Approaching the full octave:
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Abstract: We present a new method to broaden the amplification range in
optical parametric amplification toward the bandwidth needed for single
cycle femtosecond pulses. Two-color pumping of independent stages is used
to sequentially amplify the long and short wavelength parts of the
ultrabroadband seed pulses. The concept is tested in two related
experiments. With multi-mJ pumping pulses with a nearly octave spanning
spectrum and an uncompressed energy of 3 mlJ] are generated at low
repetition rate. The spectral phase varies slowly and continuously in the
overlap region as shown with 100 kHz repetition rate. This should allow the
compression to the Fourier limit of below 5 fs in the high energy system.
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1. Introduction

High energy ultrafast light pulses are unique tools for applications ranging from the most
fundamental science to medical applications. Quasi-single cycle near infrared pulses can
generate single attosecond pulses or even single cycle attosecond pulses in the XUV that
allow the measurement of the fastest known processes [1,2]. Even with slightly longer pump
pulses highly attractive electron acceleration has been shown that offers a tabletop alternative
to large scale facilities used in clinical environments [3].

With known laser materials used in multi-stage optically pumped chirped pulse amplifiers
the attainable spectral width is limited by either the intrinsic gain bandwidth or even more
severely the spectral gain narrowing in going from nJ broadband seed light to the desired
Joule output levels. To overcome these limitations, frequency broadening in either gas filled
hollow capillary fibers [4] or in filaments [5] is widely used. So far the use is, however,
limited to at most a few mJ.

An attractive alternative for the direct generation of high energy extremely broadband
pulses is optical parametric amplification. With a noncollinear geometry and pumping by a
frequency-doubled femtosecond Ti:sapphire laser, sub-20 fs visible pulses have indeed been
generated at 82 MHz repetition rate [6] and multi-uJ pulses at kHz rates [7]. The concept of
the noncollinearly phase-matched optical parametric amplifier (NOPA) was optimized to the
generation of 4 fs pulses [8].

Pumping by femtosecond Ti:sapphire pulses limits the attainable output energy, even
though extremely short pulses with peak powers of 0.5 TW have been demonstrated [9].
Therefore the use of pico- or even nanosecond pump pulses was suggested in combination
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with a chirped pulse strategy (OPCPA) [10]. All known and technically available pump lasers
with ps pulse duration operate around 1050 nm due to the laser active materials used, e.g. Nd*
or Yb*. The use of such pump lasers has already led to 2 TW pulses [11] and lately sub-8 fs
pulses centered at 805 nm with more than 130 mJ (16 TW) compressed energy [12]. A further
shortening of the pulses in this spectral region becomes increasingly difficult due to the phase-
matching bandwidth of the BBO amplifier medium with one-color pumping.

Already 1996 it was shown that multiple amplification stages with slight spectral detuning
of the individual amplification range could lead to significant shortening of the output in a
100 kHz OPA [13]. Pumping of a single stage with multiple pump beams allowed the
demonstration of pulse shortening from 98 to 61 fs [14] and lately from 8 to 7 fs with an
improved temporal structure [15]. The use of different pump wavelengths was even
suggested, yet no spectral nor temporal characterization of the output has been provided [16].

For a MHz Yb-based femtosecond pump system it was shown that both the green 2w light
and the UV 3o light can be used to pump a NOPA [17,18]. Both configurations easily yield
sub-20 fs pulse durations even without optimized compression. Interestingly, the 20 pumping
produces these pulses in the red and the 3w pumping in the green and yellow part of the
spectrum. We therefore suggest the simultaneous use of green and UV pumped stages
together with a chirped pulse scheme and high energy pumping. This should allow the
generation of pulses with unprecedented shortness and pulse energy.

In this communication we report on two pilot experiments that are aimed on testing this
hypothesis. With tens of mJ pumping the generation of nearly octave-spanning few-mJ pulses
is achieved. For this effort, techniques have been developed to allow efficient frequency
conversion of the 78 ps fundamental pump pulses at 1064 nm. In a second experiment at
100 kHz repetition rate the compressibility and spectral phase behavior of the composite
pulses is investigated.

2. NOPCPA on the mJ-level approaching the octave

Figure 1 shows the layout of the experimental two-color-pumped NOPCPA setup. We have
extended an existing system (denoted as Light-Wave-Synthesizer-20, Ref. [12]), which
generates sub-8 fs, 130-mJ pulses at 805 nm central wavelength and 10 Hz repetition rate.
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§Seeding 1.9mMJ i 5mmBBO ¥ - %
Pt\J./mp Laser UL DZE"J -_VBAS VA
Nd:YAG ) 20w I — 3 DKDP >
78ps 10Hz w <‘f\_\, olr"i
1064nm > 9; VA. X
\U 7

Fig. 1. Layout of the mJ-level two-color-pumped NOPCPA setup, which consists of two
cascaded stages employing type-I phase-matching in BBO (T-HCF - tapered hollow-core
capillary fiber, VA — variable attenuator, BS — beam splitter). The pump fundamental
(1064 nm, ®) and its second- (532 nm, 2®) and third-harmonic (355 nm, 3w) are relay-imaged
with vacuum telescopes onto the nonlinear optical crystals BBO and DKDP.

The present system consists of a Ti:sapphire master oscillator from which the broadband
seed and the pump pulses for the two-stage NOPCPA chain are derived. 60% of the oscillator
output is fed into a Ti:sapphire 9-pass chirped-pulse amplifier (Femtopower Compact pro,
Femtolasers GmbH), delivering 25-fs, 800-uJ pulses at 1 kHz. After amplification, the pulses
are spectrally broadened in a 1 m long tapered hollow-core capillary fiber (T-HCF) filled with
neon gas at 2 bar (1500 Torr) absolute pressure, which leads to a seed spectrum ranging from
500 to 1050 nm (30 dB; see Fig. 2). The larger diameter of 500 um in the first 10 cm together
with the small diameter of 200 pm in the main part helps broaden the spectrum by up to

#129971 - $15.00 USD  Received 10 Jun 2010; revised 6 Aug 2010; accepted 7 Aug 2010; published 18 Aug 2010
(C) 2010 OSA 30 August 2010/ Vol. 18, No. 18/ OPTICS EXPRESS 18754



50 nm in the red wing. These pulses are then stretched in time by a variable amount of glass,
leading to an adjustable group delay (GD) of the seed spectral boundaries. The seed pulse
energy is attenuated to 4 uJ to be comparable with the seed used in Ref. [12].

The remaining 40% of the oscillator output is used to seed the Nd:YAG pump laser
(EKSPLA, UAB), providing all-optical synchronization. This pump laser delivers two beams
of 78-ps (FWHM), up to 1-J pulses at 1064 nm and 10 Hz repetition rate. Pulses at 532 nm are
generated via type-II second-harmonic generation (SHG) of two fundamental 1064 nm beams
in a 10 mm long DKDP crystal. The remaining fundamental and a part of the SH are relay-
imaged with vacuum telescopes onto a 10 mm long DKDP crystal for type-II sum-frequency
generation (SFG). Usually, 6 mJ at 532 nm and 14 mJ at 1064 nm are used to generate 8§ mJ
pulses of the third-harmonic (TH) at 355 nm. The beam diameters are 5 mm each. A high
energy conversion efficiency of 40% and a quantum efficiency of 90% with respect to the SH
is observed. The SH and TH pump pulse durations are also approximately 78 ps due to the

strong saturation in the conversion.
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Fig. 2. The spectral energy density of the signal pulse amplified by the second-harmonic and
the third-harmonic of the Nd:YAG pump laser (575-1050 nm, red solid curve) allows for a
Fourier-limit of 4.5 fs (inset). This spectrum is composed of the spectral region amplified only
by the second-harmonic (700-1050 nm, green dotted curve shown as guide to the eye) and the
third-harmonic alone (575-740 nm, blue dotted curve). A typical output spectrum of the T-HCF
(unamplified seed, not to scale) is shown as gray solid curve.

The first NOPCPA stage (calculated phase-matching angle 6 = 23.62° internal
noncollinear angle a = 2.23°) consists of a 5 mm long type-I BBO crystal with a slight wedge
to avoid adverse effects of internal reflections [9]. It is pumped by 14 mJ of the SH with a
2 mm diameter of the sixth-order super-Gaussian beam and a peak intensity of about
10 GW/cm®. The second NOPCPA stage (6 = 34.58°, a = 3.40°) consists of a 3 mm long type-
I BBO crystal and is pumped by 7 mJ of the TH with 1.5 mm diameter and a peak intensity of
close to 10 GW/cm®. Both stages are operated in tangential phase-matching geometry, both
pump beams being relay-imaged onto the crystals and being slightly smaller than the seed
beam so as to achieve a good spatial signal beam profile. With a group delay of 37 ps for the
full seed bandwidth, the seed is amplified from 700 to 1050 nm to an energy of 1.4 mJ in the
first stage and further amplified from 575 to 740 nm in the second stage. The particular seed
delay was chosen to ensure that the full spectral range of the seed lies within the pump pulse
duration. The very high small signal gain of OPCPA allows utilization of the exponentially
decreasing seed light at the spectral edges. Overall, an output energy of 1.9 mJ and a spectrum
spanning from 575 to 1050 nm is achieved. This nearly octave-wide spectrum supports a
Fourier limited pulse of 4.5 fs (see inset in Fig. 2). The results from the seed GD variation are
discussed in section 4.1. The positively chirped pulses do not allow the use of the available
pulse compressor and hence restrict us to a spectral characterization of the pulses.

3. Proof-of-principle compressibility with high-repetition rate NOPA on the pJ -level

Figure 3 shows the layout for the uJ-level, high-repetition rate NOPA setup. As primary pump
laser we use a commercial diode-pumped Yb:KYW disc laser system (JenLas® D2.fs,
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Jenoptik AG), delivering 300-fs, 40-uJ pulses at a center wavelength of 1025 nm and a
repetition rate of 100 kHz. For generating the seed we split off approximately 1.5 pJ of energy
and focus it (all focal lengths are given in Fig. 3) onto a 2 mm thick YAG plate, where a
supercontinuum ranging from 470 nm to above 1 um results [19]. The main part of the pump
pulses is focused towards two BBO crystals, where type-I SHG and subsequent type-II SFG
are performed in a simple collinear arrangement [18]. In this way we obtain pulses with an
energy of 13.5 uJ at the SH and 7.5 pJ at the TH, which are separated by dichroic mirrors and
independently collimated with fused silica lenses. The supercontinuum is collimated with a
thin fused silica lens and fed into the first NOPA stage (6 = 24.0°, a = 2.3°), which consists of
a 3 mm long type-I BBO crystal. The first NOPA stage is pumped by the SH, whose energy
can be adjusted by a combination of half-wave-plate and polarizer.

D2
N =750
1025nm /VI;ZBEQ
40,J 300fs| 300
100kHz | =300
= = PC
f O80 YAG f 30" BBO 3mm A N FM
2mm * ZAP-
W, $0B0 _ BBO o, 4f=400 4— SPIDER
Uf=400 " 0.8mm D17V D2 VY

Fig. 3. Layout of the two-color-pumped NOPA setup, which consists of two cascaded stages
employing type-I phase-matching in BBO (W - fused silica window, D - dichroic mirror, VA -
variable attenuator, PC - prism compressor, FM - flipper mirror, AC - 2nd-order intensity
autocorrelator). All focal lengths f are given in mm.

To achieve the necessary pump intensities for a high gain in the NOPA process, focusing
of the pump beams and consequently focusing of the seed beams towards the nonlinear
crystals is inevitable with this low-energy system, in contrast to the system described above.
To achieve a good beam profile with a homogenous spectral distribution after both
amplification stages, we find that proper matching of the divergence of pump and seed in both
stages is crucial. For this reason we measured the divergence of all relevant beams around the
position of the nonlinear crystals with a CCD camera and carefully selected and determined
the focal lengths and positions of the respective focusing lenses. The amplified signal of the
first stage was then 1:1 relay-imaged onto the BBO crystal (2 mm, type-I) of the second
NOPA stage (0 = 35.5°, o = 2.7°), which is pumped by the TH.

In each stage special care has to be taken to spatially overlap the amplified signal beam
with the respective seed beam, which is not ensured automatically. We have observed, that
only in case of the geometry with the pump polarization oriented in the plane defined by seed
and pump, spatial overlap of amplified signal and seed can be achieved. Additionally, the
BBO crystal had to be set up to Poynting-vector walk-off configuration. We conclude, that the
birefringent nature of the BBO crystal and the corresponding pump walk-off can compensate
the shift of the amplified signal with respect to the seed direction. In the original design of the
NOPA the noncollinear seed pump interaction is arranged in a vertical plane, the polarization
of the seed is horizontal and that of the pump vertical [6,7]. Many setups use a horizontal
geometry for practical reasons. If the seed is polarized vertical and the pump horizontal in this
arrangement, no physical difference originates [8,12,20]. For the horizontal seed polarization
and the vertical pump polarization used by us, we explicitly compared the vertical and
horizontal pump seed interaction geometry. We found that only for the vertical beam
geometry, a proper overlap of seed and signal could be achieved. Slight deviations from the
optimum noncollinear and/or phase-matching angle had to be accepted.

We amplify spectral regions from 690 to 830 nm with the second harmonic and from 630
to 715 nm with the third harmonic (Fig. 4(a)). Due to the relatively short pump pulses
(estimated to be 220 fs for the SH and 180 fs for the TH) in comparison to the chirped
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supercontinuum seed (close to 1 ps), the amplified bandwidth is determined by the temporal
overlap of pump and seed. and not the phase-matching bandwidth of the crystals. Variation of
only the seed pump delay results in a shift of the spectrum. With a seed energy of 2 nJ, typical
output energies are 1 pJ for the first stage when pumped with 9.3 pJ (200 pm diameter, peak
intensity of 250 GW/cm?) and 350 nJ for the second stage when pumped with 6.0 uJ (205 pm
diameter, peak intensity of 190 GW/cm®). The lower efficiency of the second stage is believed
to be due to the group velocity mismatch between the UV pump and the visible seed. Both
stages operating together typically yield a higher output energy (1.8 uJ) than the sum of the
single stages. This is due to the fact that part of the amplified spectrum in the first stage
overlaps with the amplification bandwidth of the second stage and therefore acts as a stronger
seed than the supercontinuum alone, eventually leading to saturation in the second stage, as is
also visible in the signal spectra shown in Fig. 4(a).
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Fig. 4. (a) The spectral energy density of the signal pulse amplified by the SH and the TH of
the pump laser (630 — 830 nm, red curve) is composed of the spectral region amplified only by
the SH (690 — 830 nm, green curve) and the TH alone (630 — 715 nm, blue curve). These
spectra allow for Fourier-limits of 11 fs, 19.7 fs and 28 fs, respectively. The measured spectral
energy densities are normalized to the peak of the red curve. The corresponding measured
autocorrelation traces with deconvoluted FWHM pulse durations are shown in (b).

After the two amplification stages the output signal is collimated with a spherical mirror
and compressed using a sequence of fused silica prisms with an apex angle of 68.7°.
Characterization of the pulses is performed online with a dispersion-free autocorrelator that
provides direct information in the time domain [21] and alternatively with a ZAP-SPIDER
setup that characterizes the pulses in the spectral domain [22]. We use a 30 pm thin BBO
crystal for both devices. As auxiliary pulse for the ZAP-SPIDER we use the residual
fundamental at 1025 nm after SHG and SFG, which is stretched by transmission through
1270 mm SF57 glass to a FWHM duration of 1.4 ps.

4. Results and discussion
4.1 NOPCPA on the mJ-level approaching the octave

The amplified signal spectrum in case of the mJ-level, cascaded two-color-pumped NOPCPA,
which is outlined in section 2, ranges from 575 to 1050 nm with a total confined energy of
1.9 mJ. The pulse has a Fourier-limit of 4.5 fs (FWHM duration, see Fig. 2 inset) and a central
wavelength of 782 nm. The spectral boundaries are determined by the effective phase-
matching bandwidth shown in Fig. 5(a). The effective phase-mismatch in a BBO crystal of
length L is calculated according to Ref. [15] as the sum of crystal-dependent wavevector-
mismatch 4kL and amplification-dependent OPA-phase (Eq. (8) in Ref. [15]). 4kL leads to a
phase-slippage between the pump wave, the seed wave and the idler wave generated in the
BBO. The OPA-phase is a phase imprinted on the signal during amplification so as to
compensate for the phase-slippage and therefore maintain high gain even in areas of
significant 4kL [15]. A maximum effective phase-mismatch of :7 is acceptable for coherent
build-up of the amplified signal in the small-signal gain regime. The compensating effect of
the OPA-phase broadens the acceptance bandwidth. In our experiment, the amplified
bandwidth in the NOPCPA stage pumped by the SH matches exactly the calculated one
shown in Fig. 5(a). In case of the TH-pumped stage, the measured amplified bandwidth is
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even slightly broader. This may be because Eq. (8) in Ref. [15] is only valid for low pump
depletion.

Effective phase-mismatch [rad] T 1T (b)
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Fig. 5. (a) Effective phase-mismatch as function of seed wavelength including wave-vector-
mismatch 4kL and OPA-phase for the individual NOPCPA stages: Ap = 532 nm, 0 = 23.62°,
o =2.23° (green) and Ap =354.7 nm, 0 =34.58°, o =3.40° (blue). The red horizontal lines
label +7 . (b) The spectral region below 700 nm is shapeable via adjusting the pump delay and
the phase-matching angle (varied colors) in the NOPCPA stage pumped by 3.

Figure 5(b) shows a cut-out of signal spectra obtained through amplification by the SH
and the TH. A steep spectral edge at around 700 nm leads to satellite pulses in the time
domain after almost Fourier-limited compression [12], potentially degrading the temporal
pulse contrast on the femtosecond timescale. This can be avoided by spectral shaping of the
region below 700 nm via adjusting the pump delay and phase-matching angle in the NOPCPA
stage pumped by the TH. Consequently, if one achieves adaptive compression of this octave-
spanning pulse close to the Fourier-limit, optimization of the temporal structure of the
compressed pulse seems to be possible via spectral shaping in the NOPCPA stages. The
spectral structure above 700 nm in the signal spectrum in Fig. 2 is mainly dominated by
modulation of the unamplified seed, which is spectrally broadened via self-phase modulation
in the tapered hollow-core capillary fiber filled with neon gas.

It has been predicted that the overall pump-to-signal conversion efficiency and the full
signal bandwidth of a NOPCPA are functions of group delay of the seed spectral boundaries
[23]. Measured results for our cascaded two-color-pumped NOPCPA are summarized in
Fig. 6 and represent to our knowledge the first reported measurement. Figure 6 shows that a
variation from the seed GD of 37 ps, which is chosen for most of the measurements, can
improve the conversion efficiency even further. A GD of (69 + 2) ps for 575 to 1020 nm leads
to the highest overall conversion efficiency of (12.5 + 1.3)%, while still maintaining the signal
bandwidth. The GD for 700 to 1020 nm and for 575 to 740 nm is roughly 33 ps and 43 ps,
respectively. In this case, the conversion efficiency is 14.4% and 8.8% in the NOPCPA stages
pumped selectively by the SH and the TH, which is the highest conversion efficiency obtained
for the SH-pumped stage. In the SH-pumped stage, the pump energy is 16 mJ and the signal
energy is 2.3 mJ. For the TH-pumped stage, the corresponding energies are 8 mJ and 0.7 mJ,
yielding a total output energy of 3 mJ. Hence, both stages are operated near saturation. At the
experimentally verified optimum seed GD, the results show a signal spectrum in the SH-
pumped stage similar to that in Ref. [12] but with higher conversion efficiency, although the
seed GD for 700 to 1020 nm is similar in both cases. We suspect that this is because we do not
use an acousto-optic modulator (Dazzler) in the unamplified seed beam and for this reason
observe a spatially and spectrally more homogeneous unamplified seed beam profile in the
present experiment.

In general, the temporal overlap between the seed pulse and the 78 ps (FWHM) pump
pulse increases with increasing seed GD until the optimum GD is reached. In this range, the
conversion efficiency grows and the signal bandwidth stays constant as long as the NOPCPA
stage is operated near saturation for most of the seed wavelengths. Otherwise, a decrease in
seed intensity because of an enhanced stretching ratio can lead to lower signal bandwidth due
to a lack of saturation [23]. Beyond the optimum GD, the seed pulse increasingly experiences
the Gaussian temporal shape of the pump pulse, leading to a decrease in signal bandwidth and
conversion efficiency.
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Fig. 6. Measured full signal bandwidth (red diamonds) and the overall pump-to-signal
conversion efficiency (blue squares) as function of group delay between the seed spectral
boundaries. The optimum group delay is found to be (69 + 2) ps.

In conclusion, with a proper and precise dispersion management, two-color-pumped
NOPCPA with type-I phase-matching in BBO is a promising approach for the generation of
sub-two-cycle light pulses on the mJ-level. In this case, the present technique would close the
gap between chirped-pulse amplifiers with HCFs (~4 fs, ~1 kHz, ~1 mJ [24,25]) and few-
cycle one-color-pumped NOPCPA systems (~8 fs, ~10 Hz, 15-130 mJ [11,12]).

4.2 Proof-of-principle compressibility with high-repetition rate NOPA on the uJ —level

The amplified signal spectrum in case of the pJ-level cascaded two-color-pumped NOPA
described in section 3 ranges from 630 to 830 nm with a total confined energy of 1.8 uJ. The
spectral overlap is chosen to be similar to that in the mJ-level NOPCPA setup in section 2,
with a central wavelength of 740 nm. Figure 4 shows the amplified spectrum and the
corresponding measured autocorrelation trace (both in red). With identical prism compressor
settings, we measure a FWHM pulse duration of 23.1 fs (Fourier-limit: 19.7 fs) and 95.0 fs
(Fourier-limit: 28.0 fs) for the signal pulse amplified only by the SH and only by the TH. The
signal pulse amplified in both stages is compressed to 13.2 fs, compared to its Fourier-limit of
11.0 fs. The measurement matches the simulation of our prism compressor and the
compressibility is comparable to other experiments employing related prism compressors
[20,26].

The prism compressor setting for optimum compression of the signal pulse resulting from
amplification in both NOPA stages is also the optimum setting for the signal pulse amplified
by the SH alone, in contrast to the signal amplified by the TH alone. To compress the signal
amplified in the TH-pumped stage, the second prism of the compressor is further inserted.
Consequently, less negative GDD is required if the signal amplified in the TH-pumped stage
is to be compressed. During the course of the experiments, a deformable mirror as prism
compressor end-mirror was sometimes found to reduce the outer wings of the compressed
pulse.

A more detailed understanding can be gained from the determination of the spectral phase
of the amplified pulse. Figure 7(a) shows the result of a ZAP-SPIDER [22] measurement for a
particular pulse with a total amplified range of 615 to 780 nm. Figure 7(b) shows the
amplified and compressed pulses calculated from the measured spectral intensity and phase
given in Fig. 7(a). The FWHM pulse durations determined in this way are close to the results
obtained with autocorrelation measurements of the same pulses.

The compressibility is determined by three factors. First, the bandwidth, whose phase can
be managed throughout the present dispersive bulk materials (YAG and BBO crystals, fused
silica lenses) and the fused silica prism-compressor, is limited. In case of the optimum
compressor setting for the investigated spectral region a nearly vanishing spectral phase over a
wide range results. The GD as a function of the signal wavelength shows a maximum around
710 nm, which limits the bandwidth of the compressed pulse. Furthermore, the third-order
dispersion (TOD) due to the dispersive components leads to satellite pulses after compression.
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These limitations mean that the spectral components below 660 nm and above 800 nm occur
in the wings of the compressed pulse for the case of Fig. 4. This is responsible for the
observation of the long pulse durations seen when the signal is amplified only by the TH.
Nevertheless, the TH-pumped stage amplifies spectral components not amplified in the SH-
pumped stage and whose phase can still be managed in our case using the prism compressor.
For this reason, a shorter pulse duration is achieved in case of amplification in both NOPA
stages compared to using only the SH-pumped stage, for the same prism compressor settings.
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Fig. 7. (a) Spectral phase of the compressed signal pulses retrieved by the ZAP-SPIDER
measurement. Solid red curve: amplification by the SH and TH of the pump laser, solid green:
amplification only by the SH, solid blue: amplification only by the TH; all for identical settings
of the compressor. For comparison the calculated OPA-phase for the two stages is shown with
dashed lines. The solid grey curve shows the spectral energy density of the signal. Taking the
measured spectral phase, spectral intensity and pulse energy leads to the retrieved pulses shown
in (b) with their FWHM pulse duration.

Second, the phase imprinted on the signal to compensate for phase-mismatch and to
maintain high gain (OPA-phase) comes into play [27]. As mentioned in subsection 4.1 and
outlined in Ref. [15] and Ref. [28], this phase contribution affects ultra-broadband optical
parametric amplification. Employing Eq. (8) of Ref. [15] for the case of small depletion, these
phase contributions due to amplification in the TH-pumped and the SH-pumped NOPA stages
are shown as dashed lines in Fig. 7(a) for the experimentally determined parameters like
crystal angles and the pump intensities. One can see that the phase contributions have opposite
signs. A positive linear chirp defined in the time domain leads to a parabola with a negative
second derivative in the frequency domain via Fourier-transformation. In contrast to the SH-
pumped NOPA stage, the phase imprinted on the signal during parametric amplification by
the TH shows negative group delay dispersion (GDD). This matches our observation that less
negative GDD was required with the prism compressor when the signal pulse was amplified
by the TH alone. Moreover, these two phase contributions partially compensate each other
and therefore lead to an extended region of reduced residual phase around the spectral
overlap.

To experimentally verify this phase effect, we adjusted both NOPA stages to similar
amplified spectra centered at 670 nm (different from the pulses previously described) and
subsequently compressed the signal pulse amplified by each stage separately with the same
prism compressor spacing. These compressed pulses were characterized with the
autocorrelator. It was found that for optimum compression of the signal pulse amplified in the
TH-pumped NOPA stage, the second prism in the compressor was inserted by about 2 mm
more compared to the signal amplified in the SH-pumped stage. This implies that the prism
compressor applies less negative GDD to the signal pulse, which matches the signs of the
OPA-phase contributions due to parametric amplification shown in Fig. 7(a).

Note that the residual phase of the compressed signal pulse amplified by the SH or the TH
alone is different from the residual phases of the corresponding spectral regions in case of
amplification in both NOPA stages. Apart from the compensating effect of the phase-
contribution due to parametric amplification in the region of spectral overlap, this occurs
because Eq. (8) in Ref. [15] is strictly speaking only valid for the case of low pump depletion
(i.e. negligible saturation). This observation has the consequence that the two amplification
stages and the pulse compression can only be optimized simultaneously.
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Third, cross-phase modulation (XPM), which is possible in optical parametric
amplification as a result of the high pump intensities, would lead to positive GDD [29].
According to Ref. [29], we calculate the B-integral due to XPM in our NOPA stages to be
1.4 rad in the SH-pumped and 0.8 rad in the TH-pumped stages. This is comparable to the
value found in the investigation of XPM [29]. Since the B-integral of the SH-pumped stage is
approximately twice as high as that of the TH-pumped stage, a higher additional positive
GDD can be present in the SH-pumped stage. This is consistent with our observations.

In conclusion, cascaded two-color-pumped NOPA with type-I phase-matching in BBO is
also a promising approach for the generation of sub-two-cycle light pulses on the pJ-level in
high-repetition rate NOPA systems.

5. Conclusion and perspectives

In this work results from two novel experimental setups were analyzed to investigate the
feasibility of two-color pumping of a NOPCPA for the generation of high energy pulses
approaching the single cycle regime. At low repetition rates, 3 mJ pulses with a nearly octave
wide spectrum were demonstrated in a first double-stage arrangement. At 100 kHz repetition
rate and pJ output energies the spectral phase and compressibility was studied. The two-color
scheme exhibits a slowly and continuously varying spectral phase that should be well
compensatable with existing compression schemes. The addition of the visible part of the
pulse spectrum by the 3w-pumping indeed shortens the pulse by nearly a factor of two without
any change to the prism compressor. We conclude from the combination of results that the
concept of two-color pumping can be expanded to multiple stages. Proper care has to be taken
in the design and alignment to utilize the full available pump energy. Pulses approaching a J
energy and a duration around 5 fs seem on the horizon. While sub-5s pulses were previously
reported with 400 nm Ti:sapphire based pumping, this range is now reachable with the
1050 nm pump lasers of much higher energy.

Various challenges have to be resolved to achieve these ambitious goals. Already in the
present experiments matching of the wavefront and beam pointing of the two contributions to
the composite pulses needed high attention. We suspect that the birefringent nature of the
amplifier crystals, possible inhomogeneities in the material, partial depletion of the pump and
associated spatially-dependent OPA phase and classically neglected higher-order nonlinear
interactions are the main causes of this situation. The OPA phase will depend selectively on
the pump color, the degree of saturation and therefore on the OPA’s location within an
extended amplifier chain, and on the particular phase-matching adjustment of a selected
crystal. Therefore an adaptive phase-correction will most likely be desirable for routine
operation. An acousto-optic programmable dispersive filter with sufficient bandwidth is
already available. Last but not least, the correct stretching ratio of seed and pump for the
optimum balance of bandwidth, compressibility and overall efficiency is of high importance.
For all these issues the present report provides a first basis.

Two-color pumping potentially allows more efficient usage of the available pump energy.
Only for the short wavelength part of the output spectrum are the “expensive” short
wavelength pump photons used, while the red part of the spectrum is amplified with the help
of the remaining green pump light. Already now the generation of the UV pump utilizes the
fundamental pump pulses twice. In future extensions of the concept one could even think of
adding another amplifier stage pumped by the residual pump fundamental to widen the
spectrum in the near infrared and to add even more energy.

It is interesting to compare the optical principles underlying the present approach for the
generation of extremely broadband pulses with other methods of light wave synthesis.
Recently it was demonstrated that interferometric spatial addition of phase-locked pulses
generated at neighboring wavelength ranges in a fiber-based MHz system leads to single cycle
near-infrared pulses [30]. This approach of individual amplification and dedicated
compression of the spectral parts allows for more flexibility. On the other hand, the spatially
and temporally stable overlap of the contributions, without adverse effects from
inhomogeneities in scaling to high pulse energies and consequently large beam sizes, might be
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critical. In our approach a common seed and beam path is used and could eventually be more
practical.

The motivation for our work was the high energy, low repetition rate regime. In the course
of the work we realized that two- or even multiple color pumping for the extension of the
output spectrum is also feasible at 100 kHz repetition rates. This might provide interesting
sources for spectroscopic investigations of samples in the condensed phase that require only
low pulse energies. It is certain that the concept can close existing gaps between Ti:sapphire
based systems with hollow-core capillary-fiber compression (~4fs, ~750 nm, ~1mlJ,
~1 kHz [24,25]) and 8 fs, 800 nm, 10 Hz, 15-130 mJ NOPCPA systems [11,12].
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