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Abstract: We report on the use of a hybrid compressor system consisting in
a set of prisms embedded in a sequence of gratings specifically designed to
optimize the compression of amplified parabolic pulses. Spectra phase
measurements confirm that, as opposed to traditional gratings compressors,
the third-order spectral phase is efficiently compensated in our system. We
show that compression optimization leads to the enhancement of the
tempora Strehl ratio from 0.67 using conventional compressor to 0.96 using
our system. We demonstrate that prisms embedded gratings compressors
assart itself as a simple and efficient solution to third-order dispersion
compensation as this issue grows rapidly with the scaling of the
performance in energy and bandwidth of parabolic fiber amplifiers.
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1. Introduction

Parabolic amplification has been demonstrated to be an elegant and efficient way to amplify
femtosecond pulses in positive dispersion fibers [1-2]. Parabolic pulses are the asymptotic
solution of the non-linear Schrddinger equation accounting for flat spectral gain, self-phase
modulation (SPM) and group velocity dispersion (GVD). The interplay between SPM and
GVD in presence of gain leads to purely linearly chirped amplified pulses. Thislinear chirpis
in theory easily balanced and leads to an efficient recompression with conventional
arrangement of optical elements (gratings or prisms) with negative GVD. Moreover, in the
case of positive GVD fiber, a regime of wavebreaking-free propagation can be reached to
overcome limit of pulse energy in classical regime [3]. However, this ideal asymptotic
solution is experimentally inaccessible (or at least very limited) due to additional deleterious
effects such as a limited gain bandwidth of the fiber, the higher dispersion orders, and
stimulated Raman scattering (SRS).

Limitations in the parabolic regime have been investigated mainly taking into account the
impact of SRS and finite gain bandwidth [4-5]. These works highlight the energy scaling
aspects. Although observed and mentioned in several references [1,5], the impact of the
presence of significant higher order spectral phase terms on the quality of the recompressed
pulse has, to our knowledge, not been investigated in details. This effect is often not
negligible since aremaining spectral phase degrades the temporal profile of the recompressed
pulses. In parabolic amplification, the bandwidth increases along the fiber and is therefore
related to the achievable gain. Since high-order dispersion effects —especialy the third-order
dispersion (TOD) — are particularly important for broad spectra, it is crucial to take them into
account to understand and predict the recompressed pulse quality in parabolic amplifiers.

In this paper, we address the issue of optimal compression of parabolic pulses using a
hybrid arrangement of embedded prisms in gratings pair [6]. The characterization of the
remaining spectral phase of the parabolic pulses after compression is carried out using
frequency-resolved optical gating (FROG) [7]. The TOD is identified to be the major source
of pulse quality degradation when a standard gratings compressor is used. The hybrid
arrangement of gratings and prisms allows the almost complete suppression of third-order
dispersion, leading to an enhancement of both the time shortness and peak power of the
recompressed pulses.

2. Origin of thethird-order spectral phase and compressor design

The origin of third-order spectral phase in the recompressed pulse is multiple. First, the fiber
dispersion is not pure GVD and introduces a non negligible TOD term. For typical large mode
area fibers, the dispersion is dominated by the material, resulting in a third-order propagation
congtant of P;=6x10° ps’.m™. This contribution to the third order spectral phase solely
depends on the fiber length z. For our experimental parameters, we find gs= 24x10° ps’.

The second source of TOD is due to the gratings compressor geometry that adds to the
third-order phase. For the asymptotic parabolic pulse, the second-order phase that must be
compensated can be derived using the method of stationary phase, and is given by

@, =30,/ 9, where B, is the group velocity dispersion and g is the gain of the amplifying

fiber. If we consider a standard gratings-based compressor, the ratio @3/ ¢, is fixed by the
gratings characteristics, and is given by [8]
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where d is the grating period, A is the operating wavelength, c is the speed of light in vacuum,
and v is the incidence angle on the first grating. A well known drawback of using gratings
compressor to compress fiber-amplified pulses is that the ratio o3/ ¢, has an opposite sign
compared to silica, resulting in an increase of the TOD in the compressed pulse. In our
experiment, the gratings compressor induces ¢;=28.6x10° ps®. The contributions from the
fiber and the gratings compressor are therefore approximately equivalent.

The third source of TOD originates from SPM of spectrally asymmetric pulses. Infact, in
the strongly stretched pulse regime, the accumulated SPM can be seen, in a first
approximation, as a spectral phase proportional to the spectra intensity [9]. For ideal
parabolic pulses, the spectrum is symmetric, and this effect is negligible. However, if the
spectrum is not symmetric, for instance due to the fiber spectral gain profile, SPM results in
an asymmetric phase. This effect can be used to compensate the other TOD sources [10].
However, this compensation scheme is power dependent. Overall, this contribution to TOD is
hard to evaluate in the general case since it is dependent on the precise spectral shape
evolution inside the amplifier. This spectral shape can vary depending on the input spectrum,
the position of the central wavelength with respect to the gain spectral shape, higher-order
effects that affect the spectrum, and so on. In the experiment described heresfter, the
measured output spectrum is roughly symmetric, so that we expect this source of TOD to be
small compared to the other contributions.

: (D)

Plano-convex — -
lenses f = 100mm —

=

High efficiency Retro-reflector
transmission gratings

Fig. 1. Scheme of the hybrid gratings — prisms arrangement called grism used in the
experiment. Both gratings have aline density of 1250-line/mm.

Since the gratings compressor is a major source of TOD, we implemented a hybrid prism-
compressor geometry allowing an independent adjustment of ¢, and 3. Initialy such a hybrid
gratings — prims sequence compressor, known as “grism” and based on an idea of Tournois
[6], has been used in Ti:sapphire-based chirp pulse amplifier to compensate simultaneously
second and third-order dispersions in different CPA configurations [8,11,12]. Recently,
grisms have been implemented in a femtosecond fiber oscillator leading to a record 33-fs
pulse generation [13], and in a fiber chirped-pulse amplification system [14]. Here, this
geometry is used in the context of parabolic amplifiers. Figure 1 shows a sketch of the grism
configuration used in the experiment. The dispersion abilities of the two prisms arrangement
is heightened by its incorporation into the gratings compressor. Thus, the adjustment of the
distance Zc between the second grating and the image of the first one sets the rough
compression of the parabolic pulses, while a careful choice of the distance L between the
apexes of the two prisms adds the necessary TOD for a global optimal compression.
Simulations based on optical path calculations in this system showed that the @4/ @, ratio can
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be adjusted from the standard negative value of gratings compressor when L,=0 to positive
values when L, increases. With the gratings and prisms used in the experiment, this ratio can
be tuned from  -4.2 fs for L,=0 to 4.7 fs for large L,. If the nonlinear part of the spectral
phase can be neglected, the optimal value of the @3/ @ ratio for an ideal parabolic amplifier is
given by

o _ B9z

. (2
@, 3p,

In our experiment, this optimal ratio is equal to 3.5 fs, which is attainable using the hybrid
gratings/ prisms architecture.

3. Experimental results

The amplifier setup (see Fig. 2) consists in a 4 m-long double-clad ytterbium-doped large
mode area (LMA) fiber with core diameter of 25 pm and clad diameter of 250 pm from
Nufern. Both ends of the fiber are angle-cleaved at 8° to suppress parasitic lasing. The fiber
exhibits a pump absorption of 5.5 dB/m at 976 nm Thisfiber is seeded by afemtosecond bulk
oscillator based on a diode-pumped ytterbium-doped CaGdAIO, crystal [15] providing 87-fs
pulses a 1050 nm with an output power of 250 mW at a repetition rate of 105 MHz. The
spectral bandwidth of the oscillator is 14.6 nm leading to time-bandwidth product (TBP) of
0.35. The oscillator and amplification stage are isolated by an optical isolator and 50 mW of
average power is seeded into the high-power fiber amplifier. These input pulses are
sufficiently close to the optimum parabolic pulse amplification parameters for the output pulse
spectrum and temporal profile to converge to a parabolic shape even with the short fiber
length.

22.5° Dichroic mirror HT@
Optical Isolator 976 nm, HR@ 1040nm

4m-long, 251250 fiber

Yb:CaGdAIO, _D‘}_
ultrafast oscillator

s

Up te 110 W fiber-
coupled diode (400 pum)
@976 nm

To comp and diag
Fig. 2. Experimental setup of the parabolic pulse amplifier.

At 4 W output power, the pulse spectrum is broadened to 23 nm and the pulse duration
extended to 2.2 ps (TBP of 14) due to nonlinearities, gain and dispersion in the fiber. The
parabolic character of the output is clearly seen on Figure 3 where we plot the intensity and
phase, in both the spectral and temporal domain, retrieved from a second harmonic generation
frequency-resolved optical gating (SHG FROG) measurement setup. In a first step, the pulses
are compressed with a conventional setup consisting in a high-efficiency 1250-line/mm
transmission-gratings compressor. The diffraction efficiency of these gratings is 93%, leading
to a theoretical compressor efficiency of 75%. However, the experimental efficiency of the
compressor was lower than expected i.e. close to 70% because of the depolarization of the
output pulses which could not be entirely corrected by a set of wave plates located at the
output of the amplifier. Additionally, we could not use the standard parallel gratings
compressor configuration as the chirp accumulated during the amplification required a
distance between the gratings of less than 10 mm. Such a small separation could not be
achieved due to the thickness of the substrates of the gratings. We thus have changed the
configuration to an anti-paralel gratings arrangement similar to conventional grating
stretchers. The distance between the second grating and the image of the first one through the
optical system is, however, set negative causing this configuration to add negative GVD and
act as a compressor. For optimal compression, significant wings show up in the FROG
measurement, as shown in Fig. 4. The compressed pulse duration is 127 fs corresponding to a

#81602 - $15.00 USD Received 3 Apr 2007; revised 14 May 2007; accepted 9 Jun 2007; published 13 Jul 2007
(C) 2007 OSA 23 July 2007/ Vol. 15, No. 15/ OPTICS EXPRESS 9375



TBP of 0.78. As expected, a significant cubic spectral phase remains, leading to important
post- and pre-pulses as high as 13% of the main peak intensity. Alternatively, the tempora
Strehl ratio (defined as the ratio between the actual peak power and the peak power obtained
assuming aflat spectral phase) isin this case 0.67.
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Fig. 3. Top: retrieved temporal intensity of parabolic pulses at 4W output power from FROG
measurement (inset). Bottom: retrieved spectral intensity (inset in Log scale). The FROG error
is61.10-4 on a512x512 grid (colors arein linear scale).

In order to get rid of the remaining cubic spectral phase, we have, in a second step,
introduced two SF10 prisms within the two gratings sequence. Figure 4 shows the retrieved
temporal intensity, spectral phase and FROG trace with the first prism placed at L1= 52 mm
of the first grating, the two apexes of the SF10 prisms separated by L2 = 25mm and the
optical distance between the first grating and the first lens set to f = 100mm. The cubic
spectral phase and thus the temporal post-pulses are removed successfully and the temporal
Strehl ratio has risen in this case to 0.96. Furthermore, the duration of the pulse is reduced
down to 107 fs corresponding to an improved TBP of 0.68. One can notice that even if the
spectrum bandwidth increases during the parabolic amplification, the compressed pulses
exhibit a longer duration than the initial input pulse. This is due to the reshaping process of
the sech pulse towards a parabolic pulse which has a theoretical TBP of 0.73. The obtained
TBP of 0.68 is lower than the theoretical value because the pulses have not completely
converged to a parabolic shape. Finally, as the prisms were introduced into the compressor at
Brewster angle, the global efficiency of the grism compressor is still 65%.
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Fig. 4. Temporal intensities of the recompressed pulses with a grating arrangement (black
curve) and its FROG trace (bottom inset) and with a grism arrangement (red curve) and its
FROG trace (top inset). The FROG errors are 32.10* and 26.10" for the compression with
gratings and with grism respectively, on 128x128 grids (colorsarein linear scale).

4. Conclusion

In conclusion, we have investigated the third-order dispersion compensation in parabolic
pulse compression and showed that the use of a hybrid gratings-prisms compressor enhances
significantly the quality of the recompressed pulses compared to a conventiona grating
compressor. As an indicator, the temporal Strehl ratio has been raised from 0.67 for the
grating compressor to 0.96 for the grism compressor. We have shown that remaining third-
order spectral phase represents an important limitation in parabolic amplification of short
pulses. It experimentally appears as the first limiting effect when the quality of recompressed
pulses is considered. Moreover, this effect becomes increasingly important as the bandwidth
of the spectraincreases, and therefore must be addressed when scaling the output energy.
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