
down-conversion of femtosecond pulses, from the high-energy,
low-repetition-rate (1 kHz) to the low-energy, high-repetitionrate (56–76 MHz) regime, demonstrating the unique versatility
of BIBO for efﬁcient frequency conversion of femtosecond
pulses with broad tunability from 250 nm in the UV, throughout
the visible, up to ∼ 3000 nm in the IR.
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Photograph of a femtosecond synchronously pumped optical
parametric oscillator (SPOPO) based on BiB3 O6 emitting in the
yellow region of the spectrum. Pumped near 400 nm in the blue
by the second harmonic of a Kerr-lens mode-locked Ti:sapphire
laser, the SPOPO can generate femtosecond pulses across the
full visible range of 480–710 nm, from the blue-green, through
to yellow, orange and red.
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1. Introduction
Coherent optical sources with femtosecond pulse duration and wide tunability are of considerable interest for
a wide range of scientiﬁc and technological applications in
time-resolved spectroscopy, nonlinear optical microscopy,
frequency metrology, quantum optics, biotechnology, and
nanoscience. However, despite tremendous progress in ultrafast laser technology, substantial portions of the optical
spectrum from the ultraviolet (UV) to the infrared (IR)
still remain inaccessible to conventional mode-locked laser
sources and ultrafast ampliﬁers. The advent of novel vibronic laser gain media, most notably Ti:sapphire, has provided a new class of practical ultrafast solid-state lasers and
ampliﬁers, but even in such cases the maximum spectral
coverage available is limited to at best ∼ 300–400 nm. At
the same time, the restricted availability of suitable solidstate laser gain materials has conﬁned the wavelength coverage of existing ultrafast lasers and ampliﬁers, including
Ti:sapphire, mainly to limited regions in the near-IR.
Nonlinear optical techniques based on frequency conversion of laser light in second-order nonlinear materials
offer a highly effective method to expand the spectral range
of existing laser sources. Optical second-harmonic generation (SHG) and sum-frequency generation (SFG) can
provide spectral extension of laser sources to shorter wavelengths (up-conversion) while difference-frequency generation (DFG) can extend the spectral coverage to longer
wavelengths (down-conversion). Optical parametric generators (OPG), optical parametric ampliﬁers (OPA), and optical parametric oscillators (OPO) are also down-conversion
devices that can, on the other hand, provide widely tunable spectral coverage at longer wavelengths using ﬁxedfrequency laser sources with limited or no intrinsic tuning capability. At the same time, the instantaneous nature
of nonlinear gain allows frequency-conversion processes
to retain the temporal characteristics of the input pump
laser, hence enabling wavelength generation in all temporal
regimes from continuous-wave (CW) to ultrafast femtosecond time scales by an appropriate choice of pump laser
or ampliﬁer. These properties make nonlinear frequencyconversion processes attractive and practical techniques for
the generation of widely tunable radiation in spectral and
temporal regions where existing lasers and ampliﬁers or
alternative technologies are not available.
The vital element in any frequency-conversion process
is the nonlinear optical crystal. Together with the pump
source, it constitutes the essential ingredient in the practical
development of any frequency conversion system. In the
1990s, the emergence of a new generation of birefringent
nonlinear crystals for the UV, visible, and near-IR, primarily β-BaB2 O4 (BBO), LiB3 O5 (LBO) and KTiOPO4 (KTP),
with superior linear and nonlinear properties, provided
new impetus for the advancement of frequency-conversion
sources in these spectral regions. Combined with the availability of novel crystalline solid-state and ﬁber lasers and
ampliﬁers with improved spectral and spatial coherence
and high power, this led to practical development of new
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generations of frequency-conversion devices offering unprecedented performance capabilities and operating in all
temporal regimes, from the CW to the femtosecond time
scales. Subsequently, the advent of quasi-phase-matched
ferroelectric nonlinear materials, such as periodically poled
LiNbO3 (PPLN) and KTP (PPKTP), and periodically poled
stoichiometric LiTaO3 (PPSLT), had a profound impact
on the advancement of frequency-conversion sources, particularly in the low-intensity operating regimes. These developments have led to remarkable progress in frequencyconversion sources over the past two decades, vastly extending the wavelength range of existing laser sources to
new regions from the UV and visible to the near-IR. Yet,
in different device conﬁgurations and operating regimes,
major limitations still exist and important challenges still
remain, requiring the continued search for alternative new
nonlinear materials, laser pump sources and innovative design concepts.
This review is devoted to one particular nonlinear material, bismuth triborate, BiB3 O6 (BIBO), and more specifically to its unique properties and application potential
in frequency conversion of ultrafast (femtosecond) laser
pulses. BIBO offers large second-order optical nonlinearity, wide transparency from the UV to near-IR, ﬂexible
phase-matching and spectral properties, and high optical
damage tolerance. It is also not hygroscopic and readily
available in high optical quality, large size, and at low cost.
Once the linear and nonlinear characteristics of BIBO were
studied [1], a number of groups demonstrated a wide range
of nonlinear frequency-conversion processes in different
time scales.
In the CW regime, these include intracavity SHG of
Nd:YAG lasers at 532 nm [2], Nd:YVO4 lasers at 532 nm [3–
5] and 542 nm [5], Nd:YAG lasers at 473 nm [6–11],
Nd:GdVO4 laser at 456 nm [12–14], Nd:YVO4 laser at
671 nm [15], Nd:YLiF4 laser at 661 nm [16], Ti:sapphire
lasers at 423 nm [17], 392 and 405 nm [18, 19] as well
as continuously tunable from 373 to 435 nm [20], optically pumped semiconductor disk laser at 529 nm [21],
diode-pumped Rb vapour laser at 397.4 nm [22, 23], and
from 425 to 489 nm with a singly resonant OPO based
on PPSLT [24]; SHG in an enhancement cavity of diode
lasers at 423 and 390 nm [25, 26] and of Ti:sapphire
lasers at 384–425 nm [17, 27–30]; and intracavity SFG
of dual-wavelength Nd:YVO4 lasers at 593.5 nm [31, 32],
537 nm [5], and 491 nm [33]. Recently CW SHG at
∼ 491 nm has been demonstrated extracavity, using an
Yb-doped single-mode ﬁber laser [34]. The advantages
of BIBO in the CW regime include a high optical nonlinearity combined with the large angular acceptance and the
small spatial walk-off, which are important under the conditions of tight focusing. Impressive conversion efﬁciencies
have been achieved, such as 63% for SHG with respect to
the intracavity power at 946 nm [6], and second-harmonic
powers, for example 6.2 W at 456 nm [12] or ∼ 450 mW
single frequency at 460 nm [24].
Pumping with powerful nanosecond pulses generally
does not require tight focusing and issues such as angu-
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lar acceptance or walk-off are not particularly critical,
while lower effective nonlinearity can be compensated by
using thicker crystals or smaller beam sizes if the damage threshold is sufﬁciently high. With BIBO this regime
has been deployed for both up- and down-conversion processes: intracavity SHG has been studied at 532 nm with
an acousto-optically Q-switched Nd:YVO4 laser operating
at 10–50 kHz [35], at 671 nm with similar lasers operating at 15–70 kHz [15] and 10.1 kHz [36]; extracavity SHG
was demonstrated at 473 nm with passively Q-switched
Nd:YAG lasers operating at up to ∼ 40 kHz [37, 38], at
375–480 nm with a gain-switched Ti:sapphire laser operating at 1 kHz [39], and between 450 and 495 nm with the
signal wave of a 10-kHz OPO [40, 41]; extracavity thirdharmonic generation (THG) has been studied at 355 nm
with a Q-switched Nd:YVO4 laser operating at 10 kHz [36]
and at 374 nm with a Q-switched Nd:YAG laser operating
at ∼ 6.5 kHz [42]; an OPO based on type-I interaction in
BIBO was pumped at 532 nm to produce tunable radiation
from 735.6 to 970 nm (signal) and 1180 to 1930 nm (idler)
at 10 kHz repetition rate or at a reduced repetition rate of
10 Hz for increased output energy [43], efﬁcient type-II
interaction has also been reported for an OPO pumped
at 532 nm with a resonated idler wave at 1215 nm and a
repetition rate of 10 Hz [44], whereas a 1064-nm pumped
noncritical OPO at 10 Hz was temperature tunable from
1.625 to 3.083 μm [45]. The high effective nonlinearity of
BIBO has also led to high conversion efﬁciencies and powers with nanosecond pulses, including 59% for SHG at
671 nm [36] and 4.38 W at the same wavelength [15], 39%
conversion efﬁciency for THG at 355 nm [36] and 48%
efﬁciency with a total energy (signal plus idler) of 49.7 mJ
for a 10-Hz OPO [43].
Picosecond experiments have also been performed for
both up- and down-conversion processes. These include
SHG at 532 nm using 35-ps long fundamental pulses at
10 Hz [2, 7, 46–50] and 25 Hz [51]; THG at 355 nm using
the same pump sources [7, 51, 52]; SHG at 370–500 nm
of the signal pulses of a BIBO based OPG / OPA system
operating at 25 Hz [53]; 532-nm pumped OPG / OPA system at 25 Hz providing tunable picosecond pulses from
676 to 2497 nm [53], a similar OPG / OPA system pumped
at 355 nm with tunability from 450 to 1674 nm [53]; and
SHG at 370–450 nm of a mode-locked Ti:sapphire laser
operating at 76 MHz [54]. The up-conversion experiments
(SHG and THG) have always been extracavity. High conversion efﬁciencies have been obtained not only for low
repetition rate ampliﬁed systems, for example 68% for
SHG [2, 7, 47–50] or > 50% for THG [51], but also under
the conditions of tight focusing, namely with low-energy
mode-locked lasers operating at high repetition rates. Thus,
for example, a conversion efﬁciency of 52% and an average second-harmonic power of 990 mW were achieved by
frequency doubling the 2.4-ps long pulses at 76 MHz [54].
In the latter case the advantages of using BIBO over BBO,
in addition to the higher effective nonlinearity, include the
superior angular acceptance (for higher efﬁciency) and low
spatial walk-off (for a circular output beam proﬁle).
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The present discussion will review the application of
BIBO in the femtosecond time domain. These experiments have been realized, without exception, at ICFO and
MBI, and partially summarized in previous conference papers [55–58]. Several new experimental demonstrations
will also be included. Before presenting the complete set of
experimental results, however, we will review the relevant
properties of BIBO that make this crystal a unique nonlinear material and analyze its phase-matching and spectral
properties in more detail in separate sections.
Finally, we wish to highlight in this Introduction
some more exotic applications of BIBO as a nonlinear
optical material from the literature: These include the
SHG and SFG of subnanosecond supercontinuum at 400–
525 nm [59], the nonlinear cavity dumping of a Nd:GdVO4
laser by nanosecond intracavity SFG at 491 nm [60], the
phase-mismatched SHG as a stabilizer for a mode-locked
Nd:GdVO4 laser [61], and the direct THG at 355 nm in
BIBO based on its χ(3) nonlinearity [62, 63]. Note that
very recently BIBO was used as the nonlinear crystal in an
optical parametric chirped pulse ampliﬁer [64].

2. BIBO: relevant properties
BIBO crystallizes in the noncentrosymmetric monoclinic
space group C2 with cell parameters a0 = 7.116 Å, b0 =
4.993 Å, c0 = 6.508 Å, monoclinic angle β = 105.62◦ ,
and Z = 2, see [65] and references therein. The crystal
structure consists of (B3 O6 )3− rings that form sheets of
corner-sharing (BO3 )3− triangles and (BO4 )5− tetrahedra
in the ratio of 1:2 linked by six-coordinated bismuth cations.
It was suggested that the extraordinarily high, for a borate
crystal, second-order nonlinearity of BIBO is in fact due to
the (BiO4 )5− anionic groups [66].
Tensor properties, such as the second-order nonlinear
optical susceptibility, are generally reported in an orthogonal crystallophysical frame XYZ which is ﬁxed to the crystallographic frame abc by certain conventions: For monoclinic crystals, Y ≡ b and Z ≡ c [67]. This is shown
in Fig. 1, where all frames are right-handed. It was in this

Figure 1 (online color at: www.lprjournal.org) Crystallographic (abc), crystallophysical (XYZ) and dielectric (xyz)
frames of BIBO. All frames right-handed.
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Table 1 Effective nonlinearity deﬀ of BIBO in the principal optical planes (Kleinman symmetry assumed).
plane, interaction type, angles

ooe, oeo≡eoo

eeo, eoe≡oee

x–y, ooe (I− ), eoe≡oee (II− ≡III− )
θ = 90◦

−d13 sin ϕ

d14 sin 2ϕ

y–z, eeo (I+ ), oeo≡eoo (II+ ≡III+ )
ϕ = ±90◦

0

∓d12 cos2 θ ∓ d13 sin2 θ + d14 sin 2θ

x–z, eeo (I+ ), oeo≡eoo (II+ ≡III+ )
ϕ = 0◦ , Ω < θ < 180◦ − Ω
ϕ = 180◦ , Ω < θ < 180◦ − Ω

d12 cos θ
−d12 cos θ

−d14 sin 2θ
−d14 sin 2θ

x–z, ooe (I− ), eoe≡oee (II− ≡III− )
ϕ = 0◦ , 0 < θ < Ω or 180◦ − Ω < θ < 180◦
ϕ = 180◦ , 0 < θ < Ω or 180◦ − Ω < θ < 180◦

−d12 cos θ
−d12 cos θ

−d14 sin 2θ
d14 sin 2θ

crystallophysical frame XYZ, where the 8 independent nonlinear coefﬁcients of BIBO were measured by the Maker
fringe technique at 1079.5 nm [68]. For practical applications, however, it is highly desirable to operate with the
contracted nonlinearity tensor dil in the frame of the optical indicatrix or the principal optical axes xyz, the same
frame in which the phase-matching properties are analysed. In fact, this corresponds to the tradition established in
the nonlinear optics of monoclinic crystals [69]. Indeed, it
was not before the nonlinear coefﬁcients were transformed
into this orthogonal dielectric xyz frame [70] that BIBO
attracted the interest of several groups working in the ﬁeld
of nonlinear frequency conversion.
For point group 2 symmetry, one of the principal optical
axes (the x-axis in BIBO [1]) coincides with the 2-fold
symmetry axis b, but the position of the other two axes
depends both on wavelength and temperature (the xyz frame
rotates about the b-axis). The rotation of the y- and z-axes
with wavelength does not exceed ±1◦ in the main part of
the transparency range of BIBO [1] and has only a weak
effect on the calculated effective nonlinearity [36]. The
change with temperature is also rather small [71, 72], about
0.24◦ at 1064 nm for a temperature change of 100 °C.
Thus, the transformation of the components of the nonlinearity tensor, dil , was performed assuming an angle of
φ = 47◦ between the z- and X-axes, as shown in Fig. 1,
which corresponds to a wavelength of 810 nm [70]. The
results summarized in Table 1 of [70] indicate that the deviation from the Kleinman conjecture [67] does not exceed
±10%, which equals the experimental error [68]. Thus, it is
justiﬁed to assume that Kleinman symmetry holds and average the corresponding dil values. In this way, one arrives
at [73]: d14 = d25 = d36 = 1.66 pm/V, d11 = 2.53 pm/V,
d12 = d26 = 3.2 pm/V, and d13 = d35 = −1.76 pm/V,
with dil deﬁned in the xyz dielectric frame.
So far the nonlinear coefﬁcients of BIBO were estimated only by the Maker fringe technique [68, 74]. Several
rough estimates of deﬀ for various phase-matched processes
will not be discussed here, because they essentially conﬁrm
the results in [1] and, most importantly, they conﬁrm the
relative signs of the tensor components. Theoretical models
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provide close values only for some of the tensor elements,
but do not necessarily reproduce the relative signs obtained
from the experiment [66, 75–78].
In the principal planes of the same frame, the expressions for deﬀ of a crystal with point group symmetry 2
are given in Table 1 [73]. Here, θ and ϕ are the standard
polar and azimuthal angles (spherical coordinates) in the
xyz frame, while the notations “o” and “e” for the ordinary
and extraordinary waves with respect to the corresponding principal plane, used in a sequence, always follow
the convention λ1 λ2 λ3 for three wave interactions with
λ1  λ2 > λ3 . The superscripts “+” and “−” assigned to
the type-I, -II, and -III interaction denote “positive-” and
“negative-” type interaction in the principal planes in analogy with uniaxial crystal notations.
Note that Table 1 lists the expressions for effective nonlinearity in all 8 octants. For monoclinic crystals, symmetry
considerations indicate that only two octants with common
principal plane are sufﬁcient to uniquely describe all possible three-wave interactions. Normally, this is the ﬁrst octant
(0  ϕ  90◦ , 0  θ  90◦ ) and one adjacent octant
but no speciﬁc convention exists. We will further assume
that the second octant is (0  ϕ  90◦ , 90◦  θ  180◦ ).
Thus, all cases with ϕ = 180◦ and 270◦ in Table 1 will be
irrelevant because they simply duplicate others. The proﬁle
of deﬀ in the remaining 6 octants can be obtained simply by
the 2/m symmetry, that is by reﬂections across the mirror
plane and rotations about the two-fold axis. This is related
to the fact that the conversion efﬁciency in nonlinear optics
obeys inversion symmetry in addition to crystallographic
symmetry and the sign of deﬀ is unimportant because it is
the proﬁle of d2eﬀ that speciﬁes conversion efﬁciency along
a given phase-matching direction. In terms of d2eﬀ , both
acentric monoclinic classes exhibit a net symmetry of 2/m,
a consequence of the well-known fact that in the presence
of inversion symmetry a two-fold axis becomes a normal to
a mirror plane and vice versa [67]. While the sign of deﬀ is
unimportant, and in what follows we will use the absolute
value, one should be careful with relative signs when more
coefﬁcients are involved, for example in the deﬀ expression
in the y–z plane (Table 1).
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Figure 2 (online color at: www.lpr-journal.org) Wavelength
dispersion of the angles φ (data from [1]) and Ω (calculated with
the ﬁts from [63]). See also Fig. 1.

The angle Ω in Table 1, which separates the different
interaction types in the x–z plane, is deﬁned by
⎡ 
⎤
2 − n2
n
nz
y
x⎦
.
(1)
Ω = arcsin ⎣
ny n2z − n2x
This is the angle between each of the two optic axes shown
in Fig. 1 and the z-axis. Propagation along the optic axes in
a biaxial crystal corresponds to a phase velocity, c/n, which
is independent of polarization.
Assuming nx < ny < nz for the principal values of
the refractive index, biaxial crystals for which Ω < 45◦
are termed positive, in analogy with uniaxial crystals, and
those for which Ω > 45◦ is satisﬁed, are referred to as
negative. As can be seen from Fig. 2, BIBO is a positive
biaxial crystal and the wavelength dispersion of angle Ω
is more pronounced than that of angle φ. Nevertheless, to
derive the simpliﬁed relations in Table 1, it is necessary
to neglect the dispersion of Ω, that is to assume the same
angle for the three interacting wavelengths. Moreover, these
expressions are approximate, since the spatial walk-off due
to birefringence is also neglected. However, formalism for
walk-off corrections of deﬀ expressions for biaxial crystals exists [67].
More general expressions for deﬀ , in terms of fast and
slow waves for propagation outside the principal planes can
be found in [73]. In this case, the angle Ω not only enters
the expressions for deﬀ , it also deﬁnes (together with θ and
ϕ) the polarization directions of the two orthogonal eigenpolarizations. Obviously, also in this case its dispersion is
normally neglected.
As can be seen from Table 1, the effective nonlinearity for point group 2 vanishes in the plane normal to the
two-fold axis if two of the three interacting waves are ordinary [73]. In this plane, the dependence of deﬀ in BIBO on
the polar angle is neither even nor odd. The maxima and
minima of deﬀ occur in this plane in directions that do not
coincide with the principal optical axes, as is the case in
orthorhombic biaxial crystals [69]. Hence, in this plane it
is possible to phase match one and the same three-wave
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process with the same type of interaction (I, II or III) at
two different angles θ. This leads to different deﬀ (in planes
with sin 2ϕ or sin 2θ dependence of the effective nonlinearity, maximum deﬀ occurs at 45◦ , but different values for
the same phase-matching process are not possible). This
is the fundamental difference between monoclinic acentric
crystals and biaxial crystals with higher (orthorhombic)
symmetry, where one octant is sufﬁcient to describe both
linear (dispersion and birefringence) and nonlinear (deﬀ )
properties. As a consequence, in low-symmetry crystals
such as BIBO, one has an additional degree of freedom for
achieving maximum deﬀ . As can be seen from Table 1, for
three given wavelengths that satisfy λ1  λ2 > λ3 , the
phase- matching directions in the other principal planes will
correspond to different deﬀ , but in each case the interaction
type (I, II, or III) is also different.
There is no certainty that all possible polarization conﬁgurations with nonvanishing deﬀ in Table 1 are phase
matchable. The latter depends on the dispersive properties.
The ﬁrst refractive index measurements for BIBO at 1079.5
and 539.75 nm appeared in [68], and Sellmeier equations
containing one UV pole and a quadratic IR correction term
were ﬁrst derived in [1] by ﬁtting measurements extending
from 365 to 2325 nm. Note that the difference between nx
and ny in BIBO is much smaller compared with the difference with nz , which is reﬂected in the fact that Ω  90◦
(quasi-uniaxiality). The reﬁnement in [45, 71] was based
on OPO data and had validity from 474 to 3083 nm. More
recently, the same authors published a further reﬁnement
of the Sellmeier equations based on direct THG (four-wave
process) for propagation along the x principal optical axis,
where the second-order nonlinearity deﬀ (see Table 1) vanishes [63]. These equations, reproduced in Table 2, which
are used in the present work, are valid between 326.3 and
3083 nm. It should be noted that OPO, SHG and SFG processes have also been used to derive thermo-optic dispersion formulae for BIBO [45, 63, 71, 72], important for temperature dependent phase matching in the 20–120 °C range.
Table 2 Sellmeier coefﬁcients of BIBO: n2 = A + B/(λ2 −
C) − Dλ2 valid in the 0.32–3.09 μm range (from [63]).

nx
ny
nz

A

B [μm2 ]

C [μm2 ]

D [μm−2 ]

3.0759
3.1698
3.6546

0.03169
0.03666
0.05116

0.03323
0.03599
0.03713

0.01402
0.01819
0.02299

Other refractive index measurements of BIBO appeared
in [2] and other measurements of the thermo-optic coefﬁcients can be found in [79]. In [80] the refractive indices
were measured at four temperatures for four wavelengths
and four sets of Sellmeier equations were ﬁtted for different
temperatures. However, the obtained thermo-optic coefﬁcients are very different from those in [63], see Table 3. A
possible explanation for this discrepancy is that in [80] the
effect of the thermal expansion on the index values had not
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Table 3 Some physical properties of the monoclinic BIBO crystal.
Properties

[Ref.]
726 °C a

melting point (congruent)

[81]
C23

– 2)

[65]

crystal structure (space group – point group)

monoclinic noncentrosymmetric (C2≡

lattice constants

a0 = 7.116(2) Å, b0 = 4.993(2) Å, c0 = 6.508(2) Å,
β = 105.62(3)◦ , Z = 2

[65]b

cell volume and density

222.69 Å3 and 5.033 g/cm3

[65]c

270 nm / 4.59 eV

[46, 47, 50, 82]

286–2600 nm

[82]

UV cut-off edge / bandgap
−1

transparency range (1 cm

level)

−1

absorption / scattering losses at 1064 nm

< 0.0009 cm

[83]

refractive index at 632.8 nm / 1064 nm

nx = 1.77668/1.75752, ny = 1.80641/1.78400,
nz = 1.94582/1.91711

[63]

optical ellipsoid orientation (632.8 nm)

x//b, ∠(a,z) = 31.1◦ , ∠(c,y) = 46.72◦

[1]

angle between the two optic axes at 1064 nm

2Ω = 52.6◦ (optically positive)

[63]

−1

/ 2140 K

[84]

strongest phonon mode / Debye temperature

1485 cm

speciﬁc heat

500 J/kg K @ 57 °C

[50]d

thermo-optic coefﬁcients at 632.8 nm

dnx /dT = 8.6 × 10−6 K−1 ,
dny /dT = −3.7 × 10−6 K−1 ,
dnz /dT = −6.3 × 10−6 K−1

[63]

at 1064 nm

dnx /dT = 3.5 × 10−6 K−1 ,
dny /dT = −5.6 × 10−6 K−1 ,
dnz /dT = −6.8 × 10−6 K−1

thermal expansion coefﬁcients α and orientation of the thermal expansion ellipsoid,
X1 X2 X3

α11 = −28.9 × 10−6 K−1 , α22 = 53.7 × 10−6 K−1 ,
α33 = 9.3 × 10−6 K−1 ,
X 2 //b, ∠(X 3 , c) = 8.4◦

[85]e

two-photon absorption coefﬁcient at 355 nm

βx = 0.71 cm/GW, βyz = 1.37 cm/GW

[51]f

βx = 7.1 cm/GW, βyz = 16 cm/GW

[36]g

Kerr type nonlinearity n2 at 1064 nm

n2x = 9.5 × 10−16 cm2 /W,
n2y = 11.4 × 10−16 cm2 /W,
n2z = 19.6 × 10−16 cm2 /W

[86]h

damage threshold

> 300 GW/cm2 (45 fs @ 800 nm)
> 48 GW/cm2 (56 ps @ 1064 nm)
> 3.5 GW/cm2 (40 ps @ 532 nm), > 1 GW/cm2 (29 ps @ 355 nm)
0.6 GW/cm2 (5 ns @ 1064 nm), 0.4 GW/cm2 (< 5 ns @ 532 nm)
55 MW/cm2 (E//x), 59 MW/cm2 (E⊥x)∗ (7.8 ns @ 355 nm)
∼ 160 kW/cm2 (E//x, CW @ 473 nm)

[87]
[86]
[51]
[4]i
[36]
[6]

Moh’s hardness

5–6

[49, 88, 89]

a

708 °C in [90, 91];
slightly different parameters measured in [47, 48] while the assignment in the preliminary work [92] seems different;
c
4.897 g/cm3 estimated in [47–49] by the buoyancy method;
d
measured in the 40–210 °C range;
e
measurement from –100 to 300 °C by dilatometry – the ﬁts contain also quadratic terms, similar measurements in the 25–299.5 °C
range gave the values α11 = −26.43 × 10−6 K−1 , α22 = 50.4 × 10−6 K−1 , α33 = 8.53 × 10−6 K−1 and ∠(X 3 , c) = 8.9◦ [93, 94];
f
measurements with 29-ps pulses at 355 nm with a crystal cut of ϕ = 90◦ , θ = 146◦ ;
g
measurements with 7.8 ns pulses at 355 nm with a crystal cut of ϕ = 90◦ , θ = 123.7◦ ;
h
measured with 56-ps pulses using the Z-scan technique, values increased here by a factor of ∼ 1.23 to account for the actual beam waist;
i
6–7 GW/cm2 given in [74] for 6 ns pulses at 1064 nm;
∗
see g for the cut.
b

© 2010 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org

Laser & Photon. Rev. 4, No. 1 (2010)

59

Figure 3 (online color at:
www.lpr-journal.org) As-grown
from the melt single crystal of
BiB3 O6 , BiBO or BIBO, (a) and
its morphology (b). The seed
used can be seen in the upper
left corner of (a). The crystal is
conﬁned with perfect crystallographic faces except its part surrounding the seed.

been accounted for, whereas this effect was taken into account in [79]. In any case, the results of [63] should be most
reliable because the reﬁnement is based on phase-matched
nonlinear processes and not simply index data.
The UV cut-off wavelength in BIBO is at 270 nm [46,
47, 50, 82]. Theoretical calculations of the electronic structure indicate an indirect bandgap in this region [95, 96].
At the 1 cm−1 absorption level, the transmission of BIBO
extends from 286 to 2600 nm [82]. The absorption feature near 2400 nm is seen only in thick samples [1, 46,
47, 50, 82]. The same also holds for the OH− peak near
2800 nm [46, 50, 82]. The transparency of BIBO extends up
to 6250 nm [47], but the practical upper limit is determined
by two-phonon absorption.
Several studies were devoted to the vibrational spectra of BIBO: Raman scattering [84, 97–100], IR spectroscopy [99], and polarized reﬂectivity measurements [101].
Stimulated Raman scattering has also been observed [98].
The strongest phonon mode determined in all these studies
has almost the same frequency (see Table 3). The vibrational frequencies of BIBO were calculated from ﬁrst principles in [102]. Twice the energy of the strongest phonon
mode corresponds to a wavelength of ∼ 3370 nm, which
matches well with the onset of strong absorption in the IR
spectrum of BIBO [47].
BIBO is in fact one of the crystals offering highest
characterized optical quality and homogeneity [83, 103].
The linear losses measured at 1064 nm, see Table 3, are
comparable to the losses in high-quality KTP, and roughly
two times lower than those typically observed in BBO and
LBO. BIBO is a chemically stable and nonhygroscopic
crystal [47–49]. Besides the damage levels listed in Table 3,
photorefractive effects have been observed in SHG with
tightly focused CW beams [17, 27, 104]. Information on
other characteristics such as electro-optic, piezoelectric and
elastic properties, can be found in [79] and [105].
Finally, at present BIBO can be grown by top-seeded
growth from stoichiometric melts. Maximum sizes of
∼ 20 × 20 × 30 mm3 [81], ∼ 44 × 24 × 10 mm3 [47], and
∼ 30 × 30 × 40 mm3 [7, 106], see Fig. 3, and weight of
120 g [93, 106] have been reported in the literature.
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3. Phase matching in BIBO
There exists no universal nonlinear crystal that can simultaneously meet the requirements for all nonlinear frequencyconversion processes. When discussing the unique properties of BIBO, one considers comparison to other crystals
for applications in similar spectral range. Typical borate
crystals used in nonlinear optics, such as LBO or BBO,
although widely exploited for the visible and near-IR, are
the crystals of choice for the UV down to 160 nm. In contrast, BIBO does not possess such deep-UV transparency.
Hence, within its transparency range, it should also be compared with crystals such as KTP and its isomorphs that
exhibit nonlinearities higher than the borates. Indeed, for
certain three-wave interactions, such as frequency doubling
of 1-μm lasers [1], BIBO has been demonstrated to possess
higher effective nonlinearity than KTP. Combined with the
fact that BIBO exhibits larger bandgap, and consequently
higher damage threshold and lower two-photon absorption,
this implies really unique capabilities in the visible and nearIR. However, if and to what extent such properties come
into play depends on the phase-matching characteristics,
which are determined by the dispersion and birefringence
properties of BIBO. Although most of the following experimental results will be related to down-conversion, the
phase-matching properties can be presented in a more compact and illustrative form for SHG (the reverse process in
the case of degeneracy).
The Hobden diagrams for collinear type-I and type-II
SHG in BIBO are shown in Figs. 4 and 5. The points where
possible loci of directions change their topological pattern correspond to the fundamental wavelengths for which
the transitions between the different Hobden classes take
place [107], see Table 4.
Note that the transition wavelengths correspond to the
so-called noncritical phase matching along one of the three
principal optical axes, either for type-I or type-II SHG.
However, in several cases the fundamental or second harmonic lie outside the clear transmission range where the
Sellmeier ﬁts (Table 2) are also only extrapolated. Furthermore, deﬀ for this crystal symmetry vanishes for propaga-
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Figure 4 (online color at: www.lpr-journal.org) Hobden diagrams for type-I SHG in BIBO.
Table 4 Hobden classes for collinear SHG and transition (fundamental) wavelengths with the corresponding noncritical directions
(dielectric axes) and types of phase matching (I or II).
transition wavelength [nm]

axis

type

14→13

545.7

y

I

13→8

614.3

x

I

8→7

690.0

y

II

7→6

793.7

x

II

6→2

1181.5

z

I

2→6

2272.8

z

I

6→7

3800

x

II

7→8

4330

y

II

8→13

5107

x

I
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Figure 5 (online color at: www.lpr-journal.org) Hobden diagrams for type-II SHG in BIBO.

tion along the x-axis and also for propagation along the
y-axis and type-II phase matching, as can be seen from
Table 1. Thus, the only practical cases of noncritical phase
matching remain for type-I interaction along the z-axis at
1181.5 and 2272.8 nm, which are characterized by maximum effective nonlinearity |deﬀ | = d12 .
The behavior of deﬀ in two octants, calculated using
the general analytical formula from [73], is shown for two
representative fundamental wavelengths and type-I interaction in Fig. 6. The proﬁles for a fundamental wavelength of
800 nm in Fig. 6a indicate maximum |deﬀ | in the y–z principal plane for the (0  ϕ  90◦ , 90◦  θ  180◦ ) octant.
In contrast, at a fundamental wavelength of 1600 nm, the
absolute maximum is also in the same octant, but not in a
principal plane. Very high deﬀ is available, however, also
in the x–z plane. For any wavelength, the values in the x–z
plane are equal for the two octants (see Table I).
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Figure 7 (online color at: www.lpr-journal.org) Fundamental wavelength and effective nonlinearity versus phase-matching
angle for type-I (black and red curves) and type-II (blue and
green curves) SHG in the principal planes of BIBO for the cases
when deﬀ = 0.
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Figure 6 (online color at: www.lpr-journal.org) Effective nonlinearity of BIBO for collinear type-I SHG and fundamental wavelengths of 800 nm (a) and 1600 nm (b) along the phase-matching
loci in two octants.

The phase-matching conﬁgurations for collinear SHG
in the three principal optical planes, together with the absolute value of the effective nonlinearity, are depicted in
Fig. 7. In the x–y plane, negative type-I phase matching
is possible from 545.7 nm (|deﬀ | = d13 , but strongly absorbed second harmonic) to 614.3 nm, where deﬀ vanishes.
Negative type-II phase matching in this plane is possible
between 690 and 793.7 nm. The effective nonlinearity has
a maximum value of |deﬀ | = d14 near 738 nm but vanishes
at both limits.
In the x–z plane, both positive and negative type-I
phase matching are possible. Negative type-I extends from
1181.5 to 2272.8 nm and, as already mentioned, is characterized by maximum|deﬀ | = d12 in the two limits. Since
the polar angle increases only up to about θ = 11◦ throughout the whole wavelength range, the effective nonlinearity
remains generally high (of the order of d12 ). The positive
type-I phase matching covers wavelengths from 614.3 nm,
where deﬀ vanishes, up to above the IR transparency limit
of BIBO. The effective nonlinearity is maximized at 920
and 3479 nm, with |deﬀ | = d14 . Thus, across the entire
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wavelength range, the effective nonlinearity is roughly two
times lower than for the case of negative type-I phase matching in the same plane. Only positive type-II phase matching
is possible in the x–z plane. It starts from 793.7 nm, where
deﬀ again vanishes, and extends beyond the IR transmission
limit. The effective nonlinearity is maximized at 1739 nm,
reaching a value |deﬀ | = 0.72d12 .
In accordance with our selection of the two octants, although the phase matching is symmetric across the y-axis,
the effective nonlinearity in the y–z plane, which is nonzero
only for type-I phase matching (Table 2), has to be considered in the 0  θ  180◦ interval. One branch of the
solutions extends from 545.7 nm (θ = 90◦ , |deﬀ | = |d13 |)
to 1181.5 nm (θ = 0◦ , 180◦ , where |deﬀ | = d12 ). Although
the effective nonlinearity has the same limiting values in
both octants, in between it is different. For 0  θ  90◦ ,
maximum effective nonlinearity (|deﬀ | = 2.26 pm/V) is
obtained at 584 nm for θ = 73.2◦ , while it vanishes
at 811 nm. For 90  θ  180◦ , maximum effective nonlinearity (|deﬀ | = 3.70 pm/V) is obtained at 895 nm for
θ = 163.3◦ , while it vanishes at 583 nm.
There is a second branch of solutions in this plane,
which starts from 2272.8 nm at θ = 0◦ , 180◦ (|deﬀ | =
d12 ) and extends beyond the IR transmission cut-off. For
this branch of the solution, the effective nonlinearity is
always higher for the ϕ = 90◦ , 90  θ  180◦ octant
where |deﬀ |  d12 .
The above analysis of the SHG phase matching in the
principal planes of BIBO refers to collinear propagation
of the waves. Noncollinear SHG in the principal planes of
BIBO has also been considered in [108].
Let us now consider the more practical comparison with
BBO in terms of effective nonlinearity, internal angular ac-
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be a limiting factor under conditions of tight focusing of
low-intensity laser beams, but in general it is maximized
near the principal optical axes, where the effective nonlinearity is also maximum. As is well known, in the case
of critical phase matching away from the principal optical
axes, the walk-off angle caused by birefringence (Fig. 8c)
is inversely proportional to the angular acceptance. However, in the vicinity of these axes, this parameter tends to
zero. Apart from the case of eeo phase matching in the x–z
plane, which has no advantages, both angular acceptance
and spatial walk-off are more favorable in BIBO than in
BBO for type-I phase matching, and with higher effective
nonlinearity (Fig. 8a). This increases the tolerance of phase
matching to tight focusing (or poor spatial beam quality) of
the fundamental in the SHG process, resulting in improved
SHG output power, conversion efﬁciency, and spatial beam
proﬁle. In type-II phase matching, BIBO is superior in some
respects and inferior with regard to other characteristics,
see Fig. 8, and this depends on the fundamental wavelength
(if it is below or above 0.9 μm).
Also, interestingly, for wavelengths near 1.2 μm, the
walk-off angle approaches zero. This makes BIBO very
attractive for SHG of CW or low-intensity pulsed Nd-lasers
under type-I noncritical phase-matching condition [36].
On the basis of the SHG phase-matching analysis in this
section, it can be concluded that propagation in the vicinity
of the z-axis and type-I interaction are deﬁnitely most important for BIBO, because one can simultaneously achieve
high effective nonlinearity, large angular acceptance and
minimum spatial walk-off, all of which are highly desirable
for any nonlinear frequency-conversion process. However,
the situation with the spectral parameters, which are closely
related to interaction of ultrashort (femtosecond) pulses, is
different, and we devote a special section to this analysis.

0.5

1.0

1.5

2.0

2.5

3.0

3.5

wavelength  μ m]
Figure 8 (online color at: www.lpr-journal.org) Effective nonlinearity (a), internal angular acceptance (b) and spatial walk-off (c)
versus fundamental wavelength for SHG in the principal planes of
BIBO in comparison to BBO. In (a) and (b), dashed curves refer
to type-II interaction, in (c) dashed curves refer to the walk-off
angle for the fundamental wave and the dash-dotted curve – for
the second harmonic.

ceptance bandwidth, and spatial walk-off in the principal
planes of BIBO as a function of fundamental wavelength.
As can be seen from Fig. 8b, the angular acceptance could
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In this section, due to the relevance to the experimental
results, we will consider the SHG process in more detail, as
a degenerate SFG process, and down-conversion in BIBO,
focusing on the potential of the material for frequency conversion of ultrashort (femtosecond) laser pulses. In all cases,
the simplest analytical treatment of the temporal limitations
is based on the spectral acceptance, and with the convention
λ1  λ2 > λ3 one can simultaneously describe several processes. However, OPG and OPA are travelling-wave devices
without an optical cavity, which require much higher pump
intensities, and hence consideration of the parametric gain
bandwidth is desirable. This parameter is proportional to
the spectral acceptance but, in addition, takes into account a
gain factor. On the other hand, the OPO is a device that operates under low to moderate pump intensities and, as such,
requires an optical cavity. It can be pumped directly by CW,
microsecond, or nanosecond pulses, or synchronously by
ultrafast picosecond and femtosecond pulses. Femtosecond synchronously pumped OPOs (SPOPOs) are generally
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Δν1 = Δν2 = 0.886/(L|Δ|) ,

Δν1 =

1.772
,
πL |k1 + k2 − 4k3 |

(3)

where the group velocity dispersion, GVD (k  ), at the
second-harmonic predominates (see Fig. 9). Equations (2)
and (3) are strictly valid only in the ﬁxed-ﬁeld approximation [69], equivalent to low conversion efﬁciency. Moreover, they are derived assuming monochromatic waves and
neglecting the different group velocities. When operating
with femtosecond pulses, type-I phase matching is generally preferable, because there is no additional reduction in
efﬁciency caused by the GVM between the two fundamental waves as in type-II interaction.
Fig. 9 shows the GVM and GVD parameters calculated for type-I BIBO and BBO (data for BBO taken
from [69, 88]). It is clear that both crystals have very broad
and similar spectral acceptance near 1600 nm, where the
GVD starts to play a role in the broadening of secondharmonic pulses. Hence, in this wavelength region, which
is interesting for mode-locked Er-ﬁber lasers generating
sub-100 fs pulses at ∼ 100 MHz repetition rates, BIBO is
the best candidate for efﬁcient SHG if short pulse durations
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Figure 9 (online color at: www.lpr-journal.org) Group velocity
mismatch (GVM), bottom, and group-velocity dispersion (GVD,
k”), top, for type-I SHG in BIBO and BBO versus fundamental
wavelength. FW: fundamental, SH: second harmonic.

(2)

where L denotes the crystal length and Δ = 1/v1 + 1/v2 −
2/v3 , with v1 , v2 , and v3 denoting the group velocities
of the fundamental (possibly two different polarizations
and hence group velocities) and the second harmonic, respectively. The above equation refers to the fundamental.
At the second harmonic, the bandwidth is twice as large,
Δν3 = 2Δν1 (in terms of wavelengths this relation is
reversed, 2Δλ3 = Δλ1 ). Only in the vicinity of the wavelength at which the group velocity mismatch (GVM) parameter, Δ, vanishes, is it necessary to consider next-order
terms in the expansion of wave mismatch [69]. This leads to


0.25
500

1/v1-1/v3 [fs/mm]

pumped by mode-locked lasers at repetition rates of the
order of 100 MHz, while femtosecond OPGs and OPAs are
pumped by regenerative and/or multipass laser ampliﬁers
operating at typical repetition rates of 1 kHz or higher.
BIBO is a useful nonlinear crystal throughout its entire
transparency range and in any time scale, from femtosecond
pulses to CW laser radiation. In general, its performance
could be compared to a number of other nonlinear crystals, such as the birefringent BBO, LBO, KTP, KNbO3 ,
or periodically poled materials such as PPKTP or PPSLT.
However, concerning the ultrashort (femtosecond) time
scale, its dispersion properties indicate that only a comparison with BBO is appropriate (LBO could also compete
with regard to low dispersion, but its nonlinearity is already
much lower than that of BIBO). For this reason, in the following analysis, we will compare the properties of BIBO
primarily with BBO.
The spectral acceptance for SHG, derived from the
phase-matching condition by considering the conversion
efﬁciency [69], is given by

are to be maintained. This is so because the effective nonlinearity of BIBO is superior to BBO, and this plays a major
role in obtaining higher efﬁciency when using tight focusing with such low-power, high-repetition-rate femtosecond
sources. The conversion efﬁciency with BIBO will also
be higher at other wavelengths, for example near 800 nm,
but this advantage could be matched by using a thicker
BBO crystal, offering lower GVM at such wavelengths (see
Fig. 9). Nevertheless, BIBO can still be advantageous at
other wavelengths because for a given crystal length its
larger angular acceptance and smaller spatial walk-off can
result in superior output beam quality.
Figs. 10 and 11 show the important case of SPOPO
pumped near 800 nm, where mode-locked Ti:sapphire
lasers at ∼ 100 MHz repetition rate can be used as the pump
source. Only negative type-I phase matching in the x–z
plane of BIBO is shown in Fig. 10, because the positive
type exhibits much lower effective nonlinearity, whereas
Fig. 11 covers both oeo and eoo type-II phase matching in
the x–z plane.
The phase-matching curves for type-I phase matching
in BIBO, shown in Fig. 10a, cover the full transparency
range. After reaching a maximum polar angle (slightly
above 11◦ ), the curves change their character of dependence on pump wavelength, and exhibit retracing behavior
(two pairs of signal and idler phase matched simultaneously), which is an indication of broad spectral acceptance
(extremely weak dependence on the critical angle). The behavior of BBO is, in principle, similar (shown, for brevity,
only for λ3 = 800 nm). The effective nonlinearity is almost
constant with wavelength in both crystals but much higher
in BIBO.
The spectral acceptance in nondegenerate three-wave
interactions can be calculated analytically only under additional assumptions. Generally, for OPOs, OPGs and OPAs,
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Figure 10 (online color at: www.lpr-journal.org) Downconversion in BIBO and BBO for negative type-I (ooe) phase
matching at ﬁve pump wavelengths near 800 nm (a). The effective nonlinearity in both crystals is shown only for λ3 = 800 nm.
GVM in BIBO and BBO for the same phase matching and pump
wavelength equal to 800 nm (b).

Figure 11 (online color at: www.lpr-journal.org) Downconversion for type-II phase matching, positive in BIBO and
negative in BBO, at a pump wavelength of λ3 = 800 nm (a).
The effective nonlinearity in both crystals is also shown. GVM
in BIBO and BBO for the left branches of the phase-matching
curves, oeo type in BIBO and eoe in BBO (b).

it is assumed that the pump wave at λ3 has a much narrower
bandwidth than the signal and idler waves. In that case, the
spectral acceptance is given by

metric down-conversion, is almost the same in BIBO and
BBO (Fig. 10b).
In both crystals, type-II phase matching has two
branches (Fig. 11a). In both branches, the effective nonlinearity varies with wavelength, but it is always higher
for the left branch (oeo in BIBO and eoe in BBO), which
alone can cover the entire transparency range with smaller
variation of the critical angle. In all cases, the effective
nonlinearity is substantially higher for BIBO than for BBO.
The GVM parameters, for only the left branches, are
shown in Fig. 11b. The temporal walk-off between the
pump and signal waves is smaller in BIBO, but the spectral acceptance, as deﬁned by Eq. (4), is also smaller. Note
that ﬁnite spectral acceptance is maintained in both crystals up to degeneracy, in contrast to type-I phase matching,
Fig. 10, where higher-order terms have to be considered in
this limit.
The situation for pumping near 400 nm (second harmonic of femtosecond Ti:sapphire lasers) is shown in
Figs. 12 and 13. Type-I eeo phase matching in BIBO
(Fig. 12) is realized in the 90◦  θ  180◦ part of the

Δν1 = Δν2 = 0.886/(L|Δ12 |) .

(4)

For completeness, Fig. 10b shows all the GVM parameters of BIBO and BBO for λ3 = 800 nm. Moving with
the signal wavelength towards degeneracy, one can see
that BIBO always exhibits a smaller GVM parameter Δ21 ,
equivalent to a larger spectral acceptance. There is also a
fairy broad spectral range, only in the case of BIBO, near
λ2 = 1340 nm, where the signal and idler pulses travel with
group velocities very close to that of the pump. This interesting property of BIBO, which will be discussed in more
detail later in this section, is related to the fact that pump
wavelengths near 800 nm are close to the point where, in
the SHG process, the second harmonic has the same group
velocity as the fundamental (see lower part of Fig. 9). At
degeneracy, the temporal walk-off of the signal/idler pulses
from the pump, which determines the efﬁciency of the para-
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Figure 12 (online color at: www.lpr-journal.org) Downconversion in BIBO (positive type-I, eeo) and BBO (negative
type-I, ooe) at three pump wavelengths near 400 nm (a). The lower
abscissa refers to BBO and the upper one to BIBO. The effective
nonlinearity in both crystals is shown only for λ3 = 400 nm.
GVM in BIBO and BBO for the same phase matching and pump
wavelength equal to 400 nm (b).

y–z plane in order to exploit higher effective nonlinearity
(see Table 1). Type-II phase matching (Fig. 13) utilizes the
same conﬁguration as for pumping near 800 nm.
Also for pumping near 400 nm, type-I phase matching
in BIBO exhibits much higher effective nonlinearity than
BBO, see Fig. 12a, The GVM parameters are, however, in
general roughly two times larger (Fig. 12b).
The situation with type-II phase matching is different
when pumping near 400 nm, because deﬀ of BIBO is in
fact comparable or even lower, depending on the visible
signal wavelength, than that of BBO, see Fig. 13a. For both
crystals, the GVM parameters change to a lesser extent with
wavelength. Their values are much higher for BIBO, and it
can be concluded that there are no advantages in using this
polarization conﬁguration.
The extreme spectral bandwidths that can be accommodated by BIBO type-I when pumped near 800 nm, seen
from Fig. 10, where higher-order dispersion terms are deliberately not considered, deserve special attention. The
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Figure 13 (online color at: www.lpr-journal.org) Downconversion for type-II phase matching, positive in BIBO and
negative in BBO, at a pump wavelength of λ3 = 400 nm (a).
The effective nonlinearity in both crystals is also shown. GVM
in BIBO and BBO for the left branches of the phase-matching
curves, oeo type in BIBO and eoe in BBO (b).

bandwidth can be further increased at high parametric gain
(high pump intensity), and that is why we will consider
this case in more detail. Note that similar properties are
also expected for BBO with type-I interaction. On the other
hand, pumping near 400 nm does not exhibit a similar property. In general, pumping near 400 nm is feasible only in
low-power schemes such as the SPOPO, since in OPG or
OPA devices strong two-photon absorption will occur.
In the discussion to follow, we will use the most common notations λP = λ3 for the pump, λS = λ2 for the signal, and λI = λ1 for the idler wavelength, which apply to
OPO/SPOPO and OPG/OPA. In the plane-wave approximation, in the absence of pump depletion, the steady-state gain
for the signal wave at λS (intensity) is given by [109, 110]:
G=1+

Γ2
sinh2 (gL) ,
g2

(5)


with g = Γ 2 − (Δk/2)2 , where Δk = kS + kI − kP
is the wave mismatch and the exponential gain coefﬁcient,
8π 2 d2 I
Γ , is deﬁned by Γ 2 = nP nS nI λeffI λPS ε0 c . In the limit of large
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gain (Γ L  1) the above equation simpliﬁes to:
G=

1
4

1000

exp(2gL) .

(6)

In order to obtain analytical expressions for parametric
gain bandwidth, the wave mismatch is usually expanded
in a series as a function of frequency, assuming in a ﬁrst
approximation that the pump is monochromatic,

∂kS
∂kI
Δk = Δk0 +
−
Δω
∂ωS
∂ωI

1 ∂ 2 kS
∂ 2 kI
+
+
(Δω)2
2! ∂ωS2
∂ωI2

1 ∂ 3 kS
∂ 3 kI
+
−
(Δω)3
3! ∂ωS3
∂ωI3

1 ∂ 4 kS
∂ 4 kI
+
+
(7)
(Δω)4 . . . ,
4! ∂ωS4
∂ωI4
where Δω = ΔωS denotes the frequency change of the
signal wave and, by energy conservation, the idler frequency change will be ΔωI = −Δω. The phase-matching
condition means that Δk0 = 0. The individual terms in
Eq. (7) are used to evaluate the points, in terms of frequency, where the gain function G from Eq. (6) drops to
50% of its maximum value, which corresponds to the wave
vector mismatch Δk1/2 ≈ ±2(ln 2)1/2 (Γ/L)1/2 . The results, when using the ﬁrst derivative (GVM approximation) and the second derivative (GVD approximation), are
well known [109, 110] and read, in terms of FWHM, for
Δν = Δω/2π
1/2
−1
1/2 
1
Γ
2 (ln 2)
1
Δν =
−
(8)
π
L
vS
vI
−1/2
1/4
1/4 
∂ 2 kS
Γ
∂ 2 kI
2 (ln 2)
+
. (9)
Δν =
π
L
∂ωS2
∂ωI2
Considering the next terms one obtains from Eqs. (6)
and (7):
(144 ln 2)
Δν =
π
Δν =

2 (9 ln 2)
π

1/6

1/8




Γ
L

Γ
L

1/6

1/8

∂ 3 kS
∂ 3 kI
−
3
∂ωS
∂ωI3
∂ 4 kS
∂ 4 kI
+
4
∂ωS
∂ωI4

−1/3

(10)
−1/4

. (11)

It is clear that for collinear type-I interaction, the third-order
term (10) also vanishes near degeneracy, and this makes
it necessary to consider the fourth-order term [111]. From
our consideration, this term is given by Eq. (11). From the
four approximations, one should use, depending on the
signal wavelength, the term which predicts the smallest
gain bandwidth. In the λS = 1100–1300 nm range, for ooe
interaction in the x–z plane of BIBO pumped at 800 nm,
this is the solution based on the GVM term. Approaching
degeneracy, however, the GVD term also vanishes as a
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Figure 14 (online color at: www.lpr-journal.org) Gain bandwidth (FWHM) of BIBO and BBO, analytically calculated for
collinear type ooe interaction at λP = 800 nm, a crystal length
of 5 mm and pump intensity of 50 GW/cm2 using only the ﬁrst-,
second-, third- and fourth-order Taylor series expansion terms of
the wavevector mismatch Δk, respectively.

consequence of the fact that for polarization parallel to the
y-axis (o-wave for the present interaction scheme), it is
zero at 1578 nm.
It is interesting that the fourth-order approximation
should be used for BIBO starting already from 1500 nm,
see Fig. 14. This approximation predicts a gain bandwidth
(FWHM intensity) of about 3800 cm−1 (116 THz) near
degeneracy. In contrast, the spectral bandwidth of BBO for
the same crystal and pump parameters is determined near
degeneracy by the second-order derivatives and amounts to
63 THz, which is roughly two times smaller, see Fig. 14.
Direct calculations of the parametric gain G using
Eq. (5) at the exact phase-matching angle are presented
in Fig. 15. It can be seen that the gain bandwidth at ﬁrst increases but then decreases with the pump wavelength. There
exists an optimum pump wavelength near λP = 780 nm,
where the gain bandwidth is maximized. This can be seen
in Fig. 16 where the gray area depicts the range limited by
the 50% drop in gain from its maximum value. The left
part of the ﬁgure corresponds to the retracing behavior of
the phase-matching curves, see Fig. 10a, where “satellites”
appear in Fig. 15, corresponding to the second pair of signal
and idler waves phase matched at the same angle θ.
Thus, for pump wavelengths near 800 nm, collinear ooe
interaction in BIBO possesses the exclusive property of simultaneous vanishing of the ﬁrst three terms that determine
the gain bandwidth. Many other nonlinear crystals with
sufﬁcient birefringence in fact possess the same property,
provided the three wavelengths lie within the transparency
range. This is related to the existence of retracing behavior of the phase-matching curves [111, 112], which can be
traced back to the material dispersive properties. In any
case, it happens at a certain pump wavelength that does not
necessarily coincide with the wavelengths of the available
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Figure 15 (online color at: www.lpr-journal.org) Normalized parametric
gain in BIBO (negative type-I ooe interaction in the x–z plane) for different
pump wavelengths (indicated) at exact phase-matching angles, for a crystal
length of 5 mm and pump intensity of 50 GW/cm2 .
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Figure 17 (online color at: www.lpr-journal.org) Refractive
index of BIBO for type-I SHG in the x–z plane. Red curves
correspond to ooe and blue curves to eeo phase matching. The
squares indicate the points where the ﬁrst derivatives of the refractive index for the fundamental and second harmonic are equal
(broadband SHG phase matching corresponding to λF in Table 5)
and the circles indicate the points of vanishing second derivative
(corresponding to twice the “magic” pump wavelength or 2λP
in Table 5).

this happens in ooe type-I BIBO is in the vicinity of the
phase-matching curve turning point for the inverse process
of SHG, see Fig. 7. Such a turning point (at λF ) in the
dependence of the fundamental wavelength on the phasematching angle in SHG means nothing but broadband phase
matching, which is equivalent to vanishing GVM between
the fundamental and the second harmonic. Indeed, it can
be easily shown that this GVM vanishes at the point where
(∂θ/∂λ)λF = 0 for the SHG phase-matching curve [114],
see Fig. 10a. The existence of a turning point in the SHG
phase-matching curve, see Fig. 7, is attributed to anomalous dispersion [114]. It, in fact, determines the existence of
the retracing phenomenon in the OPA/OPG curves, which
can be characterized by three or more turning points [112].
This can be easily seen from Fig. 10a but the origin of
the phenomenon can be traced back to the refractive-index
dependences, shown for BIBO in Fig. 17.
Similar analytical relations cannot be derived for the
GVM with the pump in the case of three waves, because
both the signal and idler are broadband. However, it is clear
that an OPA/OPG operating in the vicinity of the phasematching angle, where the SHG phase-matching curve has
a turning point, will also be characterized by very low GVM
between the pump and the other two waves. For example,
for the considered type of interaction in BIBO, the turning
point of the SHG phase-matching curve occurs at a fundamental wavelength of λF = 1637 nm. Both this wavelength
and the “magic” pump wavelength for ultrabroadband parametric ampliﬁcation were calculated and are presented in
Table 5 for several crystals applicable in the near-IR.
In the other type-I interaction scheme in BIBO, the deviation of λF from 2λP is larger and, consequently, the GVM
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with the pump is also larger. In fact, Table 5 shows that
the only crystal for which the GVM with the pump at the
“magic” pump wavelength is smaller than for ooe BIBO
is CLBO. Similar arguments also hold for quasi-phasematched materials, where the turning point is deﬁned with
respect to the phase-matching period. Since, in this case, the
polarization of the three waves is the same, one can expect
the deviation of λF from 2λP to be larger, see Fig. 17, leading to larger GVM with the pump. For instance, the GVM
with the pump in the degenerate PPKTP-OPA pumped at
the “magic” wavelength amounts to 141 fs/mm, in PPSLT
it is as high as 189 fs/mm, while it is only 11.9 fs/mm in
BIBO (ooe).
Thus, it should be emphasized that there is nothing
unique in the dispersive properties of BIBO with respect
to the achievable gain bandwidths. The only advantage of
BIBO over other existing crystals is that it exhibits these important properties in collinear interaction, at a pump wavelength coinciding with the most widely used and technologically developed ultrafast Ti:sapphire laser ampliﬁers, which
are routinely deployed as pumps for ultrafast OPAs/OPGs.
It can be seen from Table 5 that the achievable bandwidths,
in the four borates considered and in KDP, exceed 100 THz.
However, as a result of the speciﬁc behavior of its three refractive indices (presumably related to anomalous infrared
dispersion), the two characteristic wavelengths, λF and
2λP , in BIBO are very close, especially for type ooe phase
matching, leading to low GVM among all the three waves
in a degenerate OPA/OPG pumped near 800 nm.

5. SHG of low-power, high-repetition-rate
femtosecond pulses
In this section, we present experimental results on extracavity SHG of low-power high-repetition-rate laser sources
operating in the 800-nm spectral range (mode-locked
Ti:sapphire laser) and near 1600 nm (mode-locked Er-ﬁber
laser), as well as intracavity SHG of signal pulses in a
PPLN-based femtosecond SPOPO. Extracavity SHG of
femtosecond pulses from a mode-locked Yb:KGd(WO4 )2
laser operating at 1040 nm has been studied in [115].

5.1. SHG of a mode-locked femtosecond
Ti:sapphire laser operating at 76 MHz
These SHG experiments were performed with a commercial
mode-locked Ti:sapphire laser (Coherent, Mira) delivering
∼ 130 fs pulses at 76 MHz repetition rate with an average
power of up to 1.9 W, tunable over 750–950 nm. From the
calculations of effective nonlinearity described in earlier
sections, see Figs. 7 and 8, eeo type-I interaction in the
y–z plane was chosen as the most effective phase-matching
scheme. The BIBO crystals used were grown by the topseeded techniques [116]. They were cut at θ = 156◦ . Three
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uncoated crystals of lengths 0.4, 0.7, and 1.4 mm were used
in these experiments.
Fig. 18 shows typical SHG tuning data obtained with
the 1.4-mm crystal and the corresponding calculated tuning
curve. We were able to achieve wavelength tuning from 375
to 435 nm, limited by the crystal aperture at larger angles.
To obtain maximum SHG efﬁciency in a circular output
beam, an important parameter, in addition to the effective
nonlinearity, is spatial walk-off, as depicted in Fig. 8. For
eeo type-I phase matching in y–z plane, the calculated walkoff angle varies between 40 and 65 mrad over the tuning
range of our fundamental laser (750–950 nm). This has
been experimentally conﬁrmed in [117] using a similar
Ti:sapphire laser. It implies that for a focused beam waist
radius of w0 ∼ 50 μm, say, the generated SHG pulses produced at the focus will be separated from the fundamental
after ∼ 2–4 mm of propagation. However, this length will
also depend on the exact position of the focus within the
crystal, so that maximization of efﬁciency for a given crystal length will require the optimization of focusing strength
and position within the crystal. Therefore, to obtain the optimum conditions for SHG output power and efﬁciency, we
varied the focusing conditions in each BIBO sample, using
different lenses with focal lengths of 60 to 160 mm, with
the beam-waist location within each sample carefully optimized. The highest SHG output power and efﬁciency was
obtained with the thickest crystal, 1.4 mm in length, with
the results shown in Fig. 19. The maximum average secondharmonic power generated in this crystal was 830 mW for
1.65 W of input fundamental power, corresponding to a conversion efﬁciency of 50.3%. At the maximum input power,
there is evidence of saturation in SHG efﬁciency, with the
value remaining close to ∼ 50%.
Another important parameter in the attainment of high
conversion efﬁciency, under conditions of tight focusing,
is the phase-matching acceptance angle for SHG. For eeo
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Figure 19 (online color at: www.lpr-journal.org) Secondharmonic (SH) average power at 406 nm and conversion efﬁciency
as functions of input fundamental power for a 1.4-mm thick crystal
of BIBO.
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Figure 18 (online color at: www.lpr-journal.org) Angular phasematching range for eeo type-I SHG in the y–z plane of BIBO
as a function of fundamental wavelength. The inset shows the
angular tuning range over an expanded scale, calculation (lines)
and experiment (symbols).
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Figure 20 (online color at: www.lpr-journal.org) Crosscorrelation function recorded for the second-harmonic pulses at
406 nm generated with a 0.4-mm thick BIBO crystal.

type-I phase matching in the y–z plane, the angular acceptance varies from 0.28 to 0.58 mrad cm across the fundamental tuning range of 750 to 950 nm, see Fig. 8. The
calculated angular acceptance bandwidths were experimentally veriﬁed through measurements of second-harmonic
power in the 1.4-mm crystal by using the Ti:sapphire laser
in the CW regime [118].
Temporal characterization of the blue pulses was performed using cross-correlation measurements in a thin crystal of BBO type-I. Fig. 20 shows the recorded signal at
the third harmonic using an AlGaN detector, for a BIBO
crystal of 0.4 mm length, at a second-harmonic wavelength
of 406 nm. From GVM consideration in the BBO crystal
(∼ 315 fs/mm between 812 and 406 nm pulses), we chose
a 100- μm thick crystal to ensure a reliable estimate of the
second-harmonic pulse duration. For the 0.4-mm BIBO
crystal, by deconvolving the curve from Fig. 20, we ob-
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Figure 21 (online color at: www.lpr-journal.org) Comparison
of the generated second-harmonic power at 406 nm in BIBO and
BBO as a function of input fundamental power.

Figure 22 (online color at: www.lpr-journal.org) Photograph of
the generated second-harmonic beam in the blue (406 nm).

tained ∼ 220 fs (assuming sech2 pulse shape), indicating
broadening from the fundamental pulse.
We also compared the performance of BIBO with BBO.
Using the two BIBO crystals of lengths 0.4 and 0.7 mm,
we compared the second-harmonic output power with a
0.5-mm BBO crystal, under the same experimental conditions. Optimized focusing using an f = 80 mm focal
length lens ensured maximum output power. The results
are shown in Fig. 21. The data correspond to a secondharmonic wavelength of 406 nm. The maximum average
blue power generated with the 0.4-mm BIBO was 450 mW,
compared to 336 mW obtained with BBO, implying ∼ 34%
power enhancement despite a shorter crystal length.
A photograph of the generated blue beam is shown in
Fig. 22. The beam exhibits excellent spatial quality with
minimum ellipticity due to low spatial walk-off in the BIBO
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crystal. This result provided new impetus for the development of ultrafast femtosecond SPOPOs in wavelength regions that have been previously difﬁcult to access. With the
availability of high optical powers and exceptional conversion efﬁciencies in single-pass SHG experiments in BIBO,
described above, the development of ultrafast femtosecond
SPOPOs pumped in the blue to provide tunability across
the visible spectrum has become a practical reality. Such a
SPOPO operating in the visible and UV will be described
in Sect. 6.

5.2. SHG of a mode-locked femtosecond Er-ﬁber
laser operating at 56 MHz
While the previous subsection dealt with comparison of
BIBO and BBO in terms of average power at the second
harmonic and conversion efﬁciency, a more conclusive comparison coupled to the pulse duration can be realized in the
wavelength range near 1600 nm, where the GVM for SHG
tends to vanish for both crystals, see Fig. 9. It is the reverse process, but in fact the same case of extremely broad
spectral acceptance as discussed in Fig. 10.
Frequency doubling in this spectral range is rather interesting, because mode-locked Er-ﬁber lasers operate in
this region, providing high-repetition-rate trains of femtosecond pulses. Owing to the broad tunability of existing
femtosecond OPG / OPA systems pumped near 800 nm by
ampliﬁed Ti:sapphire laser systems, there is a trend to simplify such pump sources by ﬁxing their wavelength using an
all solid-state oscillator design based on frequency-doubled
femtosecond Er-lasers as seed. However, the output power
of such lasers, even preampliﬁed in Er-ﬁber ampliﬁers, is
rather low in the 100-fs regime, and this makes SHG inefﬁcient. Thus, 10% conversion efﬁciency was achieved
for 86-fs pulses at 771 nm using a 1-cm thick BBO for
SHG [119]. At a repetition rate of 31.8 MHz, this corresponds to 270 pJ. A higher conversion efﬁciency of 25%
was reported with PPLN, but at longer pulse durations,
190 fs at 777 nm, with a corresponding single pulse energy
of 90 pJ at 88 MHz [120]. Here, we present a rigorous comparison between BIBO and BBO for such SHG.
According to Fig. 10, very large spectral acceptance
can be expected both for ooe type-I BIBO in the x–z plane
and for type-I interaction in BBO. However, the spatial
walk-off is larger and the angular acceptance is lower in
BBO, Fig. 8, while BIBO exhibits roughly 1.5 times higher
effective nonlinearity. Given the spectral bandwidth of a
transform-limited 60-fs long sech2 -shaped pulse at the fundamental, optimum crystal lengths to preserve this pulse
duration at the second harmonic are between 5 and 6 mm.
We compared two crystals of BIBO, 5- and 6-mm thick, cut
at θ = 11.4◦ in the x–z plane with a BBO crystal of 6 mm,
cut at θ = 19.9◦ [121]. This choice is related to the fact that
the spectral acceptance in BBO, determined by the secondorder terms, see Eq. (3), is somewhat larger at the exact
operating wavelength. All samples used were uncoated.
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Figure 23 (online color at: www.lpr-journal.org) Average power
at the second harmonic versus fundamental power.

The SHG experiments were carried out with a diodepumped mode-locked (by polarization rotation) Er-ﬁber
laser-ampliﬁer system. The passively mode-locked pulse
train at a repetition rate of 56 MHz was ampliﬁed up to
an average power of 65 mW, corresponding to the output energy of 1.16 nJ at 1564 nm. The intensity autocorrelation measurement with a 2-mm thick BBO crystal indicates a fundamental pulse duration of 59 fs, assuming
a sech2 pulse shape. The linearly polarized, diffractionlimited (M 2 ∼ 1.0) beam, after coupling out of the ampliﬁer, was collimated (or nearly collimated) with two lenses.
Several different lenses were tested for focusing into the
SHG crystals, with f = 75 mm chosen to achieve maximum SHG powers, where the beam spot radius at the focus
was measured to be wo (1/e2 ) ∼ 25 μm. The fundamental
power was adjusted by a combination of a thin achromatic
wave-plate and a calcite polarizer, and observed with a thermopile detector. A KDP crystal was placed after the SHG
crystals to block the fundamental beam, and the transmitted
SHG signal was detected with a calibrated Si-photodiode.
(The KDP ﬁlter was removed during the spectral and autocorrelation measurements).
Fig. 23 shows the average power dependence between
fundamental and second-harmonic beams measured with
the 5- and 6-mm thick uncoated BIBO samples. At the
maximum incident fundamental power of 65 mW, secondharmonic powers of 12.5 and 14.8 mW were obtained
with the 5- and 6-mm thick BIBO samples, corresponding to an internal conversion efﬁciency as high as 23% and
27%, respectively. These results were compared with the
6-mm thick type-I BBO sample under identical conditions
(Fig. 23). The measured output power was approximately
2.0 to 1.5 and 2.3 to 1.8 times higher with the 5- and 6-mm
thick BIBO samples, respectively, from the low to high input power levels. Note that the large conversion efﬁciency
for BIBO has caused a small saturation of the SHG output
power at the highest input power level, indicating the depletion of fundamental power. The maximum pulse energy
achieved at the second harmonic was 265 pJ.
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Figure 25 (online color at: www.lpr-journal.org) Autocorrelation traces of the second-harmonic pulses. FWHM values refer to
the autocorrelation traces.

The results of the spectral and temporal characterization
of the second-harmonic pulses are shown in Figs. 24 and 25,
respectively. The irregular spectrum obtained with the BBO
sample replicates the structure of the fundamental spectrum.
A pulse duration of 62 fs is obtained in this case, assuming a sech2 -shaped pulse, which, for a spectral FWHM
bandwidth of 15 nm, results in τ Δν = 0.44. In contrast,
smooth spectra have been observed from the two BIBO
samples, but with narrower bandwidths. The almost identical pulse duration of 64 fs obtained with the 5-mm thick
BIBO sample implies a higher-quality second-harmonic
pulse (τ Δν = 0.35), while the longer pulse duration of
73 fs for the 6-mm thick sample indicates that the slightly
smaller acceptance bandwidth elongates the pulse. Nevertheless, with this BIBO sample the second-harmonic pulses
were also bandwidth limited, with τ Δν = 0.34.
The present results that conﬁrm the higher secondharmonic conversion efﬁciency at the same pulse duration
are a clear indication of the superiority of BIBO over BBO
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Figure 26 (online color at: www.lprjournal.org) Schematic of the PPLN femtosecond SPOPO with internal SHG in
BIBO for the generation of red pulses.

for this application [119, 121]. The conversion efﬁciency
achieved is similar to that reported in [120] but the pulse durations are roughly 3 times shorter, which would obviously
be impossible with PPLN.

5.3. Intracavity SHG in a femtosecond SPOPO
As described in the previous subsection, BIBO is highly
suitable for SHG of low-power, high-repetition-rate femtosecond laser sources in the 1600-nm spectral range. This
region can be covered with broad tunability using SPOPOs
pumped at 800 nm by mode-locked Ti:sapphire lasers. Such
a SPOPO can also be developed directly using BIBO as the
nonlinear gain material [122]. However, here we present
results on intracavity SHG realized with BIBO to provide
broadband tuning in the visible (red) using a more conventional SPOPO based on PPLN [123].
The conﬁguration of the femtosecond SPOPO based
on PPLN and internally frequency doubled in BIBO is
shown in Fig. 26. The SPOPO is pumped by a mode-locked
Ti:sapphire laser operating at 810 nm, providing 140-fs
pulses at 76 MHz. After transit through an isolator (ISO),
the pulses have duration of 185 fs and an average power
of 1.51 W. The SPOPO uses a 1-mm PPLN crystal containing eight gratings (Λ = 20.6 to 21.0 μm) and is operated at a ﬁxed temperature of 100 °C to avoid photorefractive damage. The crystal faces are antireﬂection (AR)coated (R < 1%) over 1.3–1.6 μm and have high transmission (T > 95%) for the pump. A lens, L, of focal
length f = 5 cm and AR-coated (R < 1%) at 810 nm
is used to focus the pump beam into the PPLN crystal.
To achieve maximum useful output power in the red, the
SPOPO cavity is conﬁgured in a bifocal ring, comprising
four concave reﬂectors and two plane mirrors. The concave
mirrors, M1 and M2 (RC = –100 mm), provide the focus
for the PPLN crystal, whereas M5 (RC = –100 mm) and
M6 (RC = –75 mm) allow focusing into the BIBO crystal.
The plane mirror, M3, is mounted on a translation stage
that allows variation of the cavity length with precision of
micrometers. All mirrors are highly reﬂecting (R > 99%)
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over 1.35–1.55 μm. M1 and M2 are also highly transmitting
(T > 90%) at 810 nm. The ring resonator allows extraction
of red output in one direction through M6, which has high
but variable transmission (T > 95% to 70%) over 665–
785 nm. Dispersion compensation is implemented using
two pairs of SF-11 prisms, P1-P4, spaced 28 cm tip-to-tip
internal to the OPO cavity.
For internal frequency doubling, we used a 1-mm thick
crystal of BIBO in ooe type-I phase matching in x–z plane,
providing high effective nonlinearity and large spectral acceptance, see Fig. 8. The crystal was cut at θ = 10◦ for
frequency doubling at ∼ 1.4 μm at normal incidence. The
crystal faces were AR-coated (R < 1%) for the signal
wave. The high nonlinearity of PPLN (deﬀ ∼ 16 pm/V) permits simpliﬁed wavelength tuning across the red through
adjustment of the SPOPO cavity length, only, without the
need to vary any other parameters. The PPLN crystal temperature, grating period and position, and pump wavelength
all remained ﬁxed.
The BIBO crystal was also maintained at a ﬁxed angle
at normal incidence. The spectral acceptance bandwidth
for SHG in the 1-mm thick BIBO crystal varies between
∼ 19 and ∼ 140 nm (calculated at the second harmonic)
for fundamental wavelengths from 1.33 to 1.57 μm. We
found that the red output could be tuned across the entire
120-nm range of 665–785 nm at a ﬁxed crystal angle by adjusting the cavity delay over 46 μm. It can be expected that
the high intracavity fundamental signal intensity permits
efﬁcient SHG also away from the exact phase-matching
wavelength. A photograph of the femtosecond OPO generating red pulses is shown in Fig. 27.
The static cavity-length tuning avoided the need for
realignment of the SPOPO during tuning, resulting in simpliﬁed tuning and improved efﬁciency. The cavity length
tuning range is shown in Fig. 28a, and the corresponding red
spectra are shown in Fig. 28b, where spectral bandwidths
ranging from ∼ 2.4 to ∼ 5.6 nm are measured. The total
tuning range in the red was limited only by the reﬂectivity
of the available SPOPO mirrors at the signal wavelength,
and so could be readily extended to longer or shorter wavelengths using better optimized mirror coatings.
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Figure 28 (online color at: www.lpr-journal.org) Cavity length
detuning versus second harmonic red wavelength (a) and typical
spectra of generated red pulses across the tuning range (b).

Fig. 29 is a plot of the red average output power and
conversion efﬁciency at 670 nm, where the highest power
was obtained, versus pump power at 810 nm. The generated
red power reaches 260 mW at the maximum available pump
power of 1.51 W, corresponding to a conversion efﬁciency
of 17.2%. The pump depletion is 70% at the maximum
input pump power of 1.51 W. We were able to generate
average powers in excess of 150 mW over ∼ 60% and more
than 100 mW over ∼ 70% of the tuning range. At the extreme of the tuning range at 785 nm, practical powers of
70 mW were still generated. The decline in the generated
red power above 770 nm is mainly due to reduction in reﬂectivity of the cavity mirrors. The pump power threshold
for the red SPOPO was 200 mW.
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Figure 30 (online color at: www.lpr-journal.org) Intensity autocorrelation trace and spectrum (inset) of the red pulses at 728 nm,
indicating transform-limited pulses.

Temporal measurements of the generated red pulses
were performed using SHG in a 0.3-mm KDP crystal
cut at θ = 60◦ for type-I phase matching, recording
background-free autocorrelation proﬁles. The measurements resulted in pulse durations from 140 to 270 fs, with
time-bandwidth products from 0.31 to 0.46, implying neartransform-limited pulses. The variation in pulse duration
across the tuning range was consistent with the variation in
the corresponding spectra in Fig. 28b. A typical autocorrelation proﬁle and spectrum at 728 nm are shown in Fig. 30,
conﬁrming a time-bandwidth product of τ Δν = 0.314
(assuming a sech2 pulse shape).

6. SPOPO for the visible and UV
The development of SPOPOs operating in the near-IR and
pumped near 800 nm by mode-locked Ti:sapphire lasers
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Figure 31 (online color at: www.lpr-journal.org)
Conﬁguration of the visible BIBO femtosecond
SPOPO pumped by the second harmonic of a modelocked Ti:sapphire laser in the blue.

6.1. Femtosecond SPOPO for the visible
The conﬁguration of the visible femtosecond SPOPO is
shown in Fig. 31. The SPOPO is pumped in the blue by the
second harmonic of a Ti:sapphire laser and exploits BIBO,
both as the doubling crystal for the pump (as described
in Sect. 5.1) and as the nonlinear gain medium. Using a
1-mm thick uncoated BIBO crystal cut at θ ∼ 152◦ for
SHG in the y–z plane produces an average power > 1 W
at 415 nm at > 50% efﬁciency. The blue pulses have duration of ∼ 220 fs. The blue pump beam is focused to a
waist radius w0 ∼ 25 μm inside a second BIBO crystal, the
gain element for the SPOPO. We use collinear phase matching of the same type as in the SHG process and a crystal
cut at θ ∼ 159◦ . From considerations of GVM between
the blue pump and visible signal pulses, see Fig. 12b, we
chose a 0.5 mm crystal thickness. The crystal faces are ARcoated for signal (R < 0.5% at 500–700 nm) and have high
transmission for pump (T > 95% at 375–435 nm). The
SPOPO is conﬁgured in a standing-wave, three-mirror cavity with two concave reﬂectors (M1, M2: RC = –100 mm)
and a plane output coupler (M3). The concave mirrors have
> 99% reﬂectivity for signal wavelengths over 500–680 nm
and > 90% transmission for the pump over 380–450 nm.
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The mirrors also have > 80% transmission for the idler over
900–3000 nm, thus ensuring singly resonant oscillation.
Two Brewster-cut fused silica prisms provide intracavity
GVD compensation.
Fig. 32 shows the visible signal tuning range of the
SPOPO at room temperature, as a function of crystal internal angle, obtained at a ﬁxed pump wavelength of 415 nm.
The solid curve represents the predicted tuning range for
collinear eeo type-I phase matching in the y–z plane obtained using the Sellmeier relations for BIBO, where good
agreement between the experimental data and theoretical
calculation is evident. The SPOPO can be continuously
tuned in the visible across the green-yellow-orange-red,
from 480 to 710 nm, by changing the internal angle of the
BIBO crystal between θ = 175◦ and 154◦ . The corresponding tuning range of the idler is from 3060 to 999 nm.

800

signal wavelength [nm]

using a number of nonlinear crystals, for example PPLN,
is now routine. As described in the previous section, the
tunability of such SPOPOs can be extended using intracavity SHG, but wavelength coverage cannot be readily
extended to the UV range with a further conversion stage.
A SPOPO pumped in the UV by the second harmonic of
such a Ti:sapphire laser could directly provide femtosecond pulses in the visible with the potential for extension
into the UV by intracavity SHG. Such schemes based on
BIBO and the experimental results obtained, are presented
in this section.
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Figure 32 (online color at: www.lpr-journal.org) Visible signal
tuning range of the BIBO femtosecond SPOPO as a function of
internal angle in the optical y–z plane. The pump wavelength
is 415 nm.
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Figure 33 (online color at: www.lpr-journal.org) Photographs
of the BIBO SPOPO, with intracavity GVD compensation, oscillating in green, yellow, orange and red.

For a given crystal angle, wavelength tuning is also
available through the variation of SPOPO cavity length.
We typically obtain ∼ 10 nm of signal tuning for a change
in SPOPO cavity length of ∼ 3 μm. The upper wavelength
limit for the idler of 3060 nm is indicative of the good transmission of the thin BIBO crystal in this region. Photographs
of the SPOPO operating across the green-yellow-orangered range are shown in Fig. 33.
In order to optimize performance, we operated the
SPOPO under different output coupling conditions by using
plane mirrors (M3) of different reﬂectivities at the signal
wavelength. The best performance was obtained with an 8%
output coupler, where a maximum average signal power of
270 mW was extracted from the SPOPO at ∼ 620 nm for
800 mW of blue pump power incident on the BIBO crystal.
The SPOPO could provide > 150 mW across 500–700 nm,
and > 200 mW across 530–650 nm. At the extremes of
the tuning range towards 480 and 710 nm, a visible signal power > 100 mW was still available. The reduction in
the signal power at the extremes of the tuning range is
attributed to the increasing transmission of SPOPO mirrors away from the center of the tuning curve. With the
8% output coupler, the oscillation threshold was 200 mW
(incident on the BIBO crystal), equivalent to a fundamental
Ti:sapphire laser power of 650 mW. With a high reﬂector
plane mirror in place of an output coupler, the SPOPO
pump threshold was as low as 100 mW, corresponding to a
fundamental Ti:sapphire power of 420 mW.
Temporal characterization of the visible signal pulses
was performed using autocorrelation measurements in a 0.5mm thick crystal of BBO cut for type-I phase matching at
θ = 42◦ and a UV-enhanced Si-photodiode. Without GVD
compensation, the signal pulses were strongly chirped, with
corresponding broadband double-peaked spectra, characteristic of self-phase modulation (SPM) [124]. Autocorrelation measurements were clearly indicative of chirped
pulses, with duration of ∼ 170 fs. Due to the effects of
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Figure 34 (online color at: www.lpr-journal.org) Typical interferometric autocorrelation and spectrum (inset) of the visible
signal pulses at 595 nm with intracavity GVD compensation.

SPM, the corresponding spectrum had bandwidth as wide
as ∼ 15 nm (FWHM), resulting in a time-bandwidth product τ Δν ∼ 2.2, approximately seven times the transform
limit for sech2 pulse shape. We, therefore, implemented
GVD compensation by introducing a pair of Brewster-cut
fused silica prisms within the SPOPO cavity. Fig. 34 shows
the resulting interferometric autocorrelation and spectrum
of the visible signal pulses, corresponding to a duration of
∼ 120 fs and a spectral bandwidth (FWHM) of ∼ 3.5 nm.
The time-bandwidth product is now τ Δν ∼ 0.35, indicating near-transform-limited sech2 -shaped pulses.
We note that a similar SPOPO was demonstrated in the
1990s on the basis of noncollinear interaction in BBO that
both compensates the spatial walk-off and increases the
spectral acceptance enabling the use of crystals as thick
as 2 mm [125]. Under very similar pump conditions, the
results obtained now with BIBO are, however, superior
in terms of efﬁciency, output power level and wavelength
coverage. The main advantage of using BIBO, however,
is related to the higher effective nonlinearity, see Fig. 12,
which permits collinear interaction, leading to easier cavity
alignment and near copropagating pump, signal, and idler.

6.2. BIBO SPOPO for the UV
The tunability of the SPOPO described in the previous
subsection can be extended into the UV by SHG of the
visible signal pulses. Extracavity SHG in BIBO yielded
tunability between 310 and 355 nm [126], but far higher
efﬁciencies can be expected through intracavity SHG. Here,
we present the results of intracavity SHG in the BIBObased SPOPO described above, with BBO as the doubling
crystal [127]. The choice of BBO is governed by its deeper
UV transparency (∼189 nm) compared to BIBO and higher
deﬀ for UV generation for fundamental wavelengths shorter
than ∼ 650 nm, see Fig. 8. The modiﬁed SPOPO conﬁguration is shown in Fig. 35. The SPOPO is pumped by the
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Figure 35 (online color at: www.lpr-journal.org) Conﬁguration of the visible
BIBO femtosecond SPOPO with intracavity SHG for the UV generation.

second harmonic of a Ti:sapphire laser at 415 nm, as before. The laser provides 2.1 W of average power at 830 nm
in ∼150 fs pulses at 76 MHz. Single-pass frequency doubling in the same BIBO crystal (see previous subsection)
provides 1.15 W of average power at 415 nm and a pulse
duration of ∼180 fs. To maximize incident pump power, the
focusing and collimating lenses, L1 and L2, are AR-coated
(R < 1%) in the blue.
The SPOPO resonator is modiﬁed by the inclusion of an
additional focusing section to accommodate the doubling
crystal. The cavity is now conﬁgured in a bifocal ring resonator, comprising four concave reﬂectors (RC = –100 mm)
and two plane mirrors. The concave mirrors M1 and M2
provide the focus for the SPOPO crystal, whereas M5 and
M6 allow focusing into the second-harmonic crystal. Due
to geometrical constraints, the angle of incidence on the
curved mirrors is limited to < 7.5◦ to minimize astigmatism. All mirrors are highly reﬂecting (R > 99%) for the
visible signal wavelengths over 500–700 nm. The mirrors
M1 and M2 are also highly transmitting (T > 90%) for the
blue pump over 380–450 nm. The ring resonator allows the
generation of the UV output in one direction through M6.
To allow maximum UV extraction, M6 also has high, but
variable transmission (T ∼ 70% to 90%) over 250–350 nm.
The blue pump beam is focused with L3 to a beam waist
radius, w0 ∼ 25 μm, inside the SPOPO crystal. The nonlinear crystal for the SPOPO is BIBO, similar to that used
in the previous subsection, but 0.4-mm thick. The BBO
crystal used for SHG was 0.5-mm thick, cut at θ = 42◦
for type-I phase matching, providing an effective nonlinear
coefﬁcient, deﬀ ∼ 1.4–1.8 pm/V, across the fundamental
signal tuning range. The crystal faces were AR-coated for
the signal over 500–700 nm (R < 1%) and for the generated UV light over 250–350 nm (R < 8%).
Wavelength tuning in the UV was achieved by continuous tuning of the SPOPO signal across the visible through
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angular rotation of the BIBO crystal and simultaneous angular tuning of the BBO SHG crystal. At each wavelength, the
cavity was optimized to compensate for any lateral shifts
due to angular tuning or changes in synchronous length in
order to achieve maximum UV output. The SPOPO signal
could be tuned across 500–710 nm by changing the internal BIBO crystal angle from θ = 171.5◦ to 154.5◦ , with
the corresponding UV wavelength range covering 250 to
355 nm for a change in the internal angle of the BBO crystal
from θ = 52.3◦ to 33.1◦ . The limit to the obtained tuning
range in the UV was set by the overall reﬂectivity of the cavity mirrors at the signal wavelength. By using mirrors with
broader reﬂectivity band and shorter pump wavelengths
near 400 nm, full coverage across 230–360 nm should be
readily attainable. A photograph of the frequency-doubled
SPOPO is shown in Fig. 36.
The simultaneously recorded spectra of the visible signal and the corresponding second harmonic in the UV are
shown in Fig. 37. As can be seen from Fig. 37a, the visible
signal spectral widths typically vary between ∼ 3 nm and
∼ 3.5 nm. At shorter signal wavelengths in the green, however, the bandwidth is signiﬁcantly broadened to ∼ 8 nm,
which we attribute to the net SPOPO cavity dispersion conditions in this range in the absence of intracavity GVD
compensation. Combined with SPM, this leads to spectral broadening and chirping of the signal pulses in the
green. Nevertheless, the generated UV spectra exhibit consistent behavior, with bandwidths ranging from ∼ 0.5 nm to
∼ 1 nm across the tuning range. The bandwidth reduction
from the visible to the UV is attributed to the limited SHG
spectral acceptance of BBO.
The calculated spectral acceptance bandwidth for SHG
in the 0.5-mm BBO crystal varies from ∼ 1 nm to ∼ 5 nm
(at the fundamental) over the signal wavelength range of
500 to 700 nm, implying stronger spectral narrowing at
shorter signal wavelengths. Accordingly, one would expect
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stronger reduction in the UV spectral bandwidths towards
the shorter wavelengths. This is qualitatively supported by
the recorded spectra in Fig. 37b.
We were able to generate UV average powers in excess
of 175 mW over ∼ 70% of the tuning range (275–350 nm)
and more than 100 mW over ∼ 80% of the tuning range
(270–355 nm). In the wavelength range of 255–270 nm,
practical powers of 25 to 100 mW were still generated, with
5 mW available at 250 nm. We believe the decline in the
generated UV power below 270 nm is mainly due to the
spectral broadening and chirping of visible signal pulses in
the green as described above. Together with the decrease
in spectral acceptance for phase matching in BBO towards
shorter wavelengths, this results in reduced UV power in
these regions.
The highest UV average power was obtained at 323 nm.
Fig. 38 is a plot of the generated UV power and conversion efﬁciency at 323 nm versus pump power at 415 nm.
The generated UV power can be seen to increase almost
linearly, reaching 225 mW at the maximum available blue
power of 1.15 W, representing a conversion efﬁciency of

Figure 37 (online color at: www.lpr-journal.org) Typical spectra
of the visible signal pulses across the SPOPO tuning range (a),
and the corresponding generated second harmonic spectra in
the UV (b).

UV power [mW]

Figure 36 (online color at: www.lpr-journal.org) Photograph of
the blue-pumped BIBO femtosecond SPOPO oscillating in the
red, with intracavity frequency doubling in BBO to provide output
pulses in the UV.

0
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Figure 38 (online color at: www.lpr-journal.org) Variation of
average UV output power and conversion efﬁciency at 323 nm
with blue pump power at 415 nm.

19.7%. The UV power of 225 mW is close to the maximum visible signal power of 270 mW extracted directly
from the SPOPO (see previous subsection), implying that
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Figure 39 (online color at: www.lpr-journal.org) Crosscorrelation trace, and spectrum (inset) of the generated UV pulses
at 323 nm.

the intracavity SHG acts as an almost optimized nonlinear
coupler for the signal. Given the linear rise in power and
no evidence of saturation, we can expect higher UV output
powers in excess of 225 mW with higher input pump powers.
The short lengths of BIBO and BBO crystals resulted in
minimum beam distortion arising from the effects of spatial
walk-off, tight focusing or cavity astigmatism, so that the
UV output beam had close to a circular proﬁle with a M 2 <
1.1. The blue pump power threshold for the frequencydoubled SPOPO was as low as 150 mW, equivalent to a
fundamental Ti:sapphire laser power of 600 mW.
Temporal characterization of the generated UV pulses
was performed using the cross-correlation technique and
a GaAsP detector. The UV pulses were mixed with 150fs Ti:sapphire fundamental pulses at 830 nm in a 0.5 mm
thick type-I BBO crystal cut at θ = 26◦ . The GVM in this
crystal was taken into account in the evaluation of the pulse
duration. A typical cross-correlation trace and the corresponding spectrum at 323 nm are shown Fig. 39, conﬁrming
a near-transform-limited pulse with a time-bandwidth product τ.Δν ∼ 0.34, assuming a sech2 pulse shape. Across
the UV tuning range, pulse durations of 132 to 250 fs were
measured, with corresponding time-bandwidth products
varying from ∼ 0.34 to ∼ 0.6.

7. Femtosecond OPGs and OPAs pumped
near 800 nm
In this section, we present experimental results on one- and
two-stage OPAs based on different combinations of BIBO
crystals (type-I and type-II), seeded by a white-light continuum (WLC) or unseeded (OPG), in which the process is
initiated by parametric ﬂuorescence. These devices operate
at 1 kHz and deliver tunable femtosecond pulses with high
single pulse energy and peak intensity.
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Many applications of ampliﬁed femtosecond sources generally require broad tunability, while some require high
energy and very short pulses. Although several different
system conﬁgurations and nonlinear crystals have been exploited in the past, at present the material of choice for
use in near-IR OPG/OPAs, and in particular in commercial devices with 800 nm pumping, is type-II BBO [110].
This is due to several attractive features, the most important being the possibility to tune, even close to degeneracy,
with almost constant signal and idler bandwidth. The same
holds for type-II interaction in BIBO, as can be seen from
Fig. 11, with the advantage of offering higher effective
nonlinearity. For the oeo type-II interaction in BIBO, the
nonlinear ﬁgure of merit that enters the exponential gain in
Eq. (5), FM = d2eﬀ /nP nS nI , is roughly twice that of BBO,
and changes by less than ±10% across the whole tuning
range (Fig. 11a).
It can be seen from Fig. 11b that, as with BBO, for
a pump wavelength of 800 nm, BIBO also exhibits the
property that the signal and idler waves travel in opposite
directions relative to the pump, which ensures exponential
growth of the parametric gain even beyond the pulse temporal walk-off length [109]. In accordance with Fig. 11b,
in comparison to BBO, shorter crystals of BIBO should
be used in the femtosecond regime, which somewhat diminishes the advantage of a higher effective nonlinearity.
Nevertheless, the use of shorter crystals helps avoid undesirable higher-order nonlinear processes and better utilizes
the transparency window of the material. Since, in the case
of down-conversion, the limiting factor is the mid-IR cutoff edge, it can be expected that shorter crystals of BIBO
will permit wider tunability. Indeed, idler absorption limits the tunability with BBO to below 3 μm, for example a
maximum of 2.7 μm was reported in [128], or even shorter
(2.5 μm) in commercial devices. On the other hand, the
spectral range near 3 μm is very important for molecular
spectroscopy. The transmission cut-off can be circumvented
by employing other nonborate crystals such as KTP in a
second stage, but the generation of short pulses in such
materials is difﬁcult [129].
To study broadly tunable OPA based on type-II BIBO,
two uncoated samples were available, both cut at θ = 42◦
in the x–z optical plane, with an aperture of 7 × 7 mm2
and thicknesses of 3 and 5 mm. The measured transparency
for polarization parallel to the y principal optical axis (opolarization with respect to the x–z plane), in particular
near the long-wave edge, is indeed higher for the thinner
crystal [82]. Comparing with BBO [130], one can conclude
that although, for the same thickness, the absolute upper
limits for the transmission are similar, BBO exhibits an
absorption feature near 2.4 μm.
We compared BIBO and BBO in a modiﬁed setup comprising a commercial double-pass OPA seeded by WLC
(Clark-MXR), shown in Fig. 40. The WLC is generated in
a 2-mm thick sapphire plate, which is simultaneously used
to achieve the correct polarization. A polarizer between the
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two passes through the nonlinear crystal serves to select the
signal wavelength for seeding the second pass. The pump
energy used for the second pass was 300 μJ. Finally, the signal and idler pulses are coupled out using a mirror slightly
displaced in the uncritical direction.
Using a standard BBO crystal, 5 mm thick but ARcoated, the tunability extended from 1180 to 2500 nm with
a maximum output level of 80 μJ (signal plus idler) for a
pump energy of 375 μJ. Such overall conversion efﬁciencies (on the order of 20%) are typical for tunable femtosecond OPG/OPA based on type-II BBO [128]. The 5-mm
thick BIBO crystal provided higher output energy than the
3-mm thick sample, but the temporal and spectral characteristics were not satisfactory. Speciﬁcally, depending on
wavelength, the signal and idler pulses were either structured or longer than 200 fs, as a result of the pulse splitting
and reconversion. Thus, it can be concluded that the larger
GVM in BIBO, see Fig. 11b, certainly requires the use of
shorter crystals than in the case of BBO.
With the 3-mm thick BIBO crystal, we were able to
obtain sub-200 fs pulse durations throughout the whole
tuning range (Fig. 41). The pulse duration was estimated
by ﬁtting cross-correlation traces obtained by SFG with a
reference pulse at 800 nm, using a 0.7-mm thick type-I BBO
crystal. Gaussian pulse shapes were assumed and the timebandwidth product was estimated by measuring the pulse
spectra with a multichannel analyzer equipped with a 128element pyroelectric array. In principle, the range of pulse
durations obtained with the 3-mm thick BIBO was similar
to the results with the standard 5-mm thick BBO crystal, but
the dependence on wavelength was different. The shorter
signal and idler pulse durations obtained in the limits of

pulse energy [μ J]

Figure 40 (online color at: www.lprjournal.org) Experimental setup of
the WLC-seeded type-II OPA: L,
lenses, T, telescopes, BS, beam splitters, DM, dichroic mirrors, DL, delay
lines, SP, sapphire plate, CM, curved
mirror with 30 cm radius of curvature.

100
10

1000 1500 2000 2500 3000 3500

signal / idler wavelength [nm]
Figure 41 (online color at: www.lpr-journal.org) Pulse energy
(full squares) and pulse duration (FWHM) assuming Gaussian
pulse shapes (full circles) for the BIBO based OPA using a 3-mm
thick sample. The open triangles show the energy obtained with
the standard AR-coated 5-mm thick BBO crystal.

the tuning range in BIBO (Fig. 41) can be explained by the
increasing acceptance bandwidth, see Fig. 11b.
The main advantage of BIBO appears to be the possibility to have a somewhat broader tuning range extending
slightly beyond 3 μm, while under the same conditions the
tuning with BBO had an upper limit of ≈ 2.5 μm, Fig. 41.
Although the maximum energy level obtained with BIBO
was on the same order of magnitude (80 μJ for signal plus
idler), the internal conversion efﬁciency was clearly higher
(more than 30% at maximum for the second pass), because
this sample was uncoated.
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experiment, the use of two separate stages and a more
powerful pump source resulted in 56% total (signal plus
idler) internal conversion efﬁciency in the second BIBO
stage, corresponding to about 1.1 mJ of total output energy
at 1 kHz [131]. These results serve as a basis for the ﬁrst
commercial device of that kind based on BIBO.

7.2. High-energy type-II / type-I BIBO OPA
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Figure 42 (online color at: www.lpr-journal.org) Crosscorrelation trace of the idler pulses at 3050 nm obtained by SFG
with a reference pulse at 800 nm (black symbols) and a Gaussian
ﬁt (red line). The inset shows the corresponding idler spectrum.

Fig. 42 shows a cross-correlation function of the idler
pulses at 3050 nm (black symbols) from the FWHM of
which (136 fs) a pulse duration of 110 fs is obtained by a
ﬁtting procedure (red curve). The time-bandwidth product
is τ Δν = 0.55, somewhat above the Fourier limit of 0.44
for Gaussian pulse shapes (it is ≈ 0.5 for the pump pulses).
The pulses at the signal wave (1085 nm) are slightly shorter
having a FWHM duration of 100 fs.
Note that the comparison of BIBO and BBO in this
section was performed under the rather restricted conditions
offered by an existing commercial device. In a different

Enhancement of output energy from an OPA clearly requires more ﬂexibility on the pumping conditions for the
two stages and their separation. A well-known concept in
multistage ampliﬁers (both laser and parametric) is to deﬁne the spectral properties and tune the wavelength through
the ﬁrst stage, then use a broadband ampliﬁer in the second
stage. This can be realized using a type-II BIBO crystal in
the ﬁrst and a type-I BIBO crystal in the second stage. Note
that ooe type-I phase matching in BIBO is characterized by
higher (≈ 1.3 times) effective nonlinearity than oeo type-II
interaction, which is also almost constant (< 3% variation)
across the whole tuning range, see Fig. 10a.
The experimental setup for such a high-power OPA is
shown in Fig. 43. The OPA is pumped by a home-made
Ti:sapphire ampliﬁer system that provides pulses of 135 fs
duration (Gaussian shape assumption) with an energy of
up to 12 mJ [132]. A maximum pump pulse energy of 5 mJ
(average power of 5 W) was used, limited by the available
aperture of the nonlinear crystals. The central wavelength
of the pump pulses was near 807 nm and their spectral
width corresponded to a time-bandwidth product of 0.62.

Figure 43 (online color at:
www.lpr-journal.org) Schematic
of the experimental setup: OPA1
and OPA2, ﬁrst and second OPA
stages, BS, beam splitters, DL,
delay lines, D, diaphragm, VDF,
variable density ﬁlter, SP, sapphire plate. The parameters in
brackets refer to the high-power
version; A and B denote two possible positions of the same halfwave plate (λ/2).
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Using the beam splitter, BS1, the fundamental pulse
energy is divided into two parts. The main part is reserved
for pumping the two OPA stages, and a small part is directed to the WLC generation line. After passing through
a variable-density ﬁlter (VDF) and a diaphragm, less than
20 μJ is focused into a 2-mm thick sapphire plate to produce
a stable, single-ﬁlament WLC. A second lens is used after
the sapphire plate for imaging the WLC onto the ﬁrst stage
BIBO crystal. The Stokes spectral portion of the WLC,
for seeding the ﬁrst OPA stage at the signal wavelength,
is selected using a thin long-pass ﬁlter (Fig. 43). The part
of the fundamental power, which is reﬂected from BS1, is
divided by the second beam splitter, BS2, into two parts for
pumping the two stages of the OPA. The dichroic mirrors,
DM1-DM4, highly reﬂective (R > 99%) for the pump and
highly transmitting (T > 90%) for the signal and idler
wavelengths, are used for collinear recombination and separation of the beams. In the ﬁrst stage we employed the
3-mm thick type-II BIBO crystal described in the previous subsection. The type-I BIBO crystal available for the
second stage was 6-mm thick, also uncoated, with an aperture of 10 × 10 mm2 . It was cut at θ = 11.4◦ in the x–z
principal plane.
The ﬁrst OPA stage was pumped with an energy of
130 μJ and the position of the type-II BIBO crystal was
adjusted in such a way that it was as close as possible to,
but sufﬁciently far in front of, the focus of the f = 50 cm
pump lens (Fig. 43), in order to avoid OPG operation. The
output of the ﬁrst OPA stage (signal plus idler) amounted
to several μJ, depending on wavelength. The second BIBO
crystal was placed about 45 cm away from the ﬁrst stage.
Without any additional polarization elements, the second
OPA stage could be seeded either only by the ampliﬁed
signal or only by the generated idler in the ﬁrst OPA stage.
This is a consequence of the fact that different types of
interaction are used in the two OPA stages. Initially, we
attempted seeding of the second OPA stage at the signal
wavelength. In this case, the half-wave plate (Fig. 43) is in
position A in order to rotate the pump polarization from horizontal to vertical, that is perpendicular to the polarization
of the WLC, for both OPA stages.
In the low-energy regime of this experiment, the second
OPA stage was pumped by 1.3 mJ and the pump beam was
loosely focused by an f = 100 cm lens (Fig. 43). Its shape
at the position of the BIBO crystal was slightly elliptical
with larger diameter in the horizontal plane. The spot size
resulted in a peak axial intensity of ≈ 25 GW/cm2 . The
telescope between the two stages consisted of two lenses
of f = –5 cm and f = 20 cm (Fig. 43). In this case, it was
possible to avoid direct seeding of the second stage by
the WLC, which occurs at slightly different wavelengths
and pump delay (for the second stage) across the whole
tuning range, by appropriate imaging of the WLC source
with the f = 3 cm collimating lens after it (Fig. 43). The
diameter of the seed beam in the position of the second OPA
stage was on the order of 4–5 mm. The maximum output
energy (signal plus idler) was about 350 μJ near λS =
1200 nm, decreased to about 300 μJ at shorter wavelengths
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(λS = 1170 nm) and to 260 μJ close to degeneracy. Thus,
the maximum conversion efﬁciency for this stage was about
27%, or ≈ 34% intrinsic efﬁciency, taking into account that
the crystal is uncoated.
The temporal and spectral characterization was performed by autocorrelation measurements using SHG in a
0.1-mm thick type-I BBO crystal and a multichannel analyzer (see previous subsection). We also recorded autocorrelation traces after transmitting the signal pulse through the
prism pair (double-pass) depicted in Fig. 43. This compressor consisted of two 59◦ SF11 prisms aligned for minimum
deviation (about 80% overall transmission), with vertical
offset for input/output decoupling. This glass material is
suitable only for the signal pulses and so we took care to
have a minimum glass path, operating just in the vicinity
of the apex, by translating the second prism together with
the retroreﬂector relative to the ﬁrst prism. The separation
between the prisms was optimized by monitoring THG in
air or continuum generation in a fused silica plate using an
f = 10 cm lens.
We characterized the low-power mode of operation
at two signal wavelengths: λS = 1200 and 1400 nm. At
λS = 1400 nm, the wavelength dependence of the parametric gain bandwidth is only weakly pronounced for both
stages. In comparison to operation near λS = 1200 nm,
the spectral acceptance is narrower for the ﬁrst stage and
broader for the second stage. Near 1200 nm, the shortest
pulses obtained directly from the OPA were 105 fs (FWHM,
assuming Gaussian pulse shapes), roughly 20% shorter than
the pump pulses, and the spectral width (26 nm) resulted in
a time-bandwidth product of τ Δν = 0.57, very similar to
that of the pump pulses.
Applying the prism compressor, we were able to shorten
the signal pulses down to 92 fs, which resulted in improvement of the time-bandwidth product down to τ Δν = 0.5.
The autocorrelation trace, the Gaussian ﬁt, and the spectrum are shown in Fig. 44a. The performance of the OPA at
λS = 1400 nm was very similar. In general, the optimum
prism separation was critically dependent on the alignment
of the OPA. Hence, given the modest compression factors
achieved, we did not implement the compressor in the highpower regime.
In order to study the potential for energy scaling, the
pump energy for the second stage was increased to 4 mJ.
Exchanging the beam splitters, it was possible to preserve
the same pumping conditions for the WLC generation and
the ﬁrst OPA stage. The focal length of the lens used for
pumping the second stage was increased to 200 cm, with
the distance from this lens to the second OPA stage being about 100 cm. Simultaneously, the negative lens of the
telescope used for expansion of the seed beam from the
ﬁrst OPA stage (Fig. 43) was substituted by another lens
with f = −3 cm, in order to better match the pump beam
cross-section at the position of the second OPA stage. The
pump beam completely ﬁlled the aperture of the BIBO crystal used in the second OPA stage. Its spatial distribution
was somewhat elliptical but very close to Gaussian, with
the corresponding ﬁts resulting in a FWHM (intensity) of
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Figure 44 (online color at: www.lpr-journal.org) Autocorrelation trace (symbols) and Gaussian ﬁt (curve) of the compressed
signal pulse at 1200 nm from the low-power OPA (a). The inset
shows the corresponding spectrum. Autocorrelation trace (symbols) and Gaussian ﬁt (curve) of the signal pulse at 1120 nm from
the high-power OPA with seeding at the signal wave (b). The inset
shows the corresponding spectrum.

10.1 mm in the horizontal and 6.5 mm in the vertical plane.
This results in a peak on-axis intensity of ∼ 40 GW/cm2 .
By continuing to seed with the signal pulse from the
ﬁrst OPA stage, the maximum energy obtained from the
second OPA stage reached 1.1 mJ (signal plus idler) near
λS = 1200 nm. The output was also somewhat elliptical with horizontal and vertical beam diameters of ∼ 7
and ∼ 4.5 mm, respectively. The signal spectra recorded
had a short-wave shoulder, and the autocorrelation traces
indicated the presence of satellite pulses and/or a longer
pedestal. This was a consequence of simultaneous direct
seeding of the second OPA stage by the WLC, at the same
position of the delay lines. This effect was absent only
in the limits of the tuning range, for signal wavelengths
approaching 1100 nm. Fig. 44b shows the recorded signal spectrum (inset) and the corresponding autocorrelation
function at λS = 1120 nm, where the total output energy
(signal plus idler) amounted to 1 mJ, corresponding to an
intrinsic conversion efﬁciency of ≈ 32% for the second
stage. The deconvolved pulse duration, assuming a Gaussian pulse shape, was ∼ 140 fs (FWHM), resulting in a
time-bandwidth product of τ Δν = 0.85.
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At longer signal wavelengths, the contribution of the
direct seed from the WLC stage continuously increased
and near 1300 nm it became the main factor in determining
the output energy from the second OPA stage. In the highpower regime, it was not possible to eliminate this effect
by modifying the imaging of the WLC and the seed from
the ﬁrst stage, because of the large gain bandwidth of the
second stage. The restrictions are also related to the fact
that the second OPA stage is operated at relatively high gain.
One possibility to avoid this is to introduce an intermediate
OPA stage, but this would greatly increase complexity. The
second possibility, which is more elegant, is to seed the
second OPA stage only by the idler generated in the ﬁrst
OPA stage. This was realized by simple translation of the
half-wave plate to position B in Fig. 43, and rotation of the
ooe type-I BIBO crystal by 90◦ . Thus, the WLC has the
same extraordinary polarization (in the horizontal plane)
as the pump for the second OPA stage, and so no phase
matching is possible.
In general, seeding at the idler wavelength produced
an energy output that was roughly 80% of the total output when seeding at the signal wavelength. Thus, near
λS = 1200 nm, the total output energy when seeding with
the idler from the ﬁrst OPA stage amounted to 850 μJ. Towards degeneracy the energy declined to roughly 600 μJ.
The spectra measured at two signal-idler pairs are shown
in Fig. 45a. In Fig. 45b the corresponding autocorrelation
traces with their FWHM are presented. The latter were
well ﬁtted by Gaussian proﬁles. The resulting pulse durations were almost constant, varying only from 133 to
139 fs, that is very close to the pump-pulse duration. The
time-bandwidth products near degeneracy (see Fig. 45b)
were also very close to the product for the pump pulses,
but away from degeneracy they were slightly larger. The
values correspond to roughly 1.5–2 times the Fourier limit
for Gaussian pulses.

7.3. High-power sub-30 fs pulses with type-I /
type-I BIBO OPA
Extremely short high-energy laser pulses in the near-IR
are of special interest for a variety of applications in nonlinear optics and time-domain spectroscopy. Generation
of pulses as short as 14.5 fs at 1.5 μm and with energies
of about 12 μJ (signal plus idler) has been previously reported using BBO [133]. Further scaling of such a system
is limited by the damage threshold of the ﬁber used for
the spectral broadening of the pump pulses in the compressor stage. Also, 200-μJ, 15-fs phase-stable pulses at
1.5 μm were produced by DFG of a hollow-ﬁber broadened
supercontinuum followed by two-stage BBO-based OPA
pumped by 50-fs pulses. Beside the complex setup, the need
to generate broadband supercontinuum in this work makes
the availability of short pump pulses (not much longer than
50 fs) essential [134]. In a noncollinear, blue pumped OPA,
sub-50 fs idler pulses tunable across the spectral range of
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Figure 45 (online color at: www.lpr-journal.org)
Spectra of the high-power OPA with idler seeding, recorded for two signal-idler pairs at a total output energy of 600 μJ (near degeneracy) and
800 μJ (away from degeneracy) (a). Autocorrelation traces (symbols) and Gaussian ﬁts (curves)
with FWHM for the signal and idler pulses (b),
corresponding to the spectra from (a). The timebandwidth products are also given in the ﬁgure.
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900–1600 nm, with microjoule energy level [135,136], have
been generated. More recently, with a quasi-collinear BBO
OPA, 8.5-fs pulses at 1.6 μm have been obtained using a
deformable mirror in the compression stage, but the energy
did not exceed 3 μJ [137].
In all these experiments, BBO was deployed as the nonlinear crystal. From the analysis of the spectral bandwidth
properties in Sect. 4, it is clear that ooe type-I BIBO is
an ideal candidate for obtaining very short pulses when
pumping near 800 nm. Here, we present experimental results using such crystals in both stages of a collinear OPA
seeded by WLC. The setup, shown in Fig. 46, is similar to
that in Fig. 43, using the same pump source at 807 nm and
1 kHz, adjusted to a pulse duration of ∼150 fs. The pulse
energy used is about 1.8 mJ. The crystals deployed in both
stages are 3 mm thick, uncoated BIBO cut at θ = 11.4◦
in the x–z plane, the second sample having an aperture of
10 × 10 mm2 .
The beam splitter, BS1, transmits only a small fraction
of the total pump energy to the WLC generation line. The
main portion of the fundamental power, which is reﬂected
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from BS1, is divided by the second beam splitter, BS2,
into two parts for pumping the two stages of the OPA.
About 200 μJ of the fundamental pulse energy is focused
onto the ﬁrst BIBO stage using an f = 50 cm lens. The
characterization of the generated signal and idler pulses
was performed using a SHG frequency-resolved optical
gating (SHG FROG) technique [138].
Spectral and temporal behavior of the WLC ampliﬁed
in the ﬁrst stage strongly depends on the signal wavelength.
For 1150 nm < λS < 1300 nm, well-deﬁned spectra with
a 30–100-nm bandwidth, increasing with wavelength, and
pulse energies exceeding 5 μJ, are achieved. Starting from
70 fs near 1150 nm, the signal pulses become shorter down
to 40 fs with increasing wavelength, which is to be expected
given the closer group velocity matching with the pump,
see Fig. 10b. At signal wavelengths exceeding 1300 nm,
the behavior changes dramatically: Firstly, the WLC energy decreases, and in order to produce sufﬁcient signal
energy for seeding the second OPA stage, the pump intensity should be increased by moving the crystal closer
to the focal point. Secondly, because of the broader spec-
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Figure 46 (online color at:
www.lpr-journal.org) Schematic
of the experimental set-up: OPA1
and OPA2, ﬁrst and second OPA
stages, BS, beam splitters, DL,
delay lines, D, diaphragm, VDF,
variable density ﬁlter, SP, sapphire plate, WLC, white-light
continuum, DM, dichroic mirrors.
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tral acceptance of BIBO in this range (see GVM between
signal and idler in Fig. 10b), smooth wavelength tuning
is no longer possible and a broad spectrum with limited
tunability near ∼1400 nm is selected by the crystal. At this
wavelength, the negligible GVD of BIBO (∼ 33 fs2 /mm),
see also Fig. 14, results in near transform-limited signal
pulses with a duration as short as ∼ 18 fs without using
any compression.
For the ampliﬁcation of the generated signal pulses
from the ﬁrst stage, about 1.6 mJ of pump pulse energy is
delivered to the second OPA stage. By using a 3:1 Galilean
lens telescope in the pump beam path, the pump diameter
is expanded to about 8 mm to avoid crystal damage. Also,
using an all-reﬂective 1:3 telescope in the signal beam path,
the seed beam diameter is adjusted to about 6 mm. In order
to avoid the complications arising from the simultaneous
ampliﬁcation of the signal and idler pulses in the second
stage, two dichroic mirrors, DM5 and DM6, which have
high reﬂectivity (R > 99%) for the signal and high transmission (T > 90%) for the idler are used to suppress the
idler. The ampliﬁed signal pulses in the second stage nearly
follow the behavior of the seed pulses from the ﬁrst stage.
Typical spectra of the ampliﬁed signal pulses after the second stage are shown in Fig. 47. As can be seen, for signal
wavelengths shorter than 1200 nm, where the GVM still determines the gain bandwidth (see Fig. 14), the signal spectra
are about 30 nm broad. On the other hand, for wavelengths
in the 1200 nm < λS < 1300 nm range, where the parametric gain bandwidth drastically increases, spectral widths
of 80–120 nm are obtained for the signal, which support
sub-30 fs transform-limited pulses.
Across the tuning range of 1150 nm < λS < 1300 nm
more than 400 μJ (signal plus idler) of pulse energy is produced in the second stage, corresponding to an internal
conversion efﬁciency of 30% in this stage. In order to compress the signal pulses, we applied the same prism-pair
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Figure 47 (online color at: www.lpr-journal.org) Typical spectra
of the ampliﬁed near-IR signal pulses across the tuning range.

compressor from the previous subsection with a separation
of 50–70 cm, depending on wavelength. Figs. 48a and b
show, respectively, the experimental result and retrieved
128 × 128 points SHG-FROG traces, recorded with a 25μm thick type-I BBO crystal cut at θ = 44◦ , for a typical compressed signal pulse near 1300 nm. Figs. 48c and
d show the retrieved temporal and spectral intensity and
corresponding phase proﬁles (FROG error 0.009). The retrieved pulse duration of 25 fs (FWHM) corresponds to
nearly bandwidth-limited pulses (time-bandwidth product
of τ Δν = 0.31). Note the almost constant phase in time.
Unfortunately, such high-energy signal pulses were obtained only over a limited spectral range near 1300 nm [139].
Tuning towards 1400 nm was accompanied with difﬁculties
related to the suppression of the OPG effect [140] and such
tuning extension would probably require the addition of an
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7.4. Ultrabroadband WLC ampliﬁcation in BIBO

Figure 48 (online color at: www.lpr-journal.org) Typical FROG
measurement of the compressed signal pulse: amplitude of measured FROG trace (128 × 128 pixels) (a), retrieved FROG trace
in amplitude (b), intensity and phase as a function of time (c), and
spectral intensity and phase (d).

Figure 49 (online color at: www.lpr-journal.org) Typical FROG
measurement of the uncompressed idler pulse. (Explanations similar to Fig. 48, only the FROG error is 0.008).

intermediate ampliﬁcation stage for improved optimization,
which would result in increased complexity.
We also measured the idler pulses generated in the
second stage in the spectral range characterized by high
output energy [140]. A typical SHG FROG measurement
at ∼2300 nm is shown in Fig. 49, representing a nearly
transform-limited pulse with a duration of 55 fs and a spectral width of 160 nm, with a corresponding time-bandwidth
product of τ Δν ∼ 0.5. In principle, the idler pulses are
negatively chirped and cannot be further compressed by a
conventional prism-pair compressor.
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The technique commonly used to obtain ultrabroadband
(more than one octave) coherent radiation is based on whitelight generation in transparent materials using femtosecond
lasers [141]. However, the achievable pulse energies of
single ﬁlament WLC sources at 1 kHz repetition rate are
still very low (typically tens of nanojoules), which limits
their applicability. The concept of ultrabroadband coherent
ampliﬁcation (or generation, when starting from parametric superﬂuorescence) relies on OPA at achromatic phasematching condition, deﬁned by zero GVM between idler
and signal pulses along the direction of the signal wavevector [110]. In the case of collinear type-I interaction, this
condition is always fulﬁlled near degeneracy (λS ≈ λI ),
but the bandwidth can be further enhanced if the GVD of
the signal and idler waves also vanishes [142, 143], as in
the case of BIBO, see Sect. 4. For a number of birefringent
nonlinear crystals, this ultrabroad gain bandwidth occurs
at some speciﬁc pump wavelength [143], not necessarily
within the operating spectral range of technologically established lasers. For instance, in BBO this situation is realized
for a pump wavelength λP around 716 nm, see Table 5,
far from the 800 nm spectral range in which high-power
femtosecond Ti:sapphire-based laser systems at kilohertz
repetition rates operate with high stability. As shown recently, similar conditions can also be realized in periodically poled materials such as PPKTP, where the optimum
pump wavelength is around 900 nm [144].
Here, we present results of ultrabroadband OPA in ooe
type-I BIBO. Since continua generated from 800 nm exhibit
strongly decreasing intensity towards 1600 nm, we used the
anti-Stokes part of the WLC generated at longer pump
wavelengths as seed. The OPA is pumped by a commercial
Ti:sapphire ampliﬁer system (SPITFIRE, Spectra-Physics),
which provides pulses of 45 fs duration (Gaussian shape
assumption) with an energy of up to 2 mJ. For this experiment, a total of 0.7 mJ was utilized, distributed among the
OPG used to pump the WLC generator, the pump beam for
the BIBO-based OPA, and the probe beam (Fig. 50).
An additional BBO-based OPG (TOPAS, Light Conversion Ltd.) was used as the pump source for the WLC
seed. The pulses at the idler wave near 2.1 μm had duration of 50 fs (FWHM). Several microjoules were focused
onto a 3-mm thick YAG plate. YAG was chosen because it
combines high damage resistivity and nonlinear index of
refraction [58]. A variable neutral density ﬁlter was used
to precisely adjust the pump level in order to obtain stable
single ﬁlament. After re-collimation, the 2.1- μm beam was
blocked using Ho:YAG laser reﬂecting mirrors, and the
WLC was recombined with the pump beam at 800 nm for
the BIBO-OPA stage.
The uncoated 3- and 5-mm thick BIBO crystals employed in the OPA were cut at θ = 11.4◦ in the x–z plane.
The average pump intensity ( 12 of the peak on-axis level)
at 800 nm was 60 GW/cm2 . After the crystals, the residual pump radiation was blocked by a mirror transmitting
the ampliﬁed WLC, which was then characterized by an
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Figure 50 (online color at:
www.lpr-journal.org) Schematic
of the experimental setup: BS,
beam splitters, DL, delay lines,
D, diaphragm, VDF, variable density ﬁlter, WLC, white-light continuum, DM, dichroic mirrors, ﬁlters: Ho:YAG mirrors reﬂecting
the 2.1 μm pump, XFROG: crosscorrelation FROG based on SFG.

Figure 51 (online color at: www.lpr-journal.org) Spectra of the WLC ampliﬁed in 3-mm thick (a) and 5-mm thick (b) BIBO: measured
by the InGaAs spectrometer (black curves), reconstructed from the time-integrated XFROG trace (thin red curves) and computed from
the Manley-Rowe relation (blue curves). The inset in (b) is a comparison of the spectra of the WLC seed generated in YAG (green line),
and the ampliﬁed WLC in the 3-mm thick (purple line) and 5-mm thick (cyan line) BIBO crystals.

InGaAs spectrometer and a power meter. Finally, using a
fraction of the fresh pump beam as a probe (gate) pulse,
XFROG (cross-correlation FROG based on SFG in a 10- μm
thick, type-I BBO crystal) measurements of the parametrically generated radiation were performed. The latter were
used to reconstruct the entire spectrum and the integral
pulse duration for the ampliﬁed WLC, as well as to obtain
rough information about the phase-modulation. Care was
taken to ensure collinear ampliﬁcation in the BIBO crystals.
Typical energies achieved for the ampliﬁed WLC were
30 and 50 μJ for the 3- and 5-mm thick BIBO crystals, respectively. These values were obtained for pump delays
that simultaneously provided ultrabroad bandwidths of the
ampliﬁed WLC. Thus, the maximum intrinsic conversion efﬁciency was 20% for the 5-mm thick BIBO. The ampliﬁed
WLC spectra in the case of 3- and 5-mm thick BIBO are
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shown in Figs. 51a and b, respectively. The partial spectrum
up to 1600 nm (thick black curves) was directly recorded
by an InGaAs-based spectrometer, while the complete spectrum shown by the red curves was reconstructed from the
XFROG trace recorded with a spectrometer and Si-detector
array, see Fig. 53. Finally, the thick blue curves in Fig. 51
show the portion of the ampliﬁed spectrum (> 1600 nm)
which was calculated from that directly measured below
1600 nm, using the Manley-Rowe relation. The obtained
ampliﬁcation bandwidth was ∼ 80 THz for the 3-mm thick
BIBO, and it increased to ∼ 100 THz in the case of the
5-mm thick BIBO.
The FWHM of the cross-correlation functions (Figs. 52a
and b) recovered from the XFROG measurement were 84
and 105 fs for the 3- and 5-mm thick BIBO crystals, respectively, and so the corresponding ampliﬁed WLC pulse
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Figure 52 (online color at: www.lpr-journal.org) Cross-correlation functions with Gaussian ﬁts of the ampliﬁed WLC in the 3-mm
thick (a) and 5-mm thick (b) BIBO. The FWHM indicated corresponds to the Gaussian ﬁts to the cross-correlation traces.

Figure 53 (online color at: www.lpr-journal.org) XFROG traces of the WLC ampliﬁed in the 3-mm thick (a) and 5-mm thick (b) BIBO
using probe pulses at 800 nm for the SFG.

Figure 54 (online color at: www.lpr-journal.org) Evaluation of the group delay versus wavelength for the 3-mm thick (a) and 5-mm
thick (b) BIBO calculated from the XFROG traces in Fig. 53 using the center of gravity for each cross-section corresponding to a ﬁxed
sum-frequency wavelength.

durations (FWHM intensity) are ∼ 70 fs and ∼ 95 fs, 1.4
and 1.9 times longer than the pump pulses at 2.1 μm, respectively. A Gaussian pulse shape assumption was used
for this rough estimate, the same as for the pump pulses.

www.lpr-journal.org

The time-bandwidth product, thus, amounts to 5.6 and 9.5
for the 3- and 5-mm thick BIBO crystals, respectively.
The simultaneous increase in the spectral width and
pulse duration for the thicker BIBO crystal can only be
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explained by considering chirp effects. In that case, the
increasing temporal walk-off between the pump and ampliﬁed pulses results in spectral broadening. The WLC seed
level did not allow direct characterization of its temporal
and spectral properties. However, from estimates of GVD
in all the optical elements used (including the YAG and
BIBO crystals), we conclude that the main source of chirp
is the BIBO crystal itself. This is not unexpected since this
material exhibits the lowest bandgap. Since the zero GVD
is near the 1600-nm degeneracy point, the chirp produced
by GVD in BIBO has opposite sign for the signal and idler
frequencies, as can be seen in Fig. 54. While this satisﬁes
the requirement for energy conservation in the case of OPA
pumped by a monochromatic pump it is clear that compensation of such chirp in subsequent pulse compression
schemes will not be trivial.

7.5. Ultrabroadband WLC generation in BIBO
The conclusion from the previous subsection concerning
the main source of chirp when amplifying WLC in type-I
BIBO naturally leads to the question whether the much simpler OPG conﬁguration can be used for direct generation
of such broad WLC. To this end, we studied the same two
uncoated BIBO crystals of length 3 and 5 mm, using the
same pump source with an incident pulse energy of 260 μJ,
but without seeding. The same diagnostics and analysis
techniques were used as in the case of OPA. Only collinear
output was analyzed; in the case of OPG, the noncollinear
geometry is undesirable, because different spectral components propagate in different directions.
Most measurements in this subsection were performed
with average pump intensities of 100 GW/cm2 for the 3mm thick crystal, and 60 GW/cm2 for the 5-mm thick sample. The WLC energies, measured after blocking the pump
beam, were 8 and 12 μJ for the 3- and 5-mm thick BIBO
crystals, respectively. It was not possible to further increase
the pump intensity in the case of the thicker sample, because higher-order nonlinear effects were observed (nonphase-matched continuum generation). However, with the
shorter crystal, it was possible to raise the pump intensity
to 150 GW/cm2 without any detrimental effects. This led
to a total output energy of 15 μJ. Taking into account the
transmission of the optics and the Fresnel reﬂections at
the crystal faces, this corresponds to an internal conversion
efﬁciency of ∼ 7%.
Fig. 55 shows the measured OPG output energy for
the 3- and 5-mm thick BIBO crystals, respectively, as a
function of the internal angle of the pump beam relative to
the normal to the crystal surface. Increasing internal angle
corresponds to decreasing phase matching angle, θ, but a
direct relation is avoided here because of the inevitable
inaccuracy of the crystal cut angle, which could be of the
same order as the angular changes studied. As can be expected, at some maximum phase-matching angle, in this
case corresponding almost to normal incidence, there is no
phase matching and the output energy drops to zero.
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Figure 55 (online color at: www.lpr-journal.org) OPG output energy obtained with the 3-mm thick (red symbols) and 5-mm thick
(blue symbols) BIBO crystals versus internal phase-matching angle relative to normal incidence. The average pump intensity (1/2
of the peak on-axis level) is 150 GW/cm2 and 60 GW/cm2 , respectively.

Figs. 56a and b show the OPG spectra, recorded for
the 3- and 5-mm thick BIBO crystals. The dependence of
the output spectra on phase-matching angle is in agreement with the theoretical predictions for parametric gain,
which were calculated directly from Eq. (5). While the calculations for Fig. 15 and Table 5 were at an exact phasematching angle or period, here the phase-matching angle
was varied for a ﬁxed pump wavelength of λP = 800 nm.
In contrast to the analytical approximation used in Fig. 14,
where the bandwidth is calculated only for the one wave assuming a single-peaked gain function, from the simulations
in Fig. 57 it can be seen that the actual gain bandwidth can
be further increased when the spectral gain proﬁles for the
signal and idler waves merge. Note that the phase-matching
angle for which this happens is slightly lower than the one
corresponding to degeneracy (θ ∼ 11◦ for λP = 800 nm).
The broadest parametric gain occurs before the two
spectra have completely merged. It extends roughly from
1.15 to 2.4 μm. The additional bandwidth enhancement
achieved in this way is up to ∼ 50% when compared to
the values given in terahertz in Table 5. In fact, the broadest parametric gain (depending on its deﬁnition, that is
the acceptable dips in the spectral distribution) does not
necessarily occur for the magic pump wavelength: Both
the pump wavelength and the phase-matching angle can
slightly deviate near the values speciﬁed in Table 5, to
achieve maximum bandwidths [143–145].
With increasing incidence angle in Fig. 56, the spectra
undergo broadening, with the widest spectrum at a relative
internal angle of ∼ 0.4◦ , corresponding to the broadest
parametric gain. With further increase in the incidence
angle (decrease of the phase-matching angle, θ), the spectra
tend to become narrower again, as can be expected for a
phase-matching angle deviating from that corresponding to
degeneracy. The main qualitative difference in the spectra
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Figure 56 (online color at: www.lpr-journal.org) OPG spectra obtained with the 3-mm thick (a) and 5-mm thick (b) BIBO crystals,
recorded with an InGaAs spectrometer at ﬁve different internal angles of the pump beam. The pump intensity is 100 GW/cm2 (a) and
60 GW/cm2 (b).

Figure 57 (online color at: www.lpr-journal.org) Parametric gain of BIBO for collinear-type ooe interaction at λP = 800 nm, calculated
for several ﬁxed phase-matching angles close to degeneracy (θ ≈ 11◦ ). The crystal length, 3 mm (a) and 5 mm (b), and the pump
intensity, 100 GW/cm2 (a) and 60 GW/cm2 (b), correspond to the experimental conditions in Fig. 56.

obtained with the 3- and 5-mm thick BIBO samples is the
decreasing intensity above 1500 nm, observed only for the
thicker crystal. For the thinner crystal, the spectral intensity
remains almost constant above 1500 nm up to the detection
limit of the InGaAs array.
The spectral extent of the WLC is slightly larger for the
5-mm thick BIBO crystal, which can be attributed to the
increasing role of the GVM with the pump pulse, leading
to chirp formation, as will be seen in the XFROG traces.
However, considering the roughly 200 times higher gain in
Fig. 57b in comparison to Fig. 57a, it can be concluded that
in the spectral range where the spectral gain bandwidth is
determined by higher-order dispersion terms, the effect of
the gain coefﬁcient, Γ , is rather weak [111, 142]. Figs. 58–
60 show the output spectra (a), the XFROG traces (b), and
the cross-correlation functions with the gate pulse obtained
by integration of the XFROG traces (c) for these three
cases. The spectral portions up to 1600 nm shown by the
red curves in Figs. 58a–60a, are from direct measurements
with the InGaAs spectrometer. The black curves in the same
ﬁgures show the spectra reconstructed from the XFROG
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traces, which were recorded with a spectrometer with a Sidetector array. Finally, the portions of the ampliﬁed spectra
above 1600 nm, shown by blue lines in Figs. 58a–60a, were
calculated using the Manley-Rowe relation. In all three
cases the correspondence between the two methods used
to recover the spectral information is fairly satisfactory.
Taking, as a measure, the spectra derived from the XFROG
traces, the spectral extension of the generated WLC at the
0-level is roughly 135 THz in all three cases.
The shape of the XFROG traces in Figs. 58b-60b is similar to that obtained in the analogous OPA experiments. In
principle, this result conﬁrms our estimates that the phase
modulation observed at the OPA output is not caused by
the WLC generator or some passive optical elements, but
rather by the BIBO crystal itself. The same can be obviously expected in the OPG case. Since the zero GVD point
is very close to the point separating the signal and idler
branch, opposite chirp is observed in the two branches, see
Fig. 61. On the other hand, an opposite sign of the chirp is
in any case a condition imposed by the energy conservation
law in three-wave interactions, at least under the assump-
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Figure 58 (online color at: www.lpr-journal.org) Spectrum (a), XFROG trace, (b) and cross-correlation function with Gaussian ﬁt, (c)
of the OPG output with the 3-mm- thick BIBO crystal; pump intensity: 100 GW/cm2 .
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Figure 59 (online color at: www.lpr-journal.org) Spectrum (a), XFROG trace, (b) and cross-correlation function with Gaussian ﬁt, (c)
of the OPG output with the 5-mm- thick BIBO crystal; pump intensity: 60 GW/cm2 .
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Figure 60 (online color at: www.lpr-journal.org) Spectrum (a), XFROG trace, (b) and cross-correlation function with Gaussian ﬁt, (c)
of the OPG output with the 3-mm- thick BIBO crystal; pump intensity: 150 GW/cm2 .

tions stated in Sect. 4. The chirp is more pronounced with
increasing parametric gain (conversion efﬁciency).
As can be seen from Figs. 58c–60c, the integrated crosscorrelation functions are well ﬁtted by Gaussian proﬁles.
Since the autocorrelation function of the pump pulses was
also analyzed using such a pulse shape, we deconvolved the
cross-correlation traces under the same assumption. The
resulting integral WLC pulse durations are indicated in
the ﬁgures as τ (FWHM intensity). The obtained pulse
durations are shorter than in the OPA case. The shortest
pulse duration, 63 fs, was measured for the 3-mm thick
crystal pumped at 100 GW/cm2 . As can be expected, this
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occurs at the lowest conversion efﬁciency. The calculated
time-bandwidth products are roughly 10 times above the
Fourier limit for Gaussian pulse shapes: τ Δν ∼ 4.2 for
Fig. 58, ∼ 4.7 for Fig. 59, and ∼ 5 for Fig. 60.
We performed an additional series of experiments to
establish the effect of pump-pulse duration on OPG performance. An analogous pump source at 800 nm, delivering
pulses of 100 fs duration, was employed. Typical pump energies incident on the crystals were 300 μJ. At similar pump
intensities, the output energy from both the 3- and 5-mm
thick BIBO crystals was doubled. In terms of spectral bandwidth, pulse duration, and time-bandwidth products, the
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Figure 61 (online color at: www.lpr-journal.org) Group delay
derived from the XFROG traces for the three cases depicted in
Figs. 58–60.

results were similar to those described above. The integral
pulse durations in this case were shorter than the pump
pulses and the chirp was not particularly well pronounced.
Finally, in other to obtain a more complete picture of
the potentially achievable energy level with this technique,
we added a second stage to the BIBO OPG using 3-mm
thick crystals in both stages, in a setup very similar to that
depicted in Fig. 46. The 1-kHz repetition rate pump system
was the same as described in Sects. 7.2 and 7.3, adjusted
to 140 fs pulse duration. The ﬁrst stage was pumped by
170 μJ, but at tighter focusing to achieve OPG operation.
Its output was then ampliﬁed in the second stage OPA,
pumped with about 800 μJ of pump energy. The mirrors
of the all-reﬂective telescope between the two stages, see
Fig. 46, were modiﬁed to a 3:1 conﬁguration in order to
reduce the beam cross-section in the second stage and by
using metallic mirrors, both signal and idler were applied
for seeding the second stage. The telescope for the pump
beam to the second stage was also modiﬁed by using lenses
of f = 30 cm and f = –5 cm, in order to similarly reduce
its size. XFROG was again used for the characterization of
the ampliﬁed WLC pulses, applying a 10- μm thick type-I
BBO crystal. However, since in this case the pump pulses
near 807 nm were longer than the pulse duration of the
ampliﬁed WLC, we implemented an interference ﬁlter in
one arm of a SHG autocorrelator to select 80-fs long gate
pulses at 1300 nm with a spectral width (FWHM) of about
40 nm for the SFG process. The gate pulses themselves
were measured independently by SHG FROG.
A maximum output energy of 115 μJ was obtained from
the second stage, thus reaching internal conversion efﬁciencies close to 17%. In terms of energy, the improvement
in comparison to the maximum values obtained with the
WLC OPG described previously is almost 8-fold. The obtained integral pulse durations were on the order of 170 fs.
The spectral extension of ∼ 100 THz (FWHM), achieved
by alignment of the two stages at slightly different angles,
leads to a time-bandwidth product of 17, which is 38 times
above the Fourier limit for Gaussian pulse shapes. As can
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Figure 62 (online color at: www.lpr-journal.org) XFROG trace
(a) and spectra (b), with notations similar to Figs. 58–60. The
inset in (b) shows the integrated cross-correlation function with
Gaussian ﬁt of the ultrabroadband OPG / OPA system.

be seen from the XROG trace in Fig. 62a, negative chirp is
observed above 1600 nm, as well as pronounced positive
chirp below degeneracy.
We have reconstructed and compared the spectrum of
the output pulses using integration over time of the XFROG
trace (Fig. 62b, red curve), direct measurement with the
InGaAs spectrometer up to 1600 nm (black curve), and
calculation of the idler spectrum from conservation of energy – Manley-Rowe relation (blue curve). As can be seen
from Fig. 62b there is a good agreement between the different methods. Further steps towards compression of the
produced ampliﬁed WLC employing a scheme with a deformable mirror for simultaneous compensation of both
negative and positive chirp are currently under investigation.

8. Conclusions
In this review paper, we have summarized the properties
of BIBO relevant to nonlinear frequency conversion based
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on second-order susceptibility of the material, analyzed
in detail the phase-matching conﬁgurations with special
emphasis on the spectral acceptance and parametric gain
bandwidth, important parameters for ultrashort (femtosecond) laser pulses, and presented experimental results on
efﬁcient generation of femtosecond pulses in different spectral regions (from the UV to the near-IR) and in different
energy scales (low power pulses at ∼ 100 MHz repetition
rates and high power pulses at a repetition rate of 1 kHz).
We have demonstrated the generation of high-repetitionrate femtosecond pulses with wide tunability across the
375–435 nm in the blue spectral range at average power
up to 830 mW with conversion efﬁciency in excess of 50%
using simple single-pass SHG in BIBO with a mode-locked
Ti:sapphire fundamental laser at 76 MHz. A conversion efﬁciency of 23% has been achieved for SHG at 782 nm of
a low-power (65 mW average power at the fundamental)
femtosecond Er-ﬁber laser/ampliﬁer operating at 56 MHz,
preserving the pulse duration of ∼ 60 fs. Using intracavity
SHG of a near-IR PPLN SPOPO, we have achieved average powers as much as 260 mW for 1.51 W of Ti:sapphire
pump at 17.2% efﬁciency with tuning range for the second harmonic across 665–785 nm in the red spectral range.
Moreover, convenient wavelength tuning across the full
range is achieved simply by varying the SPOPO cavity delay without adjustment of any other parameters such as the
PPLN crystal temperature, BIBO phase-match angle, or
pump wavelength.
We have reported the generation of widely tunable highrepetition-rate femtosecond pulses across the entire visible
range of 480–710 nm by developing a SPOPO based on
BIBO, and achieved wavelength extension to 250–355 nm
in the UV using intracavity SHG of the visible signal pulses
in BBO. Combined with the tunability of the fundamental
Ti:sapphire laser, the approach provides an exceptionally
versatile and continuously tunable source of high-repetitionrate (76 MHz) femtosecond pulses from the UV to near-IR
across 250–3000 nm.
BIBO possesses a unique combination of excellent
properties for broadband parametric ampliﬁcation when
pumped near 800 nm in a collinear geometry. In this case,
higher-order dispersion terms determine the parametric gain
bandwidth, which can be extremely broad. In addition, the
group velocity matching with the pump ensures long interaction lengths and high efﬁciency even for femtosecond
pulse durations. Hence, BIBO is a very promising candidate for a wide range of femtosecond down-conversion
schemes based on Ti:sapphire laser as the pump source. We
realized several such schemes in the high-power regime at
a repetition rate of 1 kHz.
We have exploited BIBO in a 800-nm-pumped, femtosecond, two-stage, type-II OPA, and demonstrated efﬁcient and tunable operation at 1 kHz with certain advantages (extension to the 3- μm spectral range) over BBO. The
shortest pulses obtained were on the order of 100–110 fs.
Using two BIBO crystals (type-II and type-I) in a two-stage
femtosecond OPA, we were able to increase the output energy by roughly 5 times in comparison to previous work
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with BBO at 1 kHz repetition rate. The maximum energy
obtained for a signal wavelength of 1200 nm was 1.1 mJ
(signal plus idler), and the tunability extended from 1.1
to 2.9 μm. Using a two-stage broadband (type-I – type-I)
BIBO OPA with WLC seeding, and pumping with 150-fs
pulses near 800 nm at 1 kHz, we generated sub-30 fs signal
pulses near 1300 nm after compression, at energies exceeding 200 μJ. The corresponding idler pulses near 2.3 μm had
durations of 55 fs without compression and energies exceeding 100 μ J.
We have demonstrated ultrabroadband optical parametric ampliﬁcation and generation in the near-IR with WLC
energy as high as 50 μJ in the case of OPA, and 15 μJ in the
case of the simpler OPG scheme. These values correspond
to internal conversion efﬁciency of 20% and 7%, respectively. In all cases, the integral pulse durations achieved are
in the sub-100-fs range, and the spectral extension covers
an octave. This is the ﬁrst time such WLC has been generated or ampliﬁed by a second-order nonlinear process in
the femtosecond time scale.
The unique and versatile nonlinear optical properties of
BIBO combined with the frequency conversion methods
described in this review provide efﬁcient and widely tunable ultrafast sources across the UV, visible and near-IR,
offering the advantages of simplicity, practicality, high average power, high intensity and pulse energy, and convenient
operation at room temperature.
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