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Abstract. We have designed a simple mid-IR femtosecondyroup velocities mismatch, and second-order nonlinear ef-
OPA seeded by a white-light continuum and delivering venyfective susceptibility which partly control the amplitude and
stable, largely tunable and energetic output pulses. This OPthe temporal and spectral structure of parametrically gener-
requires fewer thaB00uJ of 120fs Ti:sapphire pump pulses ated IRfs pulses. Second, we present our very simple experi-
as energy. This system allowed us to experimentally commental OPA setup and the techniques we used to characterize
pare the performances of potassium crystals (KTP, KTA, anthe generated IR pulses. Finally, we discuss our results.

KNbQO3) for the generation of up td00-fs Fourier-transform- For spectroscopic purposes, the important parameters of

limited pulses tunable iti—4.6 um mid-IR wavelengths. IR pulses generated by the OPAs are their high peak power,
great stability, and their Fourier-transform-limited (FTL) na-

PACS: 42.65.Yj; 45.65.Re; 42.70.Mp ture. All are influenced by the characteristics of the crystal

used in the OPA. Manys OPO or OPA systems working

in the mid-IR domain Z-5m) have been built around one
The development ofs sources working in the spectral do- of the three crystals KTP, KTA, andNbOs, which con-
main around3 um is important since it makes it possible tain potassium. All these biaxial crystals belong to ne
to study time-resolved infrared vibrational spectroscopy opoint group of symmetry. Fofis nonlinear applications, the
C-H, N-H, O-H,... fundamental stretching modes which areKTP crystal is well known and has often been used for
involved in many physical and chemical as well as biologicagenerating FTL mid-IR pulses in both OPA and OPO [1-
processes. In recent years, the development of powerful arg]5, 6]. It has a very high damage threshold, a good trans-
reliablefs lasers has made optical parametric sources a regbarency range((35-4.5um) and high nonlinear coefficient
ity: optical parametric amplifiers (OPA) routinely generating(ds; ~ 2.65 pnyV). Compared to KTP, the KTA crystal has
sub4100fs pulses largely tunable in the near infrared witha higher transparency rand&35-5.3 um) and a largeds, ~
sup4-nJ energy pulses now available. Data on the perform4.5 pm/V nonlinear coefficient. Therefore it should make it
ance of infrared OPA sources have been published [1-3] byossible to extend the IR spectral range covered by KTP crys-
to our knowledge, only one attempt in comparing the pertal and improve the overall conversion efficiency. KidbO3
formances of KTP family crystals has been made [4]. In thatrystal is known for its large nonlinear effective susceptibil-
study the authors useda10PA seeded by a Q-switched Nd- ity (d3» ~ —13.7 pm/V) and for its large transparency range
YLF laser and pumped by the tunable output of a Ti:sapphir€0.4— 4 um). Therefore, it could be used to generate more
regenerative amplifier. Such a device has two drawbacks: firgtowerful IR fs pulse energy than KTP and KTA crystals but
the frequency tuning of such an OPA is not convenient sincen a smaller IR spectral range if the conclusions drawn in
besides the oscillator, it involves re-adjusting many elementthe well-known crystal handbook hold [7]. However, in a real
in the Ti:sapphire regenerative amplifier. Second, such tunin@PA system, we shall see that a simple and direct compari-
affects the comparison between the different crystals since #on of the performances of the crystals in our OPA lead us to
may alter many pump pulse parameters. In the present palightly different conclusions.
per, we propose a theoretical and experimental study of three
crystals containing potassiuldTiOPO, (KTP), KTiOAsO,
(KTA), and KNbOj3 using a double-pads OPA pumped by 1 Theoretical background
the fixed output of a Ti:sapphire regenerative amplifier. This
OPA is seeded by a white-light continuum and the frequencyo build our OPA system, we first theoretically studied the
tuning is achieved through a rotation of the crystal. The papesignal, idler, and pump pulse configuration polarization for
is organized in the following way. First, we discuss import-mid-IR generation. To compute the cut angles, the optimum
ant crystal parameters such as the phase-matching curvéisickness, and to determine the spectral tuning range of each
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crystal, we used the Sellmeier equations given in [8—10] fowide bandwidths are available in this wavelength region. Ac-
KTP, KTA, and KNbOs, respectively. For all crystals, the cording to these angle tuning curves, we decided to cut the
phase-matching conditions between signal, idler, and pumgrystals we used so that at normal incidence the central fre-
pulses were computed by considering that all the wave veauency of the idler wave would be centered arodipen. The
tors were collinear and that they lie in th¥,(Z) plane (i.e. angles of cut{, ¢) as well as the important parameters of the
for ¢ =0). In Fig. 1, we show the theoretical evolution of crystals are reported in Table 1.

signal and idler wavelengths versus the internal ang)iéof The thickness of the crystal is another important OPA
a fixed pump wavelengtfif = 810 nn). For KTP and KTA, parameter to be determined. The optimum thickness is con-
two configurations of polarization are phase matched in th&olled by the group velocity mismatch (GVM) between sig-
X —Z plane: type-Il configuration for which signal (s), idler nal, idler and pump pulses. The GVM is a function of the
(), and pump (p) pulses are, respectively, ordinary (0), exwavelength. The computed GVM for the three crystals is pre-
traordinary (e), and ordinary (o) polarized (sipoeo); and sented in Fig. 2. We will focus our attention on thel.2 um
type-Ill which implies the following polarization configura- spectral range which according to the pump waveleagth
tion: sip — eoo. This phenomenon has previously been re0.81yum makes it possible to generate idler waves in the
ported [11]. Note that the type-Il configuration which induces4.26-2.5 um fundamental IR stretching frequency©H and

the generation of idler wavelengths limitecdraR.7 umis not  CH groups. We first consider the pump-signal GVM (plot-
suited for fundamental stretching vibrational spectroscopyted in open circles in Fig. 2). For KTA, it is abouf75 fs/mm
The latter requires at least that the OH spectral domain should the 1-1.2 um spectral range whereas for KTP the abso-
be covered in a range from 3 85 um. Therefore the type- lute value of the GVM is smaller thaR0 fs/mm over the

Il configuration was not our main interest even if we werewhole tuning range. FOKNbQOs, the amplitude of this pa-
experimentally able to observe it. On the other hand, the specameter is larger and steadily increases fr6@fs/mm at

tral tuning range presented in Fig. 1a shows that, throughum up to 140fsymm at 1.2 um. Secondly, we consider

a rotation of~ 12° of the crystal aroundf axis, the type-lll  the signal-idler GVM (plotted in full up triangles in Fig. 2).
configurations made it possible to cover tke5um spec- As sighal wavelength increases (i.e. idler wavelength de-
tral range. FOKNbOg, in the X — Z plane, phase matching creases), signal-idler GVM which is abou60 fs/mm and
occurred only for type-I configuration (i.e. sip ooe). The —110fymm at 1um for KTP and KTA, respectively, at-
theoretical angle tuning curve is plotted in straight lines intains a positive value and reach@8fs/mm and 70 fs/mm

Fig. 1b. It is interesting to note that tuning the crystal overat 1.2 um for KTP and KTA, respectively. FOKNbO;3, this

the whole2-5 um spectral range only required a rotation of parameter is always smaller th80 fs/mm in the 1-1.6 um

~ 2° of the KNbO;s crystal. This is to be compared with the signal tuning range. Finally, let us consider the pump—idler
12 tilt angle for the KTP and KTA crystals. Therefore, the GVM (plotted in straight lines in Fig. 2). F&¢NbO;3 this pa-
KNbQ; crystal has a wide spectral acceptance. Note the verameter is aroun@0 fs/mm at 1 um, but it rapidly increases
tical slope of the angle tuning curve ne48.7° indicating and reaches arour®80 fymmat1.2 um. For KTP this GVM

a wavelength non-critical phase matching. As a result, veris negative and about50 fs/mm at 1 um. It is continuously
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Table 1. Characteristics of KTP, KTA, and

KNbOs; crystals are shown. MGVM is the max- Crystal Transparency_ Typ(_e of Cut angle MGVMs/mm leff/mm et/ pm/V
imum of group velocities mismatches between range/um interaction  (6; ¢)° at =33um atki =3.3pm

the three waves calculated for a generated

idler wavelength centered &t3 um, leff is the KTP [0.35; 4.5] 1] (40.1; 0) 50 2.4 1.8

corresponding pump, signal, and idler pulses KTA [0.35; 5.3] Il (42.6; 0) 75 1.6 3.1

interaction length andef is the mean value of  KNbO; [0.4; 5.6] | (49; 0) 177 0.7 11.0

the second-order nonlinear effective suscepti-

bility

shifted positively as the wavelength increases and reachése mth component of the signal—-idler normalized electric
120f¢ymm at 1.2 um. The same behavior is observed for field respectively. Note this general expression allows us to
KTA. compute thedesr whatever the considered type of paramet-
Since the pump-signal interaction length is an importantic interaction. In the three crystals and for the chosen type
parameter for efficient generation of the signal wave, it if interaction,dett decreased as signal wavelength increased
clear that &2-mm crystal length is suitable for both KTP and from 1 to 1.6 um. ForKNbQOs, thedes ( ~ 11 pnyV) change
KTA crystals pumped by 20fs pulses. FOKNbO3 a crystal ~ was aboutt1%. For the other crystals the change was more
length of aboutl mmwould suffice (see Table 1). However, pronounced £10%), andde decreased frond.6 pnyV to
since we wanted to compare the performances of the threz0 pm/V and from2.8to 34 pm/V for KTP and KTA, re-
crystals, we also chose a lengtilahhmfor KNbOs. For KTP  spectively, in thel-1.6 um wavelength range. Therefore, if
note that all the GVMs are equal to zero aroune: 1.05pum.  the interaction length between the signal, pump, and idler
This clearly indicates that a longer crystal length can be useplulses is kept constant, the output pulse energy should be
for an efficientfs parametric generation around this wave-more constant over the whole spectral tuning range with
length. Indeed, at this wavelength, GVM does not limit sig-KNbOs; compared to KTP or KTA. On the other hand, since
nal, idler, or pump length interaction. In fact, it is mainly the the deg of KNbOj3 is about 3.5 and 5.5 larger than that of
angular walk-off between the pump signal and idler pulse&TA and KTP, respectively, the use BNbO; crystal in our
that is the limiting factor. Moreover, another problem relatedOPA should provide more energetic output pulses compared
to the spatial structure of the generated pulses may arise. Far KTP and KTA.
such a long crystal and for powerful spatially Gaussian pump
pulses, a saturation of the parametric gain as well as total
conversion of the pump in the signal and idler or even re2 Experimental set-up
conversion of signal and idler wave in the pump wave could
occur. Along the propagation axis in the crystal, the poinfThe sketch of our simple OPA setup is presented in Fig. 3
at which the saturation and the re-conversion occur dependsiowing all the optical elements of our OPA. The system is
on the pump intensity. Hence the nature of the spatial pumpased on the double-pass optical parametric amplification of
beam profile implies that the saturation of the parametric gaia white-light continuum in a crystal (KTP, KTA, d{NbO3)
and re-conversion signal and idler pulses do not occur at th&ynchronously pumped by a small part of the enel@b(LJ)
same point on the beam profile in the crystal. Therefore, at thef a commercial Ti:sapphire regenerative amplifier working
exit point of the crystal, both saturation of the parametric gairat al-kHz repetition rate. Th&20-fs pump pulses have their
saturation and re-conversion phenomenon should manifeséntral wavelength a810 nm The white-light continuum
themselves by the occurrence of a transversely ring-shapegnerated in &mm-thick sapphire optical flat by focusing
pump signal or idler beam in the far field. If this behavior isless tharl pJof the Ti:sapphire pulse energy leaking through
not desirable, the thickness of KTP crystal must be reduceda mirror. The generated white-light continuum was then col-
Next, we computed the evolution of the effective secondlimated to reduce its diameter to ab®@@Om on the crystal.
order nonlinear susceptibilit;(xéﬁ) =2des) versus signal The pump arm (see Fig. 3) used most of the Ti:sapphire pulse
(or idler) wavelength. The effective nonlinearity was calcu-energy. To reduce the pump beam waist size-800um in
lated according tdert = ) ) e'pd|m(esa)m wheredm, e'p and the crystal, the pump pulses passed through an afocal sys-
(es€™ are the components of the square nonlinearity tentem. The minimum beam-waist size of the pump was limited
sor, theeth component of pump normalized electric field andby the damage threshold of the used crystal. It was about

Generation of the white D
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DMI Y n : are dichroic mirrors, NLC is the nonlinear crys-
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L Y Pump arm |_| e crystal. Ax/2 plate is placed on the pump arm
et 32 delay 1 for KNbO3 crystal or on the continuum arm for

Afocal (KNbO,) KTP and KTA crystals
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400 GW/cn? for KTP and KTA and was slightly higher for autocorelation of idler pulses was more difficult to measure.
KNbO3;. Pump and continuum beams were spatially superit was done by using the two-photon absorption induced in
posed by the use of a dichroic mirror (DM1 in Fig. 3) andalnGaAsphotodiode. Note, this autocorrelation can be done
were temporally synchronized with a delay line (placed inonly when the photodiode used is transparent at fundamen-
the pump arm). To achieve a double-pass amplification, thial OPA frequencyw but absorbs at twice the fundamental
pump beam was separated from the generated signal puls®®A frequency @. SincelnGaAsphotodiodes absorb wave-
by a second dichroic mirror (DM2 in Fig. 3) and sent backlengths up to~ 1.7 um, second-order autocorrelation using
synchronously to the crystal by a second delay line. The twasuch photodiodes required the central wavelength of the idler
stage amplification produced a good conversion efficiencypulses to be higher thah8 um. On the other hand, for idler
Tuning of our OPA is quite simple and requires a rotation ofpulses whose central wavelengths are higher §g22pm, the
the crystal (around th¥ axis, as shown in Fig. 3). After each two-photon absorption was so weak that it could not be de-
rotation of the crystal, a slight readjustment of the synchrotected. Therefore, idler pulse duration measurements could
nization between pump and continuum pulses was performetle performed only within th&.8-3.2 um wavelength range.
This was done to compensate the group velocities mismatchhe signal and idler output pulse energy was measured with
between each spectral component occurring during the gea-pyroelectric detector known to have a constant spectral re-
eration of the white-light continuum in the sapphire crystalsponsivity in the near- and mid-infrared spectral range.
and its propagation in the different optical elements of our
OPA. Notice the rotation axis of the crystd &xis) fixes the
polarization directions of the signal, idler, and pump pulses3 Experimental results and discussion
Therefore, according to the chosen type of interaction in the
crystal (see Table 1),4/2 plate must be placed on the pump For each crystal, the experimental angle tuning curve was
arm forKNbOj crystal or on the continuum arm for KTP and obtained. Then we measured the temporal and spectral band-
KTA crystals. widths as well as the output pulse energy of signal and idler
To characterize the spectrum of IR-generated pulsequlses.
a50-cm imaging spectrometgmonochromator coupled to In Fig. 1a, the experimental angle tuning curve is shown
a CCD matrix sensor or a liquid-nitrogen-coolktSb sen-  for KTP (open circles). The experimental and theoretical
sor was used. The IR pulse duration was measured withngle tuning curves are in very good agreement. For KTP
a non-collinear lab-made autocorrelator. For mid-IR pulsesrystal, the recorded signal pulse temporal bandwidth and
(» = 1-1.4um) the second-order autocorrelation was perspectral bandwidth are presented in Fig. 4c as filled trian-
formed by using 4-mm-thick type-1 KDP crystal coupledto gles and open circles respectively. In Fig. 4c, the dashed lines
a photomultiplier for KTP and KTA OPAs. The poor quantumare only a visual guide. Note a decrease in the pulse dura-
efficiency of our photomultiplier abov@.7 um, did not al- tion (A1) from 80 to50fs at full width at half maximum
low us to perform the characterization of signal pulses whos@WHM) and an increase in spectral bandwidtke] from
wavelengths were higher thdm4 um To avoid this problem 27 to65 fsat FWHM for increasing signal wavelengths. The
and in view of the larger pulses energy wiiNbO3 OPA  experimental temporal spectral bandwidth product (TSBP),
than with KTA ones, we used a silicon photodiode instead ofjiven by TSBP= AtsAinm/1.47 x 107302 and equal to
the photomultiplier to perform the second-order autocorrelatnity for Fourier-transformed-limited (FTL) Gaussian pulses,
tion of MIR pulses generated iIKNbO3. The second-order was equal to D+0.2 over the whole signal spectral range,
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suggesting that the signal pulses were FTL. For idler pulseprevented us from characterizing the idler pulses spectrally
we note that as the idler wavelength increased from 1.8 tand temporally. However, we were able to characterize the
3.6 um, there was a decrease in the pulse duration from 178ignal pulses. Figure 4a shows the temporal (in full upward
to 140fsat FWHM and an increase in the spectral bandiriangles) and spectral bandwidth (in open circles) of the sig-
width from 30 to270 nmat FWHM. The idler TSBP was nal pulses. In this figure, the dashed lines are only a visual
equal to 114+ 0.2. Therefore the idler pulses were slightly guide. There is an almost constant pulse duration of 85s

less FTL than signal pulses. Finally we measured the outpatt FWHM and an increasing spectral bandwidth from 18 to
pulse energy of the KTP OPA. In Fig. 4d, the signal out-37 nmat FWHM. The experimental TSBP isQt 0.2, which

put pulse energy versus the wavelength is presented in fulhdicates the signal pulses were nearly FTL. A typical spec-
upward triangles. It is about.7 uJ over the whole spectral trum of the signal pulses 4t02um is presented in Fig. 4b.
tuning range.. The variation of the idler pulse energy versum fact, all the recorded spectra were found to be nearly Gaus-
the wavelength is represented in full downward triangles irsian. This is illustrated in Fig. 4b where the open circles show
Fig. 4d. The idler output pulse energy is abayt). Note that  the experimental data and the straight line the related Gaus-
for idler wavelengths.,; > 3.5um of high interest for vibra- sian fit.

tional spectroscopy, there was less tBahuJ. In Fig. 4d, the Finally, we studiedKNbOs crystal. The experimental
open circles show the total output pulse energy. Note the coangle tuning curve is reported in Fig. 1b in filled up trian-
responding conversion efficiency is weak and aldotfo. gles. The experimental and theoretical angle tuning matching

For KTA crystal, the experimental angle tuning curvecurves do not agree: a mismatch~f0.5° is recorded. We
is also shown in Fig. 1a (filled triangles). The mismatch ofthen tested two differenfKNbO; crystals produced by the
~ 2° between theoretical and experimental curves could beame company but grown separately. Their respective experi-
explained in two ways. On one hand, this mismatch couldnental angle tuning curves were found to be quite different.
be due to small errors of the coefficients used in the SellSince according to our crystal supplier the cut angle was ac-
meier equations. In fact, several sets of Sellmeier equatiorairate up to the first decimal, this seems to indicate that the
were used to calculate the theoretical phase-matching curveSellmeier equations depend on the growth of the crystal. Fig-
As experimentally observed, we found that only one set ofire 1b interestingly, shows how this OPA can work on both
Sellmeier equations was able to nullify the phase mismatchides of the angle tuning curve close to the vertical slope.
between the three waves in the type-Ill configuration in theThus idler wavelengths up 6 um can be attained. An ad-
mid-IR range. However, this set does not agree with the exustment of the delay lines was sufficient to make our OPA
perimental data. Therefore, it may be that the Sellmeier equaass from one side to the other side of this turning back point.
tions are to be modified in the mid-IR spectral range. On thé&igure 5a,b shows the evolution of the signal (in Fig. 5a) and
other hand, our crystal was very heterogeneous. This impliadler (in Fig. 5b) pulse duration (in filled triangles) as well as
a poor crystal growth and may explain the deviation with retheir spectral bandwidths (in open circles) along the phase-
spect to the Sellmeier equations used. In fact in our case, theatching curves. In these figures, dashed lines are only a vi-
wide heterogeneity of KTA crystal was a quite limiting factor. sual guide. For both signal and idler, the pulse duration was
For instance, the output pulse energy rapidly changed frornonstant over the whole spectral tuning range. It was found to
point to point in the crystal. Since our data cannot be conbe~ 100 fsat FWHM. The spectral bandwidth at FWHM in-
sidered as significant, signal and idler pulse energy measuredeased from 30 t85 nmfor signal and from 70 td.80 nm
for the KTA crystal is not reported in this paper. Moreover,for idler pulses. All the recorded spectra were found to be
the very poor conversion efficiency at the idler wavelengtmearly Gaussian. A typical idler spectrum centered.@um
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is shown in Fig. 5d (open circles) along with a Gaussian fijuires less thar200nJ pump pulse energy. The same ex-
(straight line). Our experimental data were used to extrapolaggerimental conditions have been used to compare the perfor-
at 100 fsthe temporal width of such an idler pulse, it would mances of potassium-based KTP, KTA, ddbO; crystals
only contain 6.5 optical cycles. The TSBP is equal 1#8#  for the generation of mid-IR wavelengths in tferegime.

0.3 for signal, and to 2+ 0.4 for idler pulses. Therefore The KTA crystal allows the generation &00-fs FTL pulses
neither signal nor idler pulses are FTL. According to theirin the near-IR spectral range. For KTP, thel00fs output
spectra, such pulses could be recompressedbpfiefor sig-  pulse energy was lows{ 1.7 pJfor signal andx 1 pJfor idler

nal and up ta@B3 fsfor idler. The deviation of the TSBP from with less than0.1J in the mid-IR range) and was nearly
unity is certainly related to the large spectral acceptance dfTL. Finally, the pulses generated by tkRbOj3 crystal were
KNbOj; crystal and the chirp of the seeding white-light con-more energetic¥€ 10.5 pJfor signal andx 5 pJfor idler with
tinuum. Note that idler pulses were better FTL than signamore thar8 uJin the mid-IR) but were not perfectly FTL due
pulses. This can be explained by the group velocities dispete the large spectral acceptance. Therefore we conclude that
sion (GVD) in KNbOj3 crystal which leads to an opposite due to its large effective susceptibility and great tunability,
GVD sign between signal and idler pulses. For idler pulsesheKNbOQO; crystal is one of the best potassium-based crystals
the GVD compensates the continuum chirp and gives almo$or a powerful100fs OPA designed to study time-resolved
FTL pulses whereas, for signal pulses, the effects of GVD invibrational spectroscopy in the MIR spectral range.

crease the continuum chirp and signal pulses become lesser

FTL. Finally, we measured signal, idler, and total outputAcknowledgementShey authors thank thedgion Aquitaine and the Cen-
pulse energies. They are respectively plotted in open circld€ National de la Recherche Scientifique for their financial support.

and full upward and downward triangles in Fig. 5c. Over the
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