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Abstract—The powerful technique of optical parametric am-
plification (OPA) experienced a huge advance with the invention
of optical parametric chirped pulse amplification (OPCPA) and
later noncollinear OPA. In this paper, we describe a radically dif-
ferent approach of performing parametric interaction in the fre-
quency domain instead of the time domain. The frequency domain
is reached via optical Fourier transformation, which provides a sep-
aration ansatz. It allows breaking down a big task into smaller ones
which ultimately enables simultaneous up-scaling of peak power
and bandwidth. The first proof-of-concept experiment yielding
1.4 mJ, two cycle pulses at 1.8-pm wavelength is complemented
by a high gain (>2000) setup at 800-nm wavelength with 2.5 kHz
repetition rate. A very low amount of parasitic superfluorescence
without degradation of the picosecond pulse contrast within the
pump pulse duration has been observed upon high gain conditions.

Index Terms—Nonlinear optics, optical parametric amplifica-
tion, few-cycle pulses.

I. INTRODUCTION

URING the first decade after its birth in 2001 [1], [2],
D attosecond science was probably one of the biggest ben-
eficiaries of the steadily improving high energy femtosecond
laser technology [3]. The second decade was then heralded by
the demand of attosecond science for new pulse parameters like
the tailoring of the electric field rather than just its intensity
envelope [4] and thus pushing laser science forward. Thereupon
different schemes have been proposed [5]-[7] which all have in
common that their required spectral bandwidths outreach by far
the gain bandwidth of established Ti:Sa amplifiers.

By contrast with these real level gain media based on popula-
tion inversion, the bandwidth of parametric processes involving
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virtual levels is not constrained by a limited band of electronic
or vibrational transitions. Although the gain bandwidth of OPA
is only limited by linear as well as nonlinear absorption of the
three interacting light fields (pump, signal and idler), a number
of restrictions hamper its full exploitation.

The most vigorous one arises from the fact that efficient en-
ergy transfer from pump (p) to signal (s) and idler (i) waves
requires the conservation of energy (fw, = hw; + hw;)and mo-
mentum (E,, = Es + E,-) between interacting waves. The latter,
generally referred to as phase matching condition! cannot be
satisfied in a dispersive medium and birefringent materials are
typically utilized to adjust for different light velocities.

In this paper, new design opportunities and challenges arising
from parametric amplification in the frequency domain [8] are
presented and discussed in comparison with OPCPA. Reviewing
the principles of OPCPA lies outside the scope of this paper and
the reader is referred to other comprehensive reviews [9]-[11].

The principles and characteristic features of frequency do-
main optical parametric amplification (FOPA) are explained in
Section II. Experimental results on how dispersion limitations
as well as peak power scaling can be overcome are presented
in Section III followed by results on high gain amplification of
nanojoule seed pulses to the microjoule level in Section IV. A
detailed discussion of the presented results and future prospects
is given in Section V.

II. FOPA PRINCIPLES

The essential idea of FOPA is illustrated in Fig. 1 which
shows a symmetric 4f setup. The colours of a collimated in-
put pulse (AXpyuise) are dispersed on the first grating G1 and
become parallel behind the collimating mirror M1 if placed at
the focal distance ffrom the grating. Each of the reflected colours
is focused into its separate focus (Als,.) and all foci line up next
to each other in the Fourier plane (FP). Until here a first (contin-
uous) optical Fourier transformation from the time domain into
the frequency domain has been performed at the speed of light.
It will become important later that each point of the beam profile
outside the 4f setup contains all spectral components (A, yise)
whereas in each focal point at the FP the spectral variation
(AAgo.) is orders of magnitude smaller. A symmetric setup on

IPhase matching is necessary for a coherent growth of signal and idler waves
which requires the propagating light waves to stay in phase with the induced
nonlinear polarization waves over the entire propagation length. The connection
between light and polarization waves is the (nonlinear) susceptibility.
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Fig. 1. The FOPA setup rests upon a 4f configuration which maps the spectral

content of an incident few-cycle pulse onto a spatial coordinate in the FP. There,
the seed beam is intrinsically stretched to picosecond duration (see Fig. 2) and
can interact with a picosecond pump beam. A separate stretcher or compressor,
respectively, is not required. Different, individually tunable crystals may be
employed in the FP. Thus, by increasing the number of crystals, the FOPA
output properties like energy or bandwidth are not limited by the performance
of a single crystal.

the other side of the FP performs a second Fourier transforma-
tion and recovers the original beam in time domain. Such an
arrangement in combination with mode locked lasers was first
introduced in 1981 for picosecond pulse shaping purposes [12].
Pulse shaping is generally achieved through attenuation of spec-
tral amplitudes in the FP and by shifting their relative phases.
In this sense, FOPA is a pulse shaping unit which now allows
one to additionally introduce a gain element in the FP. In con-
trast, established femtosecond laser amplification techniques,
either CPA or OPCPA, are based on interaction of pump and
seed pulses in time domain. The detour of performing amplifi-
cation in between two Fourier transformations in FOPA seems
like an additional constrain at first sight. On the other hand, all
OPCPA’s necessarily require pulse stretching and compression
schemes which become obsolete with FOPA. It can be seeded
with transform limited as well as arbitrarily shaped pulses. Al-
though challenging, pulse shaping of octave spanning spectra
has been demonstrated with 4f setups [13], [14]. Small transla-
tions of the second exit grating G2 can be used to compensate
modest chirp introduced by amplification crystals or optical
windows. Unlike with usual grating compressors, positive and
negative chirp can be set. This option becomes relevant in the
IR region where many glasses exhibit zero dispersion and thus,
by changing the transmission optics one might have to switch
from negative to positive chirp.

Once the challenge of designing an appropriate 4f setup is
mastered a number of new design opportunities arise which are
hardly achievable in time domain schemes. One of the most
important aspects of optical Fourier transformation according
to Fig. 1 is the mapping of spectral frequencies onto a spatial
coordinate in the FP. Each frequency is focused onto its corre-
sponding point in the FP and the entire spectrum spreads out
along a line focus. It literally gives direct access to the pulse’s
properties, i.e., its frequency components. This spatial branching
can be viewed as a separation ansatz allowing the breakdown of
a big task and accomplishing it by solving several smaller ones.

Such a big task is for instance ultrabroadband phase-matching
which is a major concern in OPA. If for a given combina-
tion of crystal and interacting light fields the phase mismatch
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approaches 7, the task may be solved by distributing the same
bandwidth over more than one crystal. With two or more crys-
tals being placed next to each other in the FP each one has to
amplify a much narrower bandwidth. Independent tuning of dif-
ferent crystals in sum enables a much broader phase-matching
bandwidth than would be possible with a single crystal of the
same length. Other schemes like non-collinear phase-matching
can be applied as well [15]-[19]. In principle, differently grown
crystals or even different materials could be combined as long
as the optical path remains the same for all spectral components.
One way to equalize optical path lengths could be the insertion
of tunable glass plates of the same size in front of each crystal
to build a simplified phase shaper.

Another big task to be resolved is the crystals’ damage thresh-
old. The only way to circumvent this is to increase the incident
beam size which, however, is ultimately limited by the maxi-
mum available crystal size [19]. FOPA resolves this problem by
enabling the use a mosaic of crystals to increase the total size
of the gain medium without affecting the spatial beam quality.
Therefore one merely needs to further spread out the spectrum in
the FP by using a more dispersive grating. In standard schemes,
increasing the parametric gain through longer crystals increases
the phase mismatch and thus reduces the bandwidth. In FOPA,
this can be circumvented by keeping the same spread along the
FP but using several crystals with smaller aperture such that
each one receives a smaller incident bandwidth.

As a result, the output properties of FOPA are not limited by
the performance of a single crystal anymore. Achieving a de-
sired performance becomes a matter of the number of crystals
employed and less of the crystal itself. Moreover, increasing
phase-matching bandwidth and pulse energy can be achieved
simultaneously, a situation that is completely reversed for
OPCPAs where fulfilling one of these big tasks typically de-
notes a trade-off on the other one.

Having an even closer look at the FP reveals further advan-
tages compared to OPCPA. In each focal point, the spectral
variation across the focus (AAg,.) is very small. Its amount is a
function of grating dispersion and input beam diameter but it is,
however, independent of the focal length of M1 and M2, respec-
tively. As an example, for the more challenging design case of
octave spanning spectra the typical bandwidth across the focus
is about 300—600 times less than the total pulse bandwidth. This
means, a single cycle input pulse will be automatically stretched
to picosecond duration in the FP. The duration depends on the
geometrical properties like the grating groove separation g and
the input beam size d;,, at FWHM. The pulse duration at FWHM
of intensity is given by:

Aed a2
Atfoc === [1 - <(’) ] (D
ge 29
with A. being the center wavelength and c the speed of light.
The derivation of (1) is shown in the appendix. It is pointed
out that the pulse duration in the FP is independent of the fo-
cal length f and the input pulse bandwidth AX,15.. Moreover,

since the spectrum in each focal point is reduced by 2-3 or-
ders of magnitude it can be viewed as a quasi-monochromatic
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Fig. 2. Comparison between OPCPA and FOPA. Time domain schemes
(OPCPA) rely on temporal chirping with the result that each wavelength ex-
periences a different gain. In frequency domain schemes (FOPA), however,
only a small fraction of the entire pulse bandwidth AL, . is present in each
focal point Ag,. in the FP. The pump pulse envelope has minor influence on
the spectrum of this quasi-monochromatic beam. Furthermore, the intensity in
each focal point can be tailored, see Fig. 3.

beam. In contrast, all time domain schemes deliver broadband
strongly chirped seed pulses carrying the entire pulse bandwidth
(AXpuise) in the interaction region. This imposes additional con-
straints regarding the matching of pump pulse duration and de-
sired gain bandwidth. Even if the phase-matched bandwidth
covers the desired range, the gain bandwidth can be limited
by too short pump pulse durations as illustrated qualitatively in
Fig. 2. In the case of OPCPA, matching the FWHM of pump with
the one of the seed pulse to reach the highest efficiency might
reduce the gain bandwidth simply because the pump intensity is
lower in pulse tails. This causes a reduction of amplified band-
width as depicted in Fig. 2. Thus, there is a trade-off between
highest gain and broadest bandwidth and different pump pulse
shaping strategies have been proposed for its minimization [20].
Owing to the separation ansatz of FOPA, the situation is differ-
ent in the FP. When matching the envelopes of the pump with
a quasi-monochromatic seed in each focal point, varying the
pump pulse duration doesn’t reduce the amplified bandwidth
Algoe in this point and hence does not reduce the total pulse
bandwidth at the output. AA¢,. defines the pulse duration and
thus the seed intensity in the FP. In conventional time domain
schemes the seed intensity quadratically depends on the input
beam diameter. In FOPA, changing the seed beam input diam-
eter d;, automatically changes both the focus area (~ d?n) and
the pulse duration (~d;,) by changing Aig,.. Thus, the seed
intensity in the FP depends linearly on the input beam diameter.

Coming back to Fig. 1, we emphasize that additionally to
the temporal Fourier transformation, a 4f setup with spheri-
cal optics also provides a spatial Fourier transformation by
focusing a collimated input beam into a focal spot in the FP.
This means, parametric interaction with the pump beam takes
place with a spatially (and temporally) Fourier transformed
beam. Consequently, spatial impurities like hot spots present
in the pump beam are not transferred to the amplified beam
after its second spatial Fourier transformation subsequent to
amplification.

These explanations of conditions and design opportunities
regarding the seed beam are followed by a description of the
design opportunities for the pump beam. Due to the spatial
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Fig. 3. The intensity distribution in the FP defines the spectral gain curve.
While beam expansion of Gaussian distributions with spherical cylindrical
lenses still leads to Gaussian distributions along the FP, special aspheric tele-
scopes or free form surfaces could be used to tailor the gain function arbitrarily.

separation of frequency components, FOPA is especially attrac-
tive for multi-beam pumping schemes. Single frequency pump
beams incident at different angles [21] or multi-colour beams
where different spectral parts get amplified by different pump
wavelengths [22]-[24] could be applied.

Even in the case of a single pump beam far-reaching design
opportunities arise through spatial shaping of the pump inten-
sity. Because of the intensity dependent parametric gain [23],
[24] the gain function can be arbitrarily modified by an appro-
priate intensity distribution. Apart from adaptive beam shaping
methods, one could also employ freeform optics or aspherical
optics. Beam expansion with cylindrical optics does not change
the shape but rather the slope of the intensity distribution and
a Gaussian beam would thus still lead to a Gaussian intensity
(gain) profile along the FP as shown in Fig. 3(a). Beam expan-
sion with a special asphere, the so called Powell lens [26], is
depicted in Fig. 3(b) for comparison. Its main function is to
further spread out the rays in the wings of the beam than at its
centre. This lens typically consists of an aspheric and a plane
surface. Subsequent to the one-dimensional aspheric surface all
beams intersect in a single line similar to a conventional fo-
cusing optic and the beam can be collimated with a cylindrical
lens. The exact intensity distribution subsequent to the collimat-
ing lens depends on the input beam diameter and the distance
between the two lenses. Such a properly designed flat-top beam
shaping telescope does not cause additional losses since it re-
quires the same amount of optics (two) as a conventional one
would. In this manner, flat-top or wing enhanced intensity dis-
tributions can be achieved in a robust way and the gain function
can be tailored to boost the wings of a spectral distribution as
shown in Fig. 3(b).

III. HiGH ENERGY FOPA

This section briefly summarizes the proof of concept FOPA
experiment [8] together with an additional characterization of
the output beam properties. The experiment aimed at generating
the highest energy 2-cycle IR pulses at 1.8 pum. These results
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Fig. 4.

Results of high energy FOPA yielding two cycle pulses with 1.43 mJ pulse energy. (a) Comparison of seed (red) and amplified (shaded grey) spectra. The

vertical lines indicate the spectral ranges for each of the four crystals in the FP. The spectral shape is preserved with a noticeable increase towards the wings of the
spectrum. The gain function (green) was tailored with an aspheric telescope as described in Fig. 3(b). (b) Temporal intensity profiles for seed (red) and amplified
beam (grey) retrieved from SHG-FROG measurements. The spatial beam profile is shown in the inset. (¢) Absence of spectral chirp across the spatial beam profile
subsequent to the FOPA. The curves show the spectra at different positions in the beam as explained in the legend, note the broken ordinate.

on high energy amplification (gain of 14) are complemented
in a second experiment described in Section IV. This FOPA
was realized at a high repetition rate of 2.5 kHz and as a high
gain stage with 2000 times amplification from nanojoule to
the microjoule level. Such conditions are typical in primary
amplification stages to amplify an oscillator output for instance.

The first, high energy FOPA was realized on the 100 Hz,
carrier to envelope phase (CEP) stable, sub-2 cycle IR beam
line at the Advanced Laser Light Source [27] and is described
in detail in Ref. [8]. 800 nm pulses from a Ti:Sa amplifier are
used to drive the parametric amplification. The FOPA design
employed four BBO crystals in the FP to amplify a narrow
bandwidth from 1.35 to 2.25 pm, shown as magnified red curve
in Fig. 4(a). The spectral range incident on each crystal (1)—(4)
is marked by vertical lines. The jagged appearance of the curves
is due to the poor signal to noise ratio (S/N) of the spectrometer.

While under the given conditions (cut of BBO crystal, pump
and seed wavelengths) less than four crystals could be sufficient
to phase-match the entire bandwidth, we aimed to prove the
scaling capability and to verify whether detrimental effects oc-
cur from a multi crystal arrangement. Since the manufacturing
reproducibility of the crystal thickness on a wavelength scale is

hard to achieve, all four crystals were polished together (United
Crystals). The absolute thickness is only known with sub 50 ym
precision but the relative deviation is kept below the wavelength
range. The crystals, when placed side by side, would cover
60 mm in the FP. Each frequency of the seed pulse is focused
to a spot size of about 220 ym at FWHM of intensity. This, in
combination with the grating dispersion corresponds to a pulse
duration of 1.4 ps. The pump beam was expanded with a Powell
lens telescope as shown in Fig. 3(b) to achieve a tailored inten-
sity distribution along the FP with a 5-10% increase towards
the edges. Its temporal duration was optimized for maximum
gain. Pump and seed focal spot sizes were measured to be 300
and 220 pm, respectively. The total of 13 mJ pump energy de-
livered to the entire FP corresponds to an intensity of roughly
40 GW/cm?. At this pump level the output energy increased from
0.1 to 1.43 mJ denoting a gain of 14 with a pump (1.55 eV) to
idler (0.68 eV) conversion efficiency of 14% measured in the
FP. The spectrum at maximum gain (black curve in Fig. 4(a)) is
overlaid with the input spectrum. It can be seen that the spec-
tral extension remains unchanged upon amplification and even
shows an enhancement in the wings, following the pump inten-
sity pattern. This is clearly confirmed by the experimental gain
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curve (green). The credibility of its absolute values in the wings
is limited due to the poor S/N ratio of the seed.

The temporal shape has been characterized with SHG-FROG
[10], [26] and the comparison of seed pulses prior to the FOPA as
well as at maximum gain is presented in Fig. 4(b). Remarkably,
the shape of the main pulse stays the same and temporal FWHM
increases marginally from 11.5 to 11.7fs. At 1.8 um wavelength
12 fs duration at FWHM of intensity correspond to two cycles of
the electric field. Examining the seed (red) and amplified (grey)
pulses in Fig. 4(b) reveals no change of the main pulse, only
a slightly modified pedestal structure below the 5% level. This
mainly stems from the 4f setup with the four crystals itself and
is not an amplification artefact. An exhaustive discussion about
the pedestals can be found in Ref [8].

After confirming excellent spectral and temporal properties
the spatial beam quality was investigated. As expected, it is not
influenced by the sharp crystal edges in the FP and is shown in
the inset of Fig. 4(b). In this regard, we also verified the reduced
requirements of a clean pump beam profile. Therefore, a sharp
edge was introduced in the pump beam by inserting a beam
blocker. This resulted in a homogeneous intensity decrease of
the amplified output beam without affecting its shape. Next,
the spatial chirp, i.e. the variation of spectrum across the beam
profile, was investigated. A 400 pm fibre tip coupled to the
IR spectrometer was scanned transversely across the amplified
output beam in vertical and horizontal direction with the result
plotted in Fig. 4(c). The strong spectral modulations are an arte-
fact of the coupling to a multimode fibre and the dips resulting
from crystal edges are marked by black arrows. Unfortunately,
the spectral resolution is too low to resolve the actual spectral
incisions from the crystal edges. The spectrum at the beam cen-
tre is shown as the yellow curve and plotted versus a broken
ordinate. Both greenish curves show the spectrum at 50% of in-
tensity along the horizontal and vertical direction, respectively.
The same applies to the reddish and bluish curves at 25% and
12% level, respectively. This data clearly confirms the absence
of spatial chirp.

The final characterization concerned the CEP stability which
was measured with an f-2f interferometer [29]. The seed pulses
were passively stabilized [30] and no feedback loop for addi-
tional stabilization was implemented. The CEP stability of the
seed pulses was 320 mrad which increased to 460 mrad after am-
plification [8]. The already low CEP stability of the seed pulses
may result from issues with the hollow-core fibre compression
[31] and might relate to the observed pointing fluctuations after
the fibre. Nevertheless, the conclusion from this first experi-
ment is that FOPA supports CEP stable amplification of two
cycle pulses from 100 pJ to 1.4 mJ without the need for a pulse
shaping device and without degradation of spatial or temporal
pulse quality. This experiment confirmed the capability of FOPA
for being utilized as a booster in a high energy stage.

IV. HIGH GAIN FOPA

In the second experiment a setup for high amplification gain
at lower energy is described which aims to address two aspects
of using FOPA as a robust amplifier module. First, FOPA has to
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Fig. 5. Setup for high gain FOPA at 2.5 kHz repetition rate. Nanojoule level

seed pulses at 800 nm (purple line) are amplified 2000 times with a 2 mm thick
BBO crystal in the FP pumped by ~3 ps frequency doubled pulses (blue line).

be capable of serving as a front end of an amplifier chain. Sec-
ond, the picosecond contrast should be maintained over a wide
range of gain. The latter is crucial in high energy physics exper-
iments [32]-[35]. Since the aspects of wavelength conversion
and few-cycle operation have been addressed previously using
IR pulses, we were satisfied with the typical Ti:Sa performance
for the second experiment and the high gain FOPA was built
with standard stock items. The experimental setup is shown in
Fig. 5.

The starting point is a 2.5 kHz Ti:Sa CPA which delivers
2 mJ pulse energy before compression. A small fraction was
compressed to 40 fs with 100 uJ energy. The energy was fur-
ther reduced with neutral density filters down to the nanojoule
level which represents typical starting conditions for an ampli-
fier chain. These pulses were used to seed a FOPA and were
subsequently launched to different diagnostics. A fibre spec-
trometer served to verify the absence of spatial chirp and a
transient grating-frequency resolved optical gating (TG-FROG)
setup [28] was used to characterize both the pulse duration and
the picosecond pulse contrast. Since we aimed for investigating
the picosecond contrast, only a single BBO crystal (© = 29°)
of 2 mm thickness was placed in the FP. The reason to use a
single crystal was to avoid sharp edges in the FP. Simulations
showed that sharp spectral dips may result in reduced picosec-
ond contrast on the level of 10° [8]. In the present experiment,
the interest was to study parametric interaction in the frequency
domain as such. We aimed to verify if the presence of picosec-
ond pump and picosecond seed pulses in the FP influences
the picosecond pulse contrast of the recompressed output. The
FOPA used in the experiment consisted of two silver coated
gratings (1200 I/mm), two spherical mirrors (f = 200 mm) and
two dichroic beam splitters to overlap pump and seed beams
close to collinearly for simplicity reasons. The exit grating was
mounted on a translation stage to fine tune the dispersion. With a
seed input beam diameter of roughly 1 mm FWHM of intensity
the calculated duration in the FP amounts to 3.6 ps according to
Eq. (1).
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Fig.6. Experimental spectra of seed (black) and amplified beam (red) obtained
with the setup shown in Fig. 5. Like in Fig. 4(c), the spectral shape remains
the same apart from lower gain in the wings because we did not use a special
telescope to tailor the gain function as explained in Fig. 3(b). The grey curve
shows the spectrum of superfluorescence in the unseeded case.

To provide the pump beam, the majority of the 800 nm Ti:Sa
laser was compressed to less than 4 ps duration to match the seed
duration in the FP. The beam was frequency doubled with 30%
efficiency in a 1 mm thick BBO crystal. Including optical losses
of silver mirrors and uncoated lenses the maximum pump energy
delivered to the FP was 150 pJ. For convenience, only spherical
cylindrical lenses were employed to provide a Gaussian pump
intensity distribution in the FP.

The amplified spectrum after a 2000 fold increase is shown
in Fig. 6 as the red curve and is overlaid with the seed spectrum
in black whose output energy was raised from 1 nJ to 2 pul.
Since no gain tailoring telescope was used in this experiment,
a slight loss of bandwidth in the wings becomes visible while
the FWHM and the overall shape remains the same, like in
the first experiment. It is noteworthy that all spectral features
like the dip at 790 nm and the small plateau above 800 nm are
transferred despite the high gain. To achieve the highest gain,
the grating compressor of the Ti:Sa laser was tuned from 2.5 to
5 ps. A change of the output spectral shape was not observed
but merely a homogeneous increase and decrease.

As a first step to quantify the generated amount of parasitic
superfluorescence the seed beam was blocked and the output
spectrum was measured in otherwise identical conditions, see
the shaded grey curve in Fig. 6. As expected, its bandwidth is
similar to the amplified one since it is determined by the phase
matching conditions of the parametric interaction [36], [37]. A
low superfluorescence level of 7 x 10~* was measured for this
unseeded collinear parametric amplifier. Comparable values are
reported for non-collinear interaction which intrinsically pro-
vide less background [38]. Finally, the picosecond contrast was
characterized with a home built TG-FROG. This arrangement
was chosen because it allows to characterize the electric field
and the picosecond contrast since it is a background free method.
Building a TG-FROG was necessary because the commercial
devices (Sequoia, Amplitude technologies) cannot be operated
with our low input energy of 1 pJ. The commercial device, how-
ever, was used to confirm the measurement of the home built
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scale. The contrast within the pump window at 1 ps is not affected at 2000
fold amplification.

device. Since the TG-FROG employs a third order nonlinearity
for optical gating it allows direct measurement of asymmetric
pulse shapes like the third harmonic correlation technique [39].
First, the optimized 800 nm pump pulse was characterized and
is given as the blue curve in Fig. 7 on a linear scale. Its de-
convolved FWHM duration is about 3 ps. The duration of the
second harmonic has not been measured but is expected to be
similar or even slightly shorter. All presented correlation traces
are obtained from integrating the 2-D spectrogram with respect
to the frequency axis. Next, the contrast of the seed pulse was
measured before and after the FOPA without amplification to
ensure that no distortion is introduced by the 4f setup. The seed
pulse prior to the FOPA was also characterized with the com-
mercial device and yielded good agreement with our method.
Using the commercial device in this situation was possible be-
cause the input energy could be raised to 100 pJ by removing
the attenuation filters. The drawback of our home built setup
was the lower dynamic range when operated with 1 uJ pulse
energy incident on the nonlinear medium (2 mm FS). The grey
curve in Fig. 7 shows the seed contrast as a semi logarithmic
plot. The dynamic range is limited to 10°. However, evaluating
the contrast outside the pump pulse duration (below —3 ps and
above +3 ps) is not relevant because it cannot be amplified there
in the parametric process. Within the pump window from —2 to
1.5 ps all pedestals can be detected. As can be seen at +1 ps,
the seed contrast of the input pulses is about 10°. The red curve
shows the correlation for the 2 pJ pulses after a 2000 fold am-
plification. The temporal FWHM duration increased from 38 to
41 fs (not resolved in Fig. 7). The dynamic range was lowered
to 107 because less energy was available compared to the seed
case without attenuation filter. Nevertheless, the most important
part at =1 ps can still be analyzed. Although at the detection
limit it can be seen that the contrast there is at least 10° which is
identical to the one of the seed beam. The conclusion is that the
picosecond contrast has not changed within the pump window
after a 2000 fold amplification.

V. DISCUSSION

The first high energy experiment utilizing the multi crystal
FOPA setup described in Section III confirmed the modular
nature of the FOPA concept. It proved that its output properties
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like energy and bandwidth are defined by the sum of individual
components, each of them being individually optimized. While
in this experiment only the phase matching angle was optimized,
other parameters like type of crystal, the crystal shape, the pump
wavelength and intensity may be optimized in the future.

So far, FOPA’s only conceptual drawback identified is the po-
tential reduction of picosecond pulse contrast originating from
the sharp spectral incisions when multiple crystals are used.
Simulations have shown that the contrast increases by reducing
the number of incisions, their width or their edge sharpness. The
latter two may be minimized by ensuring a focal spot size larger
than the crystal gap. In that case when every colour gets smeared
out across the gap sharp edges in the spectrum are avoided. By
this, the picosecond contrast can be improved by orders of mag-
nitude. Before investigating the influence of multiple crystal
gaps on the picosecond contrast we generally confirmed that a
picosecond contrast degradation as such is not to be expected
from the picosecond interaction in the FP.

Furthermore, it was shown that FOPA can be implemented
as a high gain stage for nanojoule level seed pulses at high rep-
etition rates. The 2 pJ output is less than the expected ~10 pJ
and can be explained by: (i) the fact that the Gaussian pump
focus had to exceed the spectral extension to provide sufficient
amplification in the spectral wings; (ii) we noticed severe focal
distortions if the average power in the grating compressor ex-
ceeded 3 W which further reduced the pump intensity. In this
regard it is mentioned that by decreasing the focal extension
along the FP to amplify a narrow bandwidth of only 10 nm a
gain of 12 000 was measured.

It is pointed out that all design considerations for building
an OPCPA can be directly applied to FOPA in a single crystal
configuration as well. Even in that configuration, FOPA still
provides advantages compared to OPCPA. Neither stretcher nor
compressor are required to amplify two cycle pulses to the mi-
crojoule level and fine tuning of small amounts of chirp can be
achieved with the exit grating. Straightforward tailoring of the
gain curve by shaping the spatial pump beam intensity distribu-
tion can be achieved with lens telescopes instead of shaping the
temporal pump shape as was proposed for OPCPA [20], [40].
Furthermore, the quasi-monochromatic seed beams present in
the FP allow for maximizing extraction efficiency by optimiz-
ing the pump pulse duration without influencing the spectral
bandwidth.

After the discussion of new design opportunities we like to
turn to the challenges.

One concern could be the use of beam splitters for combining
pump and seed beams in the vicinity of the FP plane which
have to support high intensities and a large bandwidth. Octave
spanning operation is straight forward if the broadband pulse is
to be transmitted and only the narrowband pump pulse needs
to be reflected. If, however, an appropriate beam splitter is not
available, a non-collinear configuration can be chosen without
affecting the amplified beam quality.

A real bottleneck is the availability of suitable diffraction
gratings. The exit grating is the first surface in the FOPA where
all the bandwidth and amplified power is recombined to a single
beam. The demands on the grating are high efficiency over
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wide bandwidth, high damage threshold and good resistance to
high average power. Brewster prisms would solve the spectral
efficiency problem but would fail at high average and peak
powers, respectively. Gratings that support two cycle pulses can
be found in various spectral ranges, however, good efficiencies
for octave exceeding bandwidths might be easier obtained in
the IR than in the VIS region. In the IR range a two octave
spanning FOPA seems feasible. The threshold for peak power
damage needs to be undercut by providing the proper beam size
and at high average powers water cooled copper gratings could
become the right choice.

In summary, FOPA has been introduced as a new concept in
which the laser output parameters are not restricted by the per-
formance of a single crystal anymore. Simultaneous up-scaling
of bandwidth and energy becomes a matter of the number of
crystals employed. This scaling principle was confirmed ex-
perimentally by employing four crystals in the FP to achieve
sub-2 cycle pulses carrying 1.4 mJ of energy. No detrimental
effects either on the spatial beam profile or the temporal profile
and femtosecond contrast were observed. With adjacent experi-
ments we demonstrated FOPA’s capability as a high gain (2000
and 12 000) device using a 2 mm thick BBO crystal. A single
crystal high gain FOPA showed no deterioration of picosecond
pulse contrast within the pump pulse duration. The combination
of both experiments affirms our goal of building entire laser
amplification chains based on FOPA with synchronized high
power Ytterbium pump lasers.

APPENDIX

This section is dedicated to the derivation of an analytical
expression for the pulse duration Atg,. at FWHM of intensity
in the FP. To estimate the pulse duration one needs to evaluate the
corresponding spectral content Aig,.. We start from the basic
grating equation with g being the grating groove separation, m
the diffraction order, o and 3 the incident and diffracted angles,
respectively:

mA = g (sin () + sin (3)) . (A1)

For the central wavelength A. in first diffraction order
(m = 1) under Littrow condition (o = [3) we get:

Ae
a = asin (t) = ..
29

For any other wavelength, the incident angle o remains un-
changed and the diffracted angles become:

A A
ﬂ:asin<—’>.
9 29

After travelling a distance equal to the focal length f the
spatial separation x of wavelengths perpendicular to the propa-
gation direction becomes:

r = ftan(ﬂ—ﬁc)

A A . Ac
= ftan (arcsin < - ) — arcsin ()) (A4)
9 2 29

(A2)

(A3)
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and with

dl’ f 2 . A )"c . )\c
— = ~sec” [ arcsin (| — — — | — arcsin [ —
dr g g 29 2g

— 2 arcsin ()LL)> + 1] . (A06)
29

If we consider only the distribution for a small wavelength

range around the center wavelength (xhn{l f (A)) , (A6) reduces

to:

Axg ) (kc ) 2
f 29)

This wavelength distribution can be related to a temporal
pulse width by assuming a Gaussian envelope shape:

_ 41n (2)

Ad, = (A7)

2me

At with Aw = )\TAA (A8)

where ¢ denotes the speed of light. Assuming Gaussian beam
optics, and by setting the spatial separation Az equal to the
focal spot diameter Azg,. at FWHM of intensity which is
given by

Aef

T in

Axfoc =

21n (2) (A9)

we obtain the spatial wavelength content across the focal point

2
Aeg Ac
2In (2)4/1 — [ ==
d n(2) (2g>

Tin

A)\foc = (Al O)

where d;, denotes the input diameter at FWHM of intensity. By
aid of (A10) and (AS) the pulse duration in the focal point of
the FP can be expressed as

Aed; Ao\ 2
Atfoc — c*in 1 _ (()
gc 29
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