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Abstract. We present a kHz-rate all-solid-state Ti:sapphire
oscillator–amplifier system producing1.8 mJsub-20 fspulses
using a single multipass amplifier stage pumped by≈ 10 mJ
pulses. Compensation for gain narrowing and high-order dis-
persion is provided by chirped dielectric multilayer optics.
The focused peak intensity approaches1018 W/cm2, making
this compact high-repetition-rate source attractive for a wide
range of high-field applications.

PACS: 42.60.Da; 42.60.Jf; 42.60.LH

Titanium:sapphire-based oscillator–amplifier systems draw-
ing on the concept of chirped pulse amplification have be-
come the standard tabletop sources of high-intensity optical
pulses in the last few years. At repetition rates of10–50 Hz,
the generation of pulses with multiterawatt peak power has
been demonstrated [1]. More recently, amplifiers delivering
pulses with peak powers beyond0.1 TW at a 1 kHz rep-
etition rate have also been reported [2–6]. All these sys-
tems consist of grating stretcher–compressor arrangements
and several amplifier stages pumped by several Q-switched
lasers, resulting in a high degree of complexity and occu-
pying large amounts of space. In this paper we present, for
what is to our knowledge the first time, a kHz laser generating
0.1 TW pulses by using a single amplifier stage and a single
Q-switched pump source. Owing to a stretcher–compressor
technique that obviates the need for lossy diffraction gratings
[7], as much as17% of the pump pulse energy is converted
into recompressed output pulse energy. To explore the poten-
tial of this efficient and compact system for high-field appli-
cations, we have thoroughly characterized the output tempo-
rally, spectrally and spatially.

1 Modeling of the amplification process

1.1 Gain narrowing

Due to the finite fluorescence bandwith of Ti:sapphire and the
huge factor of amplification, the spectral width of the input

pulses is decreased by a considerable amount. To estimate the
required compensation, we used a simple model for the gain-
narrowing process. Making use of the atomic gain coefficient

α(ω)= σN

1+[2(ω−ωa)/∆ωa]2 , (1)

one can express the power gain as

G(ω)= exp[α(ω)L] (2)

= exp
[

σNL

1+[2(ω−ωa)/∆ωa]2
]
, (3)

where σ is the emission cross-section (3×10−19 cm2 for
Ti:sapphire [8]), N is the population inversion,ωa is the
atomic transition frequency,∆ωa is the atomic linewidth and
L is the total pathlength in the crystal [9]. The impact of
this frequency-dependent power gain on a measured oscillator
spectrum is shown in Fig. 1 for a net power gain of106. The
spectral width is reduced from148 nmto 41 nmfull width at
half maximum (FWHM).

Fig. 1. a Power gain.b Measured input spectrum (dashed) and calculated
amplified spectrum (solid)
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Fig. 2. a Filter transmission.b Calculated amplified spectrum with (solid)
and without (dashed) filters

Using a spectral amplitude filter (Fig. 2a) one can partly
compensate for gain narrowing. The spectral width is in-
creased from41 nmto 75 nm(Fig. 2b).

1.2 Gain saturation

As long as the population inversion is not substantially de-
pleted, the amplification factor does not depend on the energy
of the seed pulses (linear regime). In this case the so called
small-signal gain is given by

Glin = exp(σNL) , (4)

whereσ is the emission cross-section,N is the population
inversion, andL the length of the amplifier medium.

When the inversion is significantly reduced by the am-
plification process, the amplifier enters the saturated regime
where the gain decreases with rising input-pulse energy. In
this mode of operation the gain can be written as

Gsat= Eout

Ein
= Glin exp

(
−Eout− Ein

FsatA

)
, (5)

Fig. 3. Schematic of the laser system.
SF57, heavy flint glass; F, shaping fil-
ter; FI, Faraday isolator; A, apertures;
PC, Pockels cell; B, Berek polarization
compensator; P, polarizer; T, demagnify-
ing telescope; L, lens for pump beam; R,
reflector for residual pump beam; P1-4,
fused-silica prisms, numbered 1–4

with the saturation fluenceFsat= hω/σ and the illuminated
areaA.

Operating an amplifier close to saturation allows the opti-
mization of the energy extraction on the one hand and makes
the output energy less susceptible to fluctuations of pump
and seed pulses on the other hand. As the stored energy is
removed by the traversing seed pulse, the leading edge will al-
ways undergo a stronger amplification than the trailing edge.
This amplitude-shaping effect shifts the center of gravity of
the pulse envelope forward in time, and in case of chirped
pulse amplification the pulse spectrum experiences a redshift,
assuming a positive chirp. Additionally, the spectral reshap-
ing can cause a decrease of the output bandwidth, e.g. by
clipping the blue end of the spectrum. A more detailed de-
scription of the amplification process is given in [10].

Furthermore, a significant limitation of the overall band-
with can be given by the mirrors, especially45◦ steering
mirrors in p-polarization. This restriction can be relaxed
by using either s-polarization or specially designed chirped
mirrors.

2 Setup

A schematic of the system is shown in Fig. 3. The mirror-
dispersion-controlled Ti:sapphire oscillator (FemtoSource
Pro; FemtoLasers GmbH) pumped by a diode-pumped fre-
quency-doubledNd:YVO4 laser (Millenia; Spectra-Physics,
Inc.) delivers sub-10 fspulses of a fewnJenergy at75 MHz
repetition rate. Owing to the use of broadband chirped mir-
rors instead of prisms for dispersion control, the bandwidth
of the output extends over a range of≈ 140 nm. Due to this
broad bandwidth, the material dispersion of a10-cm-long
SF57 glass block and the Faraday isolator at the entrance of
the amplifier is sufficient to stretch the pulses up to≈ 20 ps.
This grating-less streching technique provides high efficiency
and no need for alignment.

After temporal shaping, the pulse train is injected into
a multipass amplifier arrangement. The amplifier consists
of two curved mirrors, two retroreflectors and a3.5-mm-
long Brewster-cut Ti:sapphire crystal. The highly doped
Ti:sapphire crystal (α = 3.5 cm−1) is placed in a vacuum
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Fig. 4. Effect of the specially designed spectral shaping filter. Measured
amplified spectrum without (dotted) and with (solid) filter

chamber and is thermo-electrically cooled down to−15◦C
to reduce the effect of thermal lensing. One of the retrore-
flectors is made up of two chirped mirrors specially designed
for providing third- and fourth-order dispersion control to
compensate for the higher-order-dispersion of the prism com-
pressor and all the material in the amplifier.

During the first four passes, the pulses go through a di-
electric multilayer filter providing the total transmission
curve shown in Fig. 2a. Thus gain narrowing is partially com-
pensated for, increasing the amplified bandwidth by≈ 50%
(Fig. 4). This spectral reshaping is at nearly no cost to overall
power gain because of the strong saturation of the amplifier.
In contrast with etalons or birefringent plates previously used
for amplitude shaping, dielectric filters allow almost arbitrary
transmission characteristics.

After four passes through the crystal, a single pulse is
selected out of the pulse train with a Pockels cell. In this
way both the ASE background and the susceptibility to lasing
are suppressed. The measured ASE energy contained in the
10 nsPockels cell time window is2.7µJ, yielding a pulse-to-
pedestal intensity contrast of≈ 109.

The selected single pulse is reinjected and amplified in
another six passes, where it picks up an additional1-µs-
long ASE background of210 nJenergy. Before the last two
passes, the pulse is coupled-out once again and reinjected
after a reduction of the beam diameter by a factor of two. This
allows optimization of the mode overlap of pump and seed
beam, thus maximizing the energy extraction in the last two
passes. In addition, nonlinear effects in the gain medium are
reduced, keeping the B-integral low (of the order of unity).
Pumping this optimized amplifier with10.5 mJfrom a lamp-
pumped Q-switched frequency-doubled Nd:YLF laser results
in a pulse energy of2 mJ.

The amplified pulses are compressed with a prism com-
pressor consisting of two pairs of Brewster-angled fused-
silica prisms separated by6 m. After passage through the
prism compressor, the pulse duration is less than20 fs and
the beam diameter is25 mm. The good energy extraction effi-
ciency in the amplifier and the high throughput of the prism
compressor (≈ 90%) results in an overall efficiency (from
nanosecond pump pulses into femtosecond amplified pulses)
of 17%.

3 Characterization

Using these pulses for experiments, such as studying the in-
teraction of intense laser fields with matter, calls for a pre-
cise knowledge of the pulse characteristics. To this end, we
have characterized the temporal evolution with a SHG-FROG
[11, 12] apparatus and, over an enhanced dynamic range, with
a third-order autocorrelator, the beam quality and focusabil-
ity with a CCD camera, and the spectrum with a grating
spectrograph.

A typical SHG-FROG trace is shown in Fig. 5. The re-
trieved pulses have a duration of17.5 fs and a bandwidth of
65 nm. The retrieved amplitude spectrum fits well to the one
measured; and the spectral phase is reasonably flat over the
whole spectral range, indicating a proper compensation of
phase errors.

Figure 6 shows a high-dynamic-range autocorrelation
based on third-harmonic generation directly on a glass sur-
face [13]. It indicates a drop of the intensity of nearly three
orders of magnitude within100 fsat the leading edge and four
orders of magnitude within less than350 fs. Previous experi-
ments have shown that, if required for certain experimental
applications, the leading pulse edge can be steepened up by
application of positive TOD [13].

We have also performed anM2 measurement, yielding
a value of approximately 1.5 in both planes. For this purpose
we focused the beam with f/100 optics and recorded the beam
diameters (x- andy-plane) at several positions in front and be-

Fig. 5a,b. Measured SHG-FROG.a Temporal intensity (solid) and phase
(dotted). b Spectral intensity and phase

Fig. 6. Measured THG-autocorrelation
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Fig. 7. Focal spot of3.5µm diameter

hind a beam waist with a CCD camera. For evaluation ofM2,
its defining equation [9]

w(z)= w0

√
1+

[
M2

(
z

zR

)]2

(6)

has been fitted to the measured data. Herew is the measured
beam radius,w0 the radius at the beam waist,z the longitudi-
nal coordinate andzR the rayleigh range given byw2

0π/λ.
By utilizing a diamond-turned off-axis parabolic mirror

of 33 mmfocal length (f/1.3 optics), some 70% of the pulse
energy can be concentrated within a spot of a 1/e2 diameter
of 3.5µm, which was imaged with a 100× microscope ob-
jective onto a CCD camera. This results in a peak intensity
of approximately6×1017 W/cm2. The contour plot in Fig. 7
depicts isointensity lines at the levels ofIp/8, whereIp is the
peak intensity in the focal plane. The distortions surrounding
the central spot originate from the mirror itself, since the sur-
face of a diamond-turned mirror exhibits grooves acting as

a grating. In this manner some 10% of the energy is defracted
into higher-order modes.

4 Conclusions

We have demonstrated the kHz-rate generation of femtosec-
ond pulses at the0.1 TW level from a single-stage ampli-
fier for the first time. A detailed characterization yields sub-
20 fs pulse duration, a drop in the intensity by more than
four orders of magnitude at350 fs prior to the peak of the
pulse, and a focused peak intensity close to1018 W/cm2.
These characteristics open the way to performing high-field
experiments at a high repetition rate with a compact (oc-
cupied table space:≈ 2.5 m2) user-friendly system. Further-
more, this source has the potential to be scaled up to out-
put energies of≈ 10 mJ, implementing a second amplifier
stage.
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