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Ultrafast rainbow: tunable ultrashort pulses
from a solid-state kilohertz system
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Two stages of type II optical parametric amplification of a white-light continuum are used for efficient genera-
tion of ultrashort (30–50-fs) pulses at kilohertz repetition rates. Various nonlinear techniques can be used to
cover the range from 12 mm to 280 nm. The amplitude and the phase of the generated UV pulses are char-
acterized by use of frequency-resolved optical gating. © 1997 Optical Society of America
[S0740-3224(97)02602-7]
For the past few years, optical parametric generators
and amplifiers have proved to be a convenient way to ex-
tend the tunability of femtosecond lasers in compact all-
solid-state systems.1–7 In these systems a strong femto-
second pulse is used to amplify a portion of a white-light
continuum or parametric fluorescence. The amplified
wavelength depends on the phase-matching angle of the
nonlinear crystal, and thus tunability can easily be ac-
complished. 100-fs femtosecond pulses can now be rou-
tinely generated by use of either the fundamental or the
second harmonic of Ti:sapphire as the pump wavelength.
Shorter pulses have been achieved only with the optical
parametric amplification (OPA) of a white-light con-
tinuum followed by pulse compression.3,4,7 Inasmuch as
we use these pulses in quantum control experiments,8 it
is important to generate short pulses in the IR and the
UV ranges where most molecular vibrational and elec-
tronic absorption occurs.
In the present study we use type II phase matching to

improve the performance of the white-light OPA devel-
oped earlier3 to achieve higher conversion efficiencies,
more control of the amplified bandwidth, higher pulse en-
ergies, and broader tunability. We apply frequency-
resolved optical gating9,10 (FROG) to characterize the UV
pulses and compress them to their transform limit.
Type II phase matching, e(pump) → e(idler)

1 o(signal), has the advantage of providing a way to
separate the signal and the idler waves, because they
have different polarizations. This is especially important
when one is operating near the degeneracy point where
these wavelengths are close to each other. A second sig-
nificant feature of type II phase matching in b-barium bo-
rate (BBO) crystals is that the relative (with respect to
the pump) velocity of the signal wave is the opposite of
that of the idler wave in most of the tuning range of the
pump (see Fig. 1). This means that the energy flow hap-
pens mostly in the direction from pump to signal and
idler, resulting in higher conversion efficiency of the para-
metric interaction. Simulations11,12 predict exponential
growth of the signal and the idler, even if the crystal
length exceeds the separation length of the pump and the
signal waves because of group-velocity dispersion (typi-
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cally 2 mm for 790-nm pumping). The third feature of
type II phase matching in BBO pumped by a Ti:sapphire
fundamental that makes it more attractive than type I
phase matching is that the amplified bandwidth12 is al-
most independent of the wavelength of the signal (see Fig.
2). This results in better control of the bandwidth of the
amplified pulses. A drawback of type II interaction is
lower effective nonlinearity, so higher pump intensity is
required for the same gain.
Our pump consists of a kilohertz chirped-pulse amplifi-

cation Ti:sapphire system13 delivering ;500 mJ of energy
in 50 fs, at a center wavelength of 790 nm. Of this en-
ergy, ;2 mJ is used to generate a single-filament white-
light continuum in a 2-mm-thick sapphire (see Fig. 3).
50 mJ of energy is downcollimated to create an intensity
of ;50 GW/cm2 on the entrance of the first 3- (or 5-) mm-
long BBO Type II (Q 5 28°) crystal. The surfaces of the
crystals are antireflection coated for 800 and 1200 nm.
One can adjust the intensity of the pump pulse by slightly
changing one of the collimating lenses. The best results
are achieved when this intensity is adjusted such that the
parametric fluorescence mixed with the 790-nm light pro-
duces visible light seen by eye and the mode of the white-
light continuum is matched to the pump beam diameter.
In this case, when the time delay between the pump and
the amplified portion of the white-light continuum is
properly adjusted, the parametric fluorescence disap-
pears, and as much as 6 mJ of amplified IR light can be
detected. The only significant difference in performance
between 3- or 5-mm-long BBO crystals is a broader am-
plification bandwidth in the case of the 3-mm crystal and
a smaller intensity required for generation of the same
gain in the case of the 5-mm-long crystal. This means
that the effects of group-velocity mismatch between sig-
nal and pump are not so critical as in the case of type I
phase matching.3 The second stage of amplification con-
sists of an identical BBO crystal pumped with ;450 mJ of
790-nm light and run in the saturation regime, resulting
in stable amplification. We measure as much as 200 mJ
of amplified light directly after the nonlinear crystal, cor-
responding to 45% energy-conversion efficiency. Wave-
length tuning is usually done in the following way. First
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the nonlinear crystal in the first stage of amplification is
angle tuned; then the delay of its pump is adjusted to
maximize the amplified IR light. After that, the output
power is optimized by iterative tuning of the second-stage
phase-matching angle and fine adjustment of its pump
delay. A RG1000 Schott glass filter (Fig. 3; more than
90% transmission for wavelengths longer than 1.1 mm) is
usually used to block the residual pump beam after the
final amplifier.

Fig. 1. Calculated group-velocity mismatch between pump and
signal waves (solid curve) and pump and idler waves (dashed
curve) for the 790-nm pump wavelength.

Fig. 2. Calculated external phase-matching angle (solid curve)
and amplified bandwidth (dashed curve) for a 3-mm-long BBO
crystal with a pump intensity of ;100 GW/cm2.

Fig. 3. Schematic of the experimental apparatus.
Following the scheme described in Ref. 3, we are able to
generate as much as 20 mJ of tunable visible light by
second-harmonic generation from the signal wave in a
250-mm-thick BBO crystal. The bandwidth of these vis-
ible pulses does not change dramatically as the wave-
length is tuned from 800 to 550 nm and is of the order of
300–450 cm21, corresponding to transform-limited pulses
of 30 fs or less. By independently adjusting the OPA
crystals as was suggested in Ref. 3 and later demon-
strated by Sosnowski et al.,7 we are able to generate even

Fig. 4. (a) FROG measurement of compressed pulses at 560 nm.
(b) Reconstructed temporal pulse shape corresponding to a pulse
duration of 29 fs. (c) Reconstructed (solid curve) spectrum and
phase of the pulses. The experimentally measured spectrum is
shown as a dashed curve.



446 J. Opt. Soc. Am. B/Vol. 14, No. 2 /February 1997 K. R. Wilson and V. V. Yakovlev
larger bandwidths that usually exhibit a flat-topped or
double-peaked structure. Such spectra can lead to pulses
shorter than 20 fs.
We use a prism compressor consisting of LaK31 prisms

to compress the pulses and precompensate for the mate-
rial in our FROG setup.9,10 We use the polarization
FROG technique to discover how best to compress the
pulses and to analyze the residual chirp. Special care is
taken to ensure the absence of spatial chirp on the beam.
By adjusting the amount of prism insertion material, we
are able to generate pulses of the order of 30 fs. A typical
FROG measurement of such a visible pulse is shown in
Fig. 4(a) and corresponds to a deconvolved pulse duration

Fig. 5. (a) FROG measurement of compressed pulses at 335 nm.
(b) Reconstructed temporal pulse shape, corresponding to a pulse
duration of 37 fs. (c) Reconstructed (solid curve) spectrum and
phase of the pulses. The experimentally measured spectrum is
shown as a dashed curve.
of 29 fs [Fig. 4(b)] with significant uncompensated qua-
dratic chirp accumulated in the prism compressor [Fig.
4(c)].
We produce tunable UV pulses by generating the sec-

ond harmonics of the visible pulses. Another approach is
to mix the residual 790-nm wave with the visible pulse,
which is easier to accomplish because the group-velocity
dispersion is less but the wavelength tunability is more
limited. We find that type II phase matching in BBO is
most appropriate for second-harmonic generation because
the acceptance bandwidth is three times larger than in
the case of type I BBO and 30% more than in the case of
type I lithium triborate. This is confirmed by actual
measurements of the bandwidth of the generated second
harmonic in these crystals.
We are able to generate more than 1 mJ of tunable UV

light by direct doubling of 10 mJ of the visible light in a

Fig. 6. (a) FROG measurement of a compressed pulse at 314
nm. (b) Reconstructed temporal pulse shape, corresponding to a
pulse duration of 42 fs. (c) Reconstructed (solid curve) spectrum
and phase of the pulses. The experimentally measured spec-
trum is shown as a dashed curve.
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250-mm BBO crystal (type II, Q 5 40°). The spectrum of
this pulse has a bandwidth of 400 cm21, corresponding
approximately to a 30-fs pulse, assuming a Gaussian
pulse shape. In fact, we find that the bandwidth is al-
ways limited by the acceptance bandwidth of the nonlin-
ear crystal; thus thinner crystals should result in broader
bandwidths and hence in shorter pulses. This also per-
mits the achievement of a limited tunability of the
second-harmonic pulse for a fixed wavelength of the fun-
damental. To compress such UV pulses we use a fused-
silica prism compressor. The FROG measurement of
compressed pulses centered at 335 nm is shown in Fig.
5(a) and corresponds to a pulse duration of 37 fs [Fig.
5(b)], with very little quadratic chirp [Fig. 5(c)]. This
particular FROG measurement is recorded with as little
as 200 nJ of input UV energy. By changing the wave-
length of the visible pulse, using the procedure described
above, and changing the angle of the doubling crystal, we
are able to change the wavelength. The FROG measure-
ment of compressed pulses centered at 314 nm is shown
in Fig. 6(a) and corresponds to a pulse duration of 42 fs
[Fig. 6(b)] with a small quadratic chirp that is due to the
prism compressor [Fig. 6(c)].
The system described above is reasonably stable and

reproducible on a day-to-day basis, although we find that
the poor mode quality of the pump can significantly de-
grade the performance of the OPA. Once aligned, it pro-
duces short pulses of the same wavelength, pulse dura-
tion, and chirp for several hours with peak-to-peak energy
fluctuations in the UV of not more than 20%.
A significant advantage of type II phase matching is

the possibility of separating the signal and the idler
waves by polarization. This gives the ability to extend
the IR tunability of the system. By placing a 1-mm-thick
AgGaS2 crystal directly after the OPA and blocking the
790-nm light with a 2-mm-thick Ge filter, we are able to
generate as much as 0.5 mJ of tunable mid-IR radiation

Fig. 7. Filled circles and filled squares show the measured en-
ergy of the amplified signal and idler waves, respectively. Open
circles and open squares show the measured energy of the pulses
generated by different nonlinear processes. 2v, second har-
monic of the signal (circles) and the idler (squares) (type I phase
matching in 0.25-mm-thick BBO); v 1 790: sum-frequency gen-
eration from the residual 790 nm and signal (type II phase
matching in 0.2-mm-thick BBO); 4v, fourth harmonic (2v
1 2v) of the signal pulse (type II in 0.2-mm-thick BBO); open
triangles, vS 2 v i : difference frequency generation (Type I in
1-mm-thick AgGaS2).
by difference-frequency mixing of the signal and the idler.
This is a factor-of-10 improvement with respect to previ-
ously reported results.2 We have not yet performed any
spectral measurements (the center wavelength was calcu-
lated by use of the center wavelengths of the signal and
the idler that were used for difference-frequency genera-
tion) or pulse duration measurements, but from the crys-
tal data (see, for example, Ref. 2) we should expect sub-
100-fs pulses in this wavelength range. Additional
optimization, such as adding a delay line between these
two waves, should result in higher conversion efficiencies,
and using a thinner crystal should result in pulse dura-
tions of 50 fs or shorter.
We note that other nonlinear processes (some of them

are shown in Fig. 7) can be used to generate all the pos-
sible colors of ultrashort pulses in the range from 12 mm
to 280 nm. Compression of these pulses can deliver tun-
able, nearly transform-limited ultrashort pulses over the
wide wavelength range of interest to most physicists,
chemists, and biologists.
In summary, we have described a practical approach to

generating nearly transform-limited ultrashort pulses
tunable through the mid-IR, IR, visible, and UV ranges.
Frequency-resolved optical gating is shown to be a helpful
tool for characterizing and optimally compressing these
pulses.
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