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ABSTRACT Using a very simple and straightforward approach
we derive the condition to be satisfied for achieving wavelength-
insensitive broadband phase matching in a type-I noncollinear
optical parametric amplifier (NOPA), required for the gener-
ation of ultra-fast laser radiation. Nonlinear optical properties of
arelatively newly grown crystal Li;B4O7 (LB4) have also been
studied and we found that this crystal satisfies the condition re-
quired to realize the broadband phase matching and is suited
for the generation of tunable visible-near-infrared ultra-fast
laser radiation employed in a 395-nm-pumped type-I NOPA.
The phase-matching bandwidths of type-I NOPAs in different
borate-group crystals, such as BBO, CLBO, and KABO, are
also numerically estimated. The values are ~ 157, 164, 152,
and 174 THz for 1-mm-thick BBO, CLBO, KABO, and LB4
crystals, with the noncollinear angles between the input pump
and the signal beams 3.7°, 3.0°, 3.4°, and 2.9°, respectively,
for the signal wavelengths centered at 630 nm. In addition to
the largest bandwidth, LB4 crystal has several other attractive
properties to be used in optical parametric applications, such
as high laser damage threshold, wide optical transmission, easy
crystal growth to excellent optical quality with large sizes, easy
treatment of cutting and polishing, and nonhygroscopicity.

PACS 42.65.Yj; 42.65.Re; 42.70.Mp

1 Introduction

The recent progress in the development of solid-
state laser materials along with nonlinear optical (NLO) mate-
rials has brought a resurgence of interest in the development of
tunable ultra-fast laser radiation sources employing the opti-
cal parametric amplification technique. Ultra-fast pulses have
ultra-broad bandwidth and so for the generation of ultra-fast
pulses it is required to generate ultra-broadband radiation.
This becomes possible by employing the optical paramet-
ric amplification technique where a broadband seed pulse is
amplified at the expense of the energy of the intense pump
radiation [1-10]. For a fixed value of crystal orientation and
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temperature, the bandwidth of an optical parametric device
is restricted by the law of momentum conservation or equiv-
alently by phase matching, and in general it is satisfied for
a single set of wavelengths of the pump, signal, and idler ra-
diations. However, in some type-I phase-matched parametric
devices it is possible to achieve a broad bandwidth by realiz-
ing a first-derivative insensitivity of the phase-matching angle
to the signal wavelengths by employing noncollinear geom-
etry [1-10]. The condition to achieve the insensitivity of the
phase-matching angle to the signal wavelengths in an optical
parametric oscillator was mentioned first by Hache et al. [2]
and then employed by several researchers using BBO as NLO
material in their noncollinear optical parametric amplifiers
(NOPAs) [1-10]. However, we derive the same condition to
achieve the insensitivity of the phase-matching angle to the
signal wavelengths of a type-I NOPA, using a straightforward
approach, starting from an expression of the phase-matching
angle. The derivation presented here carries its own signifi-
cance due to its simplicity and also the physical meaning of
the equations involved can be easily understood.

In recent years several potential borate-group crystals,
such as CsLiB¢O;¢ (CLBO) and K;Al,B,07 (KABO), have
been discovered to have potentialities for different NLO ap-
plications particularly for the generation of UV/VUV laser
radiation [11-19]. Recently, we studied optical parametric
properties of these crystals and found that they have attractive
properties similar to those of BBO crystal and are also suit-
able for the generation of tunable ultra-fast laser radiation by
employing the type-I noncollinear optical parametric ampli-
fication technique [20]. Another borate-group NLO crystal,
namely Li;B4O7 (LB4), has been successfully grown in the
recent past by Komatsu et al. by the Czochralski method [21].
This crystal possesses several favorable properties to be used
in practical parametric and other NLO frequency-mixing de-
vices. It is a negative uniaxial crystal and has clear trans-
mission spans in the wavelength range extending from 170
to 3300 nm; however thinner samples transmit even down to
160 nm (i.e. VUV cut-off of this crystal is ~ 29 nm below that
of BBO and ~ 20 nm below that of CLBO and KABO crys-
tals) as well as in the near infrared (NIR) up to ~ 3500 nm.
Having a wider band gap the LB4 crystal has a high laser
damage threshold of about 40 GW /cm? at 1064 nm and 10-Hz
repetition rate with 10-ns laser radiation [21]. The value of
the damage threshold of LB4 crystal is about three times
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that of BBO crystal and about 1.5 times that of CLBO crys-
tal. Some other attractive advantages are the following. It is
mechanically rigid and nonhygroscopic, whereas BBO and
CLBO crystals are soft and hygroscopic. CLBO crystal is
especially highly hygroscopic and requires maintenance of
specific atmospheric conditions such as temperature and hu-
midity. The deleterious extraordinary beam walk-off in LB4
crystal is smaller than in BBO and KABO crystals and similar
to thatin CLBO crystal, viz. at the pump wavelength (395 nm)
of a NOPA, the walk-off angles are about 4.0°, 2.7°, 2.1°,
and 2.1° in BBO, KABO, CLBO, and LB4 crystals, respec-
tively. High-quality LB4 crystals can be grown with much
larger sizes than those of other crystals of the borate fam-
ily, such as BBO, CLBO, and KABO. Although the LB4,
BBO, and CLBO crystals are available commercially, the
growth process of KABO crystal has been developed very
recently [17, 18] and it is yet to be available commercially.
The only disadvantage of the LB4 crystal is that its effect-
ive nonlinear coefficient is somewhat small (d3; = 0.15 pm/V
at 1064 nm) [22]. The value of d3; was later corrected to be
0.21 pm/V [23]. However, the disadvantage of low nonlin-
earity may be overcome at least partially by its high value
of the laser damage threshold employing tightly focused
geometry in NLO interactions. The potentiality of this crys-
tal had been proved for the generation of tunable ns pulsed
UV, VUYV, and NIR laser radiation through second-harmonic
generation, sum-frequency mixing, and difference-frequency
mixing processes, respectively, using Q-switched Nd : YAG-
laser-based fundamental laser radiation sources [21,22, 24—
26]. In [23], the potentiality of this crystal had been proved
for its femtosecond VUV applications, where the authors
successfully generated VUV pulses down to 170 nm using
the sum-frequency mixing technique. However, no effort has
been made so far to study the potentiality of this newly de-
veloped borate crystal for its optical parametric applications.
Here we study the nonlinear optical properties of this crys-
tal when it is used in a type-I NOPA pumped by Ti : sapphire
second-harmonic radiation at 395nm and seeded by the
white-light continuum (WLC). From the study it is found that
this crystal also satisfies the condition required for broadband
phase matching when a suitable noncollinear angle between
the input pump and seed pulses is considered. The numer-
ically estimated value of the bandwidth of the type-I LB4
NOPA is > 174 THz when an internal noncollinear angle ()
of 2.9° is employed for a 1-mm-thick crystal. For some other
borate crystals, such as BBO, KABO, and CLBO, the values
of the phase-matching bandwidths for the same interaction
and also for the same thickness have also been calculated and
the values are over 157, 152, and 164 THz, with the values
of « being 3.7°, 3.4°, and 3.0° for BBO, KABO, and CLBO
crystals, respectively. Considering the different advantageous
characteristics, such as easy growth to good-quality, large-
size crystals, short VUV cut-off wavelength, high value of
laser damage threshold, small walk-off angle, easy treatment
of cutting and polishing, and nonhygroscopic nature, LB4
crystal might be an alternative crystal for the generation of
tunable visible-NIR ultra-short laser radiation by employing
a 395-nm-pumped type-I NOPA. However, we present in this
article the optical parametric properties of LB4 crystal for
the first time, to the best of our knowledge, and found that,

in principle, the generation of tunable ultra-fast laser radia-
tion is possible using this crystal in a type-I NOPA pumped
by Ti : sapphire second-harmonic radiation and seeded by the
WLC, with the bandwidth largest among other borate crystals
such as BBO, KABO, and CLBO.

2 Condition for signal-wavelength-insensitive phase
matching in a negative uniaxial crystal employed
in a type-1 NOPA

For the generation of ultra-fast laser radiation the
generation of ultra-broadband radiation is required and the
optical parametric processes have now become the well-
established techniques for the generation of such widely tun-
able laser radiation. For the generation of ultra-broadband
laser radiation in a type-I NOPA the orientation and tem-
perature of the NLO crystal are kept fixed, and so in gen-
eral the bandwidth of the parametric process is limited by
the momentum conservation or phase matching to a single
set of frequencies of the pump, signal, and idler radiations.
However, if the NLO crystal satisfies a certain condition for
the first-derivative insensitivity of the phase-matching angle
with respect to the signal wavelength of the type-I NOPA, it
is possible to achieve the broad bandwidth. A derivation of
the above condition in a straightforward manner is presented
below.

The standard method of calculation for the phase-matching
angle for different NLO applications in different NLO crys-
tals is available in the literature [27]. In addition, recently
a very simple expression of the phase-matching angle for dif-
ferent collinear and noncollinear type-I NLO interactions in
a negative uniaxial crystal was presented [20]. For the sake
of completeness some of the results are also presented below.
Figure 1a shows the noncollinear geometry and Fig. 1b shows
the group-velocity-matching condition between the signal
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FIGURE 1 a Noncollinear geometry for type-I NOPA. The internal non-
collinear angles between the pump and the signal (idler) and between the
signal and the idler radiations are « (B) and v, respectively. b The condition
for group-velocity matching between the signal and the idler (GVM,_3) ra-
diations of the NOPA. Here vy and vg3 are the group velocities of the signal
and the idler radiations, respectively
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and idler radiations of a type-I NOPA in a negative uniax-
ial crystal. The phase-matching and the energy-conservation
conditions in the interaction are:

K =K+ KS (1)
W] =wy +w3. (2)

Here, k; and w; (4;) are the wavevector and the frequency
(wavelength) of the ith beam, i = 1, 2, and 3. Solving (1) and
(2), we obtain the following expression of the phase-matching
angle (0), defined as the internal angle made by the extraor-
dinary (e) polarized pump beam with the optical axis of the
crystal:

B . (AG/Y)Z _1 0.5
0 = cos [m} . (3)
Here,
¥ =[R2 + ()2 + 243K cos ¥] @)
Vv=a+p, S)
B =sin"" [(k3/k3) sina] , (6)

A° =2rn(ni/ 1), A° =2nn/A), kS = k5| = 27
(n3/A2), and kS = |k3| = 2m(n5/A3). ny, na, and n3 are re-
fractive indices of the three interacting radiations with the
wavelengths A, A, and X3, respectively. The superscripts
o and e correspond to the ordinary and extraordinary po-
larizations, respectively, and « (8) is the noncollinear angle
between the pump and the signal (idler) beams. Here k5 and
k5 are the wave numbers corresponding to the signal and idler
beams, whereas Y may be defined as the ‘averaged’ wave
number of the signal and the idler beams parallel to the pump
beam. Considering the phase matching along the direction
perpendicular to ky, (6) is obtained, and so the approximation
made in [20] is not required. In the case of a monochromatic
pump, from (3) it is observed that the phase-matching angle
6 will be independent (first order) of the signal wavelength or
signal frequency (w,) if 38/ dw, = 0 for any value of w;. In (3),
all the parameters, except Y, are independent of w, . Therefore,
the condition may be expressed as follows:

aY/dwr =0. @)
It can be shown easily that
Y =kjcosa+k;3cos . (8)

If the incident angle of the tunable seed pulses have no
frequency or equivalently wavelength dependence, the non-
collinear angle () between the pump and the tunable seed
pulses will remain unchanged with the change of the signal
frequency, i.e. do/dw, = 0. Now from, (7) and (8), we get

(cosa /vy — cos B/vg3) — k3 sin B(8B/0w2) =0, )

where vy; = 0w, /0k; is the group velocity of the ith beam
(i = 2 and 3) with frequency of w;. To obtain (9), we have used
dw, = —dws, since w| = constant, the pump being monochro-
matic. From (6) we obtain

kSsin B =k5sina. (10)

Differentiating (10) with respect to w,, and considering that
do/dwp = 0 and dw, = —aws, it can be shown easily that
0B/ 0> = (sin ot/ vgy +sin B/vg3) / (k5 cos B). Substituting the
value of 98/dw, in (9), after some algebraic simplification we
get (cos ¥/vgr — 1/vg3)/ cos B = 0, which is equivalent to the
following:

an

The above condition (11) can also be derived [5, 10] by equat-
ing the first-order derivative of the phase mismatch with re-
spect to w; to zero, considering a monochromatic pump and
do /0w, = 0. Earlier, using this method, one author of this
paper and his collaborator [5] showed that for a NOPA the
effective inverse group-velocity (GV) mismatch between the
signal and the idler pulses GVM,_3 may be written as follows:

GVMy_3 =1/vg —1/(vgzcos ¥) . (12)

Vg) = Vg3 COS Y .

It is observed from (12) that GVM,_3 can be eliminated if
the above condition (11) is satisfied and so the condition (11)
is called the condition for the GV matching in a NOPA [5].
Therefore, following the earlier method [5,10] it can be
shown only implicitly that the condition (11) is the condition
for the insensitivity of the phase-matching angle with respect
to the variation of signal frequency or wavelength. However,
above we have derived the same condition in a straightfor-
ward as well as a simple manner starting from the expression
of the phase-matching angle (6), and it is shown explicitly
that, to achieve the insensitivity of the phase-matching angle
with respect to the variation of signal frequency or wavelength
of the NOPA, the condition (11) is to be satisfied, i.e. the
components of the group velocities of the idler beams with
a broad spectrum along the signal direction must be equal
to those of the corresponding signal beam. In the following
we study the optical parametric properties of a relatively re-
cently developed NLO crystal LB4 and find that the above
condition (11) is also satisfied if this crystal is employed as
a NLO amplifier crystal in a 395-nm-pumped type-I NOPA
with a particular value of the noncollinear angle («).

3 Nonlinear optical properties of LB4 crystal
employed in a type-I NOPA for the generation
of tunable ultra-fast laser radiation

31 Type-1 NOPA phase-matching characteristics

Figure 2 shows the phase-matching characteristics
of the type-1 LB4 NOPA pumped by 395 nm, the second har-
monic of the Ti : sapphire laser radiation. The phase-matching
angles are calculated using (3)—(6), while the refractive in-
dices at the interacting wavelengths are calculated using the
Sellmeier dispersion relations of Sugawara et al. [24]. In
Fig. 2 the phase-matching tuning curves for both signal and
idler branches are shown for the collinear geometry with
a = 0° by the solid curve as well as those for the noncollinear
geometries with two different values of « of 2.9° and 3.5° by
the dashed and the dotted curves, respectively. In Fig. 3 the
variation of the propagation directions of the pump, signal,
and idler beams with the signal wavelengths with respect to
the optical axis of the crystal are shown for o = 2.9°; the sig-
nal branch has been magnified in a region of wavelengths be-
low 800 nm to show the wavelength insensitivity of the phase
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FIGURE 2 Theoretical phase-matching curves (signal and idler branches)
of 6 in a type-I Li»B4O7 (LB4) NOPA, for different internal noncollinear
angles (o), pumped by 395-nm radiation and seeded by the white-light con-
tinuum. The solid, dashed, and dotted curves are for o = 0°, 2.9°, and 3.5°
respectively. The region below 0.45 pum of signal wavelength is limited by the
idler absorption in the crystal

matching for the amplification of the signal wavelengths be-
low 800 nm. From Fig. 3 it is observed that for o = 2.9° the
idler-beam propagation angle (03) is dependent on the sig-
nal wavelength and hence the idler wavelength; as the pump
is monochromatic its wavelength is constant. On the other
hand, the pump (6) and signal (6,) beam-propagation direc-
tions are unchanged for the variation of the signal wavelength
in certain regions below 800 nm, viz. for the variation of the
signal wavelength in the region 525-725 nm 6 as well as 6,
varies within 40.5 £ 0.1°. It may be noted that even for a small
change of o the phase-matching curve is modified substan-
tially. However, it is found that the phase-matching curves for
the signal and pump radiations are almost flat for « = 2.9°,
and so only this value of « is considered in Fig. 3 as well as in
the following calculation of the type-1 LB4 NOPA bandwidth.
The wave-vector mismatch in the interaction has been
calculated to estimate the phase-matched bandwidth of the
process. The wave-vector mismatch (Ak) along the pump di-
rection is given as follows:
Ak =k5(0) — k5 cosa— k5 cos 8. (13)
Figure 4 shows the variation of the (normalized) wave-
vector mismatch (AkL /) with the signal wavelengths (be-
low 800 nm) of a 395-nm-pumped type-I NOPA in different
crystals, namely BBO, KABO, CLBO, and LB4. During
the numerical calculation of Ak the center wavelength of
the signal radiation is considered at 630 nm and the pump-
signal noncollinear angles (o) for BBO [1-10], KABO [20],
CLBO [20], and LB4 crystals are 3.7°, 3.4°, 3.0°, and 2.9°,
respectively; the thickness (L) of all the crystals is taken to
be 1 mm. It may be noted that for KABO the optimum value
of o obtained with the recent Sellmeier dispersion [19] is
3.4°, instead of 3.3° [20]. From Fig. 4 it is found that in the
case of an LB4 crystal with AkL = =+, A, varied over 520+
745 nm, which corresponds to the phase-matched bandwidth
of over 174 THz, whereas the estimated bandwidths for BBO,
KABO, and CLBO crystals are 157, 152, and 164 THz, re-
spectively. The detailed results for CLBO and KABO were
presented previously by us [20], whereas those for BBO are
well known [1-10]. However, it is observed that the phase-
matched bandwidth of a 395-nm-pumped type-I NOPA with

FIGURE 3 Variations of the phase-matching angle corresponding to the
pump (), signal (6>), and idler (63) radiations with the signal wavelength of a
395-nm-pumped type-I LB4 NOPA when the pump-seed noncollinear angle

0.8

0.6
Signal wavelength (LLm)

0.7

FIGURE 4 The variation of the normalized wave-vector mismatch
(AkL/m) with the signal wavelengths below 800 nm of type-I LB4, BBO,
CLBO, and KABO NOPAs pumped by 395-nm radiation. The solid, dashed,
dotted, and dash-dotted curves are for LB4, BBO, CLBO, and KABO crys-
tals, respectively, and the corresponding values of the (internal) noncollinear
angles («) are 2.9°, 3.7°, 3.0°, and 3.4°, respectively

the LB4 crystal is larger than that with any of the other three
borate-group crystals. In the following we describe the group-
velocity matching and some other properties of the considered
type-1 LB4 NOPA.

3.2 Group-velocity matching and some other properties
of atype-I NOPA

Among others, the inverse GV mismatch between

the signal and idler radiations (GVM,_3) of a NOPA is an im-
portant parameter as GVM,_3 determines predominantly the
bandwidth of a NOPA [28]. From (12) it is observed that in the
spectral range of normal dispersion (vg < vg3 for Ay < A3),
GV matching is only allowed in the degeneracy condition for
a collinear (o« = 0°) OPA. On the other hand, by employing
noncollinear geometry it is possible to achieve GV match-
ing for a broad range of wavelengths of the signal radiations.
For a NOPA, the effective value of GVM,_3 is given by (12)
and GV mismatch between the pump and the signal beams
(GVM_,) is given by the following equation [5]:
GVM|_2 =1/vg —1/(vgrcosa). 14)
As seen from (14), by employing proper noncollinear
geometry GV matching between the pump and the signal is
also possible. Di Trapani et al. [4] realized GV matching be-
tween the pump and the signal in the case of vy < Vg2, and
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FIGURE 5 Variations of the inverse group-velocity mismatch between the
pump-signal (GVM;_,) and signal-idler (GVM,_3) with the signal wave-
lengths of a 395-nm-pumped type-1 LB4 NOPA. The solid and dashed curves
are for o = 0° and 2.9°, respectively
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FIGURE 6 The solid, dashed, dotted, and dash-dotted curves show the
variation of the group-velocity mismatch between the signal and idler ra-
diations (GVM_3) of the type-I NOPA in LB4, BBO, CLBO, and KABO
crystals with the corresponding values of o =2.9°, 3.7°, 3.4°, and 3.0°,
respectively

obtained an order of magnitude longer interaction length than
that for the collinear configuration. Here Fig. 5 shows the
variation of GVM,_3 and GVM,_; calculated by using (12)
and (14), respectively, for a type-I LB4 NOPA for collinear
(o = 0°, solid curves) and noncollinear geometries with o =
2.9° (dotted curves). From Fig. 5 it is observed that by em-
ploying o = 2.9° it is possible to realize GV matching for
a broad range of wavelengths of the signal radiations, viz.
the values of GVM;_3 remain only within £20 fs/mm when
the values of signal wavelengths varied between 530 and
760 nm, whereas for the collinear configuration GV match-
ing is possible only at a degenerate wavelength. The varia-
tions of GVM,_3 with the NOPA signal wavelength below
800 nm have also been calculated for other borate-group crys-
tals BBO, KABO, and CLBO, and they are shown together in
Fig. 6. From Fig. 6 it is observed that in the signal wavelength
regions concerned the maximum value (taking the magnitude)
of GVM,_3 is smaller for CLBO and LLB4 crystals than it is for
BBO.

The nonlinear optical coupling coefficient (d.¢) of an LB4
type-I NOPA has been compared with those of BBO, CLBO,
and KABO crystals. Figure 7a shows d.¢ calculated for LB4,
BBO, CLBO, and KABO type-I NOPAs at a central signal
wavelength at 630 nm. For the calculation of df the phase-
matching angle for each crystal is taken corresponding to the
signal wavelength at 630 nm and with o = 3.7°, 3.4°, 3.0°,
and 2.9° for BBO, KABO, CLBO, and LB4 crystals, respec-
tively. It is observed in Fig. 7a that the LB4 crystal has a rather
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FIGURE 7 a The effective nonlinear optical coefficients of BBO, CLBO,
KABO, and LB4 crystals for the type-I NOPA. b The laser damage threshold
(LDT) of BBO, CLBO, and LB4 crystals at Q-switched ns pulsed Nd: YAG
laser radiation [21,29]

low value of d.g. However, this disadvantage of a low value
of d.¢ can be overcome by employing tight focusing due to its
very high laser damage threshold (LDT) compared to that of
the other borate crystals. The LDT of CLBO is ~ 26 GW /cm?
for Nd: YAG laser radiation at 1064 nm and for 1.1-ns pulses,
which is almost twice as high as that of BBO [29], whereas
the same for LB4 crystal [21] is 40 GW/cm? for Nd: YAG
laser radiation at 1064 nm with a 10-ns pulse width at 10 Hz.
These are shown in Fig. 7b. The LDT of KABO is not shown
in Fig. 7b since we do not have sufficient data. However, for
KABO crystal the only available data for its damage resis-
tance is > 1 GW /cm? for repeated pulses and > 15 GW/cm?
for a single pulse using 1064 nm with 10-ns laser radiation at
10-Hz repetition rate [18]. From Fig. 7bitis seen that the LDT
of LB4 crystal is ~ 3 and 1.5 times that of BBO and CLBO
crystals, respectively, and this may be the highest among those
of NLO borate crystals [21]. Another parameter of importance
of a NLO crystal used in a type-I NOPA is its walk-off angle
(o) at the pump wavelength. The walk-off effect is detrimen-
tal to achieve large gain in an optical parametric process as it
reduces the effective interaction length of the crystal. How-
ever, by judicious choice of noncollinear configurations it is
possible to overcome the deleterious effect of the walk-off. In
the case of BBO crystal p is almost equal to the noncollinear
angle («) required to achieve broadband phase matching and
this fortuitous matching is made possible in BBO to achieve
large gain as well as large bandwidth. From the results pre-
sented in Sect. 3.1 and also in this section, it is found that to
achieve broadband amplification of signal wavelengths cen-
tered at 630 nm in a 395-nm-pumped type-I LB4 NOPA the
required value of « is ~ 2.9°. The value of ¢ at 395 nm in the
case of LB4 crystal is ~ 2.1°. Therefore, by employing non-
collinear geometry it is possible to alleviate the deleterious
walk-off effect in a type-I NOPA and achieve the large gain
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as well as bandwidth also in LB4 crystal that was exploited
earlier in BBO crystals [1-10]. However, considering that the
parametric gain (G) of the NOPA is approximately propor-
tional to d%I,L?, the damage threshold intensity of LB4 is
~ 3 times higher than that of BBO and d.¢ is ~ 1/10th that
of BBO; with the highest pump intensity (/) the maximum
value of G of an LB4 NOPA should be ~ 3/10? times smaller
than that of BBO if the crystal lengths are the same. Tak-
ing a thicker crystal length, say 4.5 mm, it may be possible
to compensate the low parametric gain. However, the band-
width of a NOPA with the thicker crystal length is reduced,
viz. the estimated bandwidth of an LB4 NOPA is ~ 110 THz
with L = 4.5 mm and o = 2.95°. Taking o = 2.9°, which was
used in earlier calculations with the 1-mm-thick crystal, the
estimated bandwidth is ~ 130 THz for a 4.5-mm-thick LB4
crystal but in this case the phase-matched signal spectrum of
aNOPA is intensity modulated; viz. at ~ 565-nm signal wave-
length the intensity becomes as low as ~ 10% of its maximum
value.

4 Conclusion

In conclusion, we have presented a straightfor-
ward derivation of the condition for broadband phase match-
ing in a type-I NOPA crystal, this being the requirement
for the generation of tunable ultra-fast laser radiation from
a NOPA pumped by Ti:sapphire second-harmonic radia-
tion and seeded by the white-light continuum. We have also
studied the optical parametric properties of a relatively newly
developed nonlinear optical borate crystal, LB4. The crystal
has the several advantageous properties to be used in differ-
ent NLO applications, such as (i) wide optical transmission
range (160-3500nm), (ii) easy growth to excellent optical
quality with large-size crystals, (iii) high value of the laser
damage threshold [21] of ~ 40 GW/cm?, which is ~ 3 times
that of BBO and ~ 1.5 times that of CLBO, (iv) good me-
chanical stability, (v) easy treatment of cutting and polishing,
(vi) small walk-off angle, and (vii) chemical stability even in
water, i.e. nonhygroscopicity. CLBO and BBO crystals are
soft and hygroscopic; CLBO is particularly highly hygro-
scopic and it requires critical maintenance of the environment,
such as a temperature as high as 160°C for stable perform-
ance. From this study it is also found that it is possible to
achieve the broadband phase matching in LB4 crystal and
thus it is suited for the generation of the ultra-fast laser radi-
ation by being employed in a 395-nm-pumped type-1 NOPA.
The phase-matching bandwidth is numerically estimated for
1-mm-thick BBO, KABO, CLBO, and LB4 type-I NOPAs
and it is found that the bandwidth with the LB4 crystal is the
widest (> 174 THz) among all these crystals, in principle. The
only disadvantage of LB4 crystal is that its nonlinear optical
coupling coefficient is rather small. However, this disadvan-
tage may be outweighed at least partially by its high value of
the laser damage threshold by employing the tight focusing
geometries in NLO applications. Therefore, we believe that
the results presented here will bring a lot of interest among
researchers in this field to develop an ultra-fast laser radia-
tion source using LB4 crystal by employing a Ti : sapphire

second-harmonic (i.e. 395 nm) pumped type-I NOPA scheme,
considering its several advantageous characteristics for hand-
ling and practical applications.
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