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Abstract: We demonstrate the first carrier-envelope phase (CEP)-
stabilized chirped pulse amplification system with pulse peak-powers in
the terawatt regime. The system, which eventually is intended to be used
in the generation of isolated attosecond pulses, consists of two consecutive
multipass amplification stages. The first amplification stage is a commercial
CEP-stable kHz system including a single 13-pass amplifier reaching a
pulse energy of 2.3 mJ. Pulses are picked after the first stage at a repetition
rate of 50 Hz and are further amplified in a 5-pass power-amplifier to pulse
energies that reach up to 80 mJ before compression. After compression the
pulse energy is 35mJ at a pulse duration of 32 fs, signifying a peak power of
1.1 terawatt. Peak-powers exceeding 1.5 TW should easily be achievable by
improving the efficiency of the grating compressor. The CEP-stability of the
terawatt system is demonstrated by single shot measurements of the residual
CEP jitter at the full repetition rate and show an excellent root-mean-square
value of 315 mrad.
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1. Introduction

In the last decade there have been great advances in the field of attosecond science using high
harmonic generation (HHG) to produce attosecond pulse trains (APTs) and isolated attosecond
pulses (IAPs). Although IAPs were already demonstrated [1] and used in experiments prior to
the development of the first CEP-stable laser amplifier, the controlled experimental generation
and use of IAPs made a tremendous step forward in 2003, when, extending the pioneering
CEP-stabilization of nano-Joule level ultrashort pulse oscillators [2, 3], the first CEP-stable
laser amplifier was accomplished [4]. This method opened up new possibilities in the study
and control of electron dynamics in atoms [5], molecules [6] and condensed matter [7]. The
most popular measurement scheme to investigate such ultrafast phenomena are pump-probe
experiments where the system under investigation absorbs one (or a few) photons from a pump
laser source and one (or a few) photons from a probe laser source. Such schemes are so far very
difficult to realize using XUV light, since the conversion efficiency from IR photons to XUV
photons is rarely better than 10−6 for APTs and even less for IAPs which have been limited to
pulse energies of pJ - nJ level [8,9]. Considering the low cross-section for non-linear processes
in the XUV spectral region (10−49 −10−52 cm4s for two photon XUV ionization [10]), the
XUV intensities would have to exceed 1013 W/cm2, in order to produce a measurable two-
photon signal. Sofar this has restricted attosecond science to XUV-IR pump-probe experiments
where the optical cycle of the IR pulse is used as an attosecond clock. When increasing the
attosecond pulse energy close to the µJ level XUV-XUV pump-probe experiments would come
into reach. The general feasibility of such experiments has recently been demonstrated at the
free-electron laser facility in Hamburg (FLASH), where microjoule level 38 eV pulses with a
duration of 30 fs were focused to intensities of 1013−1014 W/cm2 to probe the ultrafast nuclear
wavepacket motion of D+

2 [11].
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To reach such high pulse energies for IAPs from table top systems however, development in
two areas is needed. On the one hand, the efficiency of IAP production techniques has to be
improved while loosening the requirements imposed on the driving laser pulse duration. On the
other hand the pulse energies of the driving laser sources have to be increased while maintaining
the obligatory laser parameters such as pulse duration and particularly CEP-stability. In this
article progress in the latter field will be presented by the successful implementation of an
amplifier system that delivers CEP-stable femtosecond pulses with terawatt level peak-powers
at 50 Hz repetition rate.

It is nonetheless important to note that the two areas of development are strongly linked,
since laser pulses in the TW regime cannot directly be applied to the traditional techniques of
IAP generation. To put the technical work presented in this article into the correct context, an
overview of current developments in the field of attosecond pulse production is given prior to
presenting the results on the TW CEP-stable amplifier. The overview will focus in particular on
the scalability of these techniques to higher energies of the driver pulse.

2. Isolated attosecond pulses from high energy laser sources

The first method that demonstrated the production of IAPs and that is still extensively used
to this day consists of using few-cycle driver pulses from a chirped pulse amplification (CPA)
system compressed in hollow core fibres [8] or filamentation [12] stages and spectral filtering
of the cut-off harmonics generated via HHG in a gas target. Pulse durations as short as 80 as
have been demonstrated using this technique [8].

Even though in recent experiments Ferrari and coworkers [13] demonstrated that the con-
version efficiency into IAPs can be significantly increased by using CEP-stable few-cycle laser
pulses with peak intensities which are higher than the gas saturation intensity, scaling to higher
driving pulse energies is experimentally extremely demanding. Post-compression techniques to
achieve intense few-cycle laser pulses are limited to input energies below 10 mJ. Additionally
the strong drop of harmonic intensity in the cut-off region leads to very low conversion efficien-
cies from IR photons to XUV photons. Consequently the resulting XUV photon flux is only on
the order of 105 photons / pulse (for ∼80 eV photons) [8].

Another technique that uses few-cycle laser pulses for the generation of IAPs is polarization
gating (PG) [9] which uses two co-propagating pulse replicas with counter rotating circular
polarization that have a small temporal overlap. In the region of overlap the electric fields of
the two replicas add up to a linearly polarized gate. If the gate width is restricted to a single
half cycle of the driving field, IAPs can be produced. Sansone et. al. [9] demonstrated pulses
with 130 as duration and a photon flux of 1.25 ·107 photons / pulse (39 eV photons) using this
technique.

At the same time PG lays the groundwork for a number of techniques that try to circumvent
the need for few-cycle driving pulses opening up the possibility of generating IAPs directly
from multi-cycle driver pulses. Such systems with pulse durations up to 30 fs are nowadays
widely available and can reach energies even in the multi-Joule level.

The first advancement towards using longer driver pulses was made with double optical gat-
ing (DOG) [14], which additionally exploits the asymmetry in the driving laser field introduced
by adding a small fraction of second harmonic radiation to the fundamental PG light field.
The asymmetry in the driver field limits attosecond pulse production to every full cycle of the
field, thus allows the use of a larger gate width and additionally suppresses ionization from
the leading edge of the driving pulse. Consequently the use of laser pulses with durations of
up to 12 fs has been demonstrated to produce IAPs which reached pulse energies of 6.5 nJ at
39 eV in Argon and 170 pJ at 50 eV in Neon, i.e. corresponding to photon fluxes of approxi-
mately 109 photons / pulse and 2 ·107 photons / pulse respectively [15] before filtering with an
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aluminum mirror. The DOG technique was further refined by introducing its generalized form
(GDOG) [16] which uses elliptically polarized light instead of circularly polarized lightfields
as in PG and DOG. In this way ionization from the leading edge of the driving laser pulse could
further be reduced allowing for the first time the use of laser pulses directly from a laser ampli-
fier with pulse durations up to 28 fs to produce IAPs from Argon with a duration of 160 as and
a pulse energy of 170 pJ at 40 eV (2.6 ·107 photons / pulse) [17]. Nevertheless at higher driver
energies one will have to deal with an increased ionization which calls for further development
of new phase-matching techniques.

Another approach to generating IAPs from multi-cycle driver pulses is the heterodyne mixing
of two laser fields which was proposed for the first time by Siedschlag and coworkers [18],
who predicted the production of isolated attosecond pulses from driving pulses with a duration
of up to 30 fs. They further investigated phase-matching conditions and the necessity of a
stabilized CEP for efficient IAP generation. Similar theoretical results were also presented in
[19]. Experimental results from combining 800 nm, 30 fs laser pulses with weak 1300 nm,
40 fs pulses show the generation of continuous spectra in the XUV region, that can lead to
the formation of IAPs [20]. This scheme further reduces the ionization in the leading edge of
the pulse by two orders of magnitude compared to DOG and GDOG. Conversion efficiencies
of 10−5 are expected. Using appropriate driving laser sources and phase-matching techniques
this approach eventually could lead to IAPs from HHG in gas with energies in the microjoule
range [21].

All of the sofar demonstrated techniques for IAP production rely on HHG in gaseous media.
However when using plasmas generated from solid targets as a non-linear medium, conversion
efficiencies of up to ten percent are expected [22]. In this case ionization changes from being a
limitation in the process of HHG to being an inherent necessity for the process. At intensities
when the magnetic field of the laser electromagnetic field becomes relevant, the plasma surface
generated by the leading edge of the pulse begins to oscillate parallel to the laser propagation di-
rection acting as a mirror for the incoming radiation that moves with relativistic velocities. This
can lead to HHG and attosecond bunching of the reflected radiation [23]. In 2009 the first APT
from solid target HHG was observed [24] and there have been a number of schemes proposed
for the production of IAPs, most of which require the use of few-cycle laser pulses. Nonetheless
the use of polarization gating techniques seem feasible for the production of IAPs even when
multi-cycle driver pulses are used [25]. Recent measurements [26] support this notion.

For all mentioned techniques of IAP production, the stabilization of the CEP is mandatory if
one wants to produce attosecond pulses with consistent temporal shape and photon flux for all
laser pulses. While the restrictions on the values of CEP jitter to produce IAP have also been
loosened by the newer generation techniques [14, 16, 20], a larger CEP jitter will nonetheless
generally result in strong energy fluctuations of the produced IAP. In XUV-XUV pump-probe
experiments, due to the non-linear nature of the processes involved, a good pulse-to-pulse
stability is, however, necessary to reduce the noise in the final measurement. Energetic light
sources with low CEP jitter hence are still an undeniable prerequisite for high quality non-
linear XUV experiments. The system demonstrated in this publication presents an ideal source
of such IR pulses.

When scaling CPA systems to higher pulse energies, the repetition rate of the laser sys-
tem is usually limited to a few tens of Hertz. However, all of today’s commercially available
CEP-stabilized laser systems are operated at pulse repetition rates in the kHz range and pulse
energies of not more than ∼ 10 - 20 mJ [27]. There are multiple groups that work on devel-
oping CEP-stable terawatt light sources relying on optical parametric CPA (OPCPA) [28]. To
the knowledge of the authors, the only successful implementation of CEP stabilization in such
a system so far was achieved by Renault and coworkers [29], resulting in 7.6 fs, 15.5 mJ (2
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TW) IR pulses. It should be noted, however, that the CEP stable construction of terawatt level
OPCPA systems is technically challenging and the short pulse durations, as described in the
paragraphs above, is not an obligatory precondition for production of IAPs anymore. The tech-
niques to build terawatt level CPA systems on the other hand are well established and with
the system presented in this paper a major step towards low repetition rate, even higher energy
systems with very high quality CEP-stability has been demonstrated.

cw
pump laser

oscillator

f-2fCEP locking
electronics

grating stretcher PC1

3kHz
pump laser

13-pass
3kHz 

amplifier

5-pass
50Hz 

TW amplifier

coll.
f-2f

computer

50Hz
pump laser

50Hz
pump laser

PZ

coll.
f-2f

computer

PZ

2.3mJ
32fs
3kHz

30mJ
32fs
50Hz

PC2

oscillator stabilization

kHz amplifier stabilization

50Hz amplifier stabilization

Fig. 1. Schematic drawing of the complete laser system including the elements for CEP-
stabilization. The oscillator is stabilized using a piezo actuated tilt mirror [30] in combina-
tion with Menlo XPS f-2f interferometer and PLL-electronics. The output of both amplifier
stages is stabilized by controlling the grating separation in the grating compressors [31–33].
The second amplification stage amplifies pulses at 50 Hz to the TW level while maintaining
the same residual phase error as in the kHz-arm.

3. The laser setup

A schematic overview of the complete laser system is depicted in Fig. 1. It comprises two beam
lines which will further be referred to as the kHz-arm and the 50 Hz-arm of the laser system.
The kHz-arm consists of a commercial CEP-stabilized Ti:Sapphire based CPA system running
at 3 kHz repetition rate (upper half of Fig. 1, KMLabs Dragon). The 50 Hz-arm is an additional
power-amplifier seeded by amplified pulses of the kHz-amplifier which are picked at 50 Hz
(lower half of Fig. 1) while the pulses at the remaining 3 kHz (every 60th pulse missing) further
propagate through the original pulse compressor and can be used for experiments. Amplified
pulses from the 50 Hz-arm are compressed in a separate grating compressor. Details of the
implementation are discussed below.

The nJ seed-pulses are produced from a prism-based ultrashort pulse oscillator (KMLabs
Griffin). An f-2f interferometer (Menlo XPS) including a photonic crystal fibre to generate the
octave spanning spectrum and Menlo locking electronics (Menlo XPS-E) ensure CEP-stability
by feeding an error signal back to a piezo actuated tilt mirror inside the oscillator cavity [3,30].
The resulting root-mean-square (rms) in-loop phase jitter is 104 mrad when measured over 40
milliseconds at 8 MHz bandwidth.

The CEP-stabilized oscillator seed pulses are stretched to approximately 220 ps in a grat-
ing based stretcher. After the pulses have been picked at a repetition rate of 3 kHz they are
amplified in a single stage 13-pass cryogenically cooled Ti:Sapphire amplifier [34] which is
pumped by a single diode-pumped 75W Nd:YLF laser (Photonics Industries, DM60). The
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amplified pulses reach an energy of 3.8 mJ, are routinely compressed to 30 fs and leave the
compressor with an energy of 2.4 mJ. The CEP-stabilization of the kHz-arm was originally
achieved by measuring the relative CEP with a commercial collinear f-2f interferometer and
software (Menlo APS800) and feeding back to the grating separation using a piezo actuator
inserted in the compressor translation stage [33]. In this configuration the rms CEP-jitter is
around 300 mrad. The kHz-amplifier breadboard is rather compact and contains the stretcher,
kHz-pulse-picker, kHz-amplifier and compressor.

To implement the power-amplifier a second pulse picker was inserted in the beam path be-
fore the compressor of the kHz-arm, picking the 3.8 mJ pulses at 50 Hz. The additional losses
introduced to the kHz-arm by the pulse picker are only small and a pulse energy of 2.3 mJ after
the kHz-compressor is maintained. There is also no measurable impact of the pulse picker on
the CEP of the transmitted pulses.
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Fig. 2. Characteristics of the compressed 2 TW peak-power pulses. (a) The spectral profiles
of the laser pulses before (black solid line) and after (dashed red line) amplification and
their respective FWHM bandwidth. (b) The black curve shows the temporal pulse profile
measured with SPIDER. The profile was fitted with a gaussian curve (dashed red line)
which gives a FWHM duration of 32 fs. (c) The inset shows the spatial beam profile in
the farfield as measured after a 1m focal length lens. It exhibits a slightly non-gaussian
structure.

The picked pulses for the 50 Hz 5-pass power-amplifier are resized to a beam diameter of
4 mm. In view of the importance of the spatial beam quality in the 5-pass power-amplifier for
achieving optimal energy extraction and a high final pulse energy, a pinhole spatial filter was
inserted after the pulse picker. This comes at the expense of a reduction of the input energy into
the power-amplifier to 1.4 mJ, however allows a higher final pulse energy from the amplifier
crystal. The improved energy extraction is essential for the CEP-stabilization as will be clarified
in the course of the article.

The 50 Hz power-amplifier is built up on a separate (90 x 180 cm2) breadboard containing
the pinhole setup, power-amplifier, compressor, two pump-lasers and an f-2f interferometer.
For optical pumping two flashlamp-pumped Nd:YAG lasers are used (Litron, NanoTRL 320-
50 dual head version). Each pump-laser can reach pulse energies of 160 mJ at a wavelength
of 532 nm. The Ti:Sapphire crystal in the power-amplifier is water-cooled and pumped from
both sides with each pump-laser respectively. At maximum pumping levels the amplified pulses
can reach energies of >80 mJ. Routinely the output of the pump-lasers is slightly lower due
to aging of the flash lamps and the crystal is effectively pumped with only around 120 mJ on
each surface of the crystal. In this case the energies of the infrared pulses routinely reach 75 mJ
indicating an optical efficiency of 31%. Thermal lensing inside the gain medium is compensated
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with several diverging lenses in between the individual passes.
Before compression, the 50 Hz amplified pulses are telescoped up to a 1/e diameter of 30 mm

to prevent damage to the compression gratings. The spectral bandwidth after the kHz-amplifier
is maintained in the 50 Hz power-amplifier with only a red-shift of the central wavelength
by 10nm (see Fig. 2a). SPIDER (spectral phase interferometry by direct electric field recon-
struction [35]) measurements indicated a pulse duration of 32 fs (see Fig. 2b). Due to the low
individual efficiencies of the gratings (82%) the overall efficiency of the 50 Hz grating com-
pressor is presently below 45%. The compressed pulses therefore only have an energy of 35
mJ corresponding to peak-powers of over 1.1 TW. By changing the gratings in the compressor
energies exceeding 50 mJ should be easily feasible.

4. CEP-stabilization of the terawatt amplifier

In the course of the work the original Menlo APS f-2f setup of the kHz arm was rebuilt into a
purely reflective setup to allow easier alignment and more flexible adjustment for higher fringe
visibility by directly focusing the copropagating f and 2f beams [36, 37] onto the entrance
slit of the spectrometer. A second equivalent system was set up to be used with the new 50 Hz
amplifier stage. White-light generation was achieved by focusing the leaked light of a backside-
polished mirror after the compressor into a 2 mm thick sapphire plate. The second harmonic of
the long wavelength part of the white-light was generated in a 1 mm thick BBO crystal cut at
a phase matching angle for 960 nm. The resulting spectral interference pattern which indicates
a delay between the pulses of approximately 190 fs was detected using a USB-spectrometer
(Thorlabs CS100).

At the same time the original Menlo software was replaced by a Labview-based homebuilt
stabilization software, that allows online real single shot measurements as well as detailed
settings for the PID feedback loop. The feedback in both compressors is achieved using a
piezo actuators (Thorlabs Piezoelectric Actuator, Max Displacement 9.1 µm, 3.5 x 4.5 x 10
mm) inserted into the grating translation stages and the respective piezo controllers (Thorlabs
MDT694A). The required voltages were directly written to the controller via the RS232 inter-
face of the controller, allowing higher feedback frequency than in the original setup.

The first step to implement the CEP-stabilization of the 50 Hz-amplifier was to measure
the isolated impact of the newly set up grating compressor [30], bypassing the 50 Hz power-
amplifier and only running the oscillator CEP-stabilization. The recorded phase after the 50 Hz-
compressor was compared against the phase measured after the original kHz-compressor. The
fast phase jitter was comparable after both compressors, however the slow phase drifts meas-
ured behind the kHz-compressor were not visible in the measurements behind the 50 Hz com-
pressor. We conclude therefore that most of the slow phase drifts of the kHz-system are accu-
mulated only in the compressor setup whereas the stretcher has no measurable effect on the
slow drift of the CEP. We suspect that this is due to thermal fluctuations as well as direct ther-
mal load on the kHz-compressor. The fluctuations are not visible in the 50 Hz-compressor as
the thermal load without pumping is negligible.

Taking into account the influence of thermal drifts introduced by the amplifier and the pump-
lasers, the 50 Hz-amplifier was set up in such a way as to leave ample room in between the
individual components. Additionally, compressor and f-2f interferometer were separated by
vertical metal walls inside the amplifier housing and all walls were covered with foam to prevent
acoustic noise from coupling into the CEP. The two pump-lasers were effectively decoupled
from the breadboard by placing 25 mm thick sorbothane sheets beneath them. However it turned
out that the pump-lasers initially introduced strong thermal fluctuations causing CEP jumps
which could not be compensated by the slow feedback loop. Accordingly the pump-lasers were
as well separated with metal walls from the amplifier section and it was ensured that there was
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Fig. 3. Short term CEP measurements showing the stabilized (black dots) phase and the
necessary compensating phase (black line) that is introduced in the grating compressor.
For comparison typical cases of the free-running CEP evolution in the kHz arm (green
triangles) and in the 50 Hz arm (red circles) are depicted as well. These measurements were
not taken simultaneously and therefore one cannot draw any conclusions on correlation
between the free running evolution in the two arms.

enough air circulation in the pump-laser section to remove the excess heat from the rest of the
breadboard housing.

Figure 3 shows the CEP-drift for the amplified 50 Hz-arm in the stabilized case (black
squares) and in the free-running case (red circles). For comparison a trace of the kHz-arm
in the free running case is also plotted (green triangles). In both free-running cases, only the
oscillator CEP-stabilization was active. In agreement with the before mentioned observation,
the 50 Hz-arm shows a slow drift with significantly lower amplitude compared to the kHz-arm.
This is due to the direct thermal load on the compressor gratings, as mentioned before. In the
kHz-compressor the dissipated heat is by a factor 2 - 3 higher than in the compressor after the
TW-amplifier. Additionally the thermal expansion coefficient of the copper grating substrates
used in the kHz-compressor (17 ·10−6/°C) is significantly higher then those of the BK-7 grat-
ings (7 ·10−6/°C) used in the TW-compressor.

In the first amplification attempts the optical efficiency was rather low with values of around
20-25%. As a result the pulse-to-pulse energy fluctuations of the amplified pulses were large.
This can easily translate into instabilities in the CEP measurement mostly during the strongly
non-linear white-light generation process [38, 39]. As a result the measured CEP-stability only
reached values of above 700 mrad (see Fig. 4 blue trace). In order to achieve a better stability
of the pulse energy and therefore also of the CEP measurement, we adjusted the amplifier to be
operated at higher saturation levels. At efficiency levels of 31 % the phase-jitter is reduced by
a factor of more than two to values around 300 mrad in single pulse measurements. Results of
a long term measurement are shown in Fig. 4. The rms-stability of both pump-lasers is 0.56%
and of the amplified pulse in this configuration is 0.6%.

Nonetheless even at this value the achievable CEP stability appears to be limited by shot noise
resulting from the low photon numbers in the relevant spectral ranges produced in the white-
light generation process. This assumption is supported by two facts: First the histograms plotted
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Fig. 4. Measurement of the CEP stability over an extended time interval. The red curve
shows the CEP single shot CEP measurements of the 50 Hz TW-amplifier in the optimal
configuration. The dots in green and black show the same measurement when averaging
over three shots and five shots respectively. Histograms for all three cases are shown on
the right with the respective rms error values of 315 mrad, 190 mrad and 149 mrad. For
comparison a short measurement of the phase jitter is included in the case of low extraction
efficiency (21%) (blue dots).The respective rms value is 767 mrad.

in Fig. 4 and the resultant rms-values follow almost perfectly a Gaussian statistic, indicative for
a white noise limitation. If however the oscillator would be a limiting factor at this point, one
would expect a non-Gaussian statistic [40]. Second, the analysis of the frequency spectra of
the residual phase error (not plotted here) revealed similar indications. A clear reduction of the
slow modulations up to a frequency of 0.3 Hz was visible comparing the free-running against
the stabilized case. Higher frequencies however were already covered by the average shot noise
level.

The high shot noise level finds its origin in the extremely low spectral densities in the 2f
arm of the interferometer. Considering that the white-light generation in the Sapphire plate
is limited to only a few microjoule of input energy, the effectively detected photon number
N in the frequency-doubled part of the spectrum might be as low as 104, taking into account
conversion efficiency into the IR, the doubling efficiency and losses in the spectrometer. The
achievable phase resolution between consecutive laser pulses is then limited to a value of
ΔφCE = π/(N/2)1/2 [41], i.e. values between 40 - 50 mrad. These numbers however hold only
for a perfect detection system. In the case of a fast CCD chip the resultant value could be higher
by up to one order of magnitude [40] and thus lie at similar levels as those measured in our f-2f
setup.

The situation could be tremendously improved by increasing the photon numbers in the rel-
evant frequency range. Using super-continuum generation in noble gases would allow input
energies in the mJ range with high conversion efficiencies in the super-continuum generation
process. A realistic increase in the relevant photon number by a factor of 10 or more would
hence improve the shot noise by more than an order of magnitude. With the laser system pre-
sented in this chapter, the pulse energies to run a noble gas filled fibre setup which would
generate the necessary white-light, would only amount to 2 - 3 % of the total output energy of
the system, and should therefore be the next implementation step.

Even at shot noise limitations the final CEP-stability of the system is still strongly dependent
on external environmental influences. Especially mechanical vibrations seem to play a major
role, i.e. the difference of rms-error values of the CEP can be as high as 150 mrad when com-
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paring measurements taken during the day and after working hours. Since the laser systems are
supplying experimental setups that are not connected to the optical table, floating the table is
not an option. We expect that the rms value of the system could still improve when moving to
a more stable environment.

It should be noted that while most publications on CEP results of amplifier systems are based
on averaged measurements, the values presented in this paper are real single shot measurements
at the full repetition rate of the laser system. As was shown by [41], single shot measurements at
the full repetition rate of the laser system are necessary to determine the real phase stability of a
system. The demonstrated rms-values of the residual phase jitter are therefore excellent values
and rank among the best values measured so far for such laser systems [27,29,41,42]. To make
the results comparable with other published data, the long term single shot measurement in Fig.
4 is also shown for cases when a moving average over three and five pulses was applied. As
expected, the rms-value of the phase jitter in these cases is reduced dramatically to 190 mrad
and 149 mrad respectively.

5. Conclusion

In this article we present a terawatt level femtosecond laser system, which is perfectly suited
for the generation of IAP using the techniques reviewed in the first part of the paper. The
demonstrated pulse properties of the amplified pulses are a pulse duration of 32 fs and a peak-
power of 1.1 TW at 50 Hz repetition rate. It was shown that CEP-stabilization in this CPA
system can be achieved with a residual phase jitter which competes with the best stabilization
results published so far.

To our knowledge the presented results show the highest pulse energy reached for CEP-
stabilized femtosecond pulses to date, and opens up the possibility to produce IAPs with un-
precedented photon fluxes. This is an important step towards experimental conditions that allow
experimental researchers to perform XUV-XUV pump-probe experiments.

Further it paves the way towards even more energetic driver pulses with stable CEP. Nowa-
days CPA systems with repetition rates in the 10 Hz regime and several Joule of pulse energy
are commercially available. From the demonstrated measurements we conclude that scaling
to higher energies should be straight forward, as long as the pulse repetition period is short
compared to the slow thermal fluctuations introduced in the compressor and the pulse-to-pulse
energy instabilities can be maintained at a low level.

The availability of high pulse energies might additionally promote the use of super-
continuum generation in fibres for the use with the f-2f interferometer. This could potentially
allow a significant increase in the phase sensitivity in the f-2f measurement and therefore should
be further investigated in the future use of such a laser system.

Acknowledgments

The author wants thank Günther Steinmeyer for fruitful discussions on the interpretation of
the achieved stabilization results. Further the author wants to thank KMLabs for the techni-
cal support concerning the implementation of the pulse picker control. This work is part of
the research program of the “Stichting voor Fundamenteel Onderzoek der Materie (FOM)”,
which is financially supported by the “Nederlandse organisatie voor Wetenschappelijk Onder-
zoek (NWO)” and was carried out as part of the EU Industry-Academia Partnership Program
FLUX (PIAPP-GA-2008-218053).

#155262 - $15.00 USD Received 26 Sep 2011; revised 20 Oct 2011; accepted 20 Oct 2011; published 22 Nov 2011
(C) 2011 OSA 5 December 2011 / Vol. 19,  No. 25 / OPTICS EXPRESS  24932




