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- Abstract: Compression of sub-nanojoule laser pulses using a commercially available
photonic crystal fiber with zero dispersion wavelength of 860 nm is discussed. Theory
- shows that by the optimization of input and output chirp parameters up to the third-order,

high quality, sub-6 fs pulses can be generated from a cost efficient experimental setup. As
- a verification of our theoretical results, two-fold pulse compression starting from 24 fs

- transform limited seed pulses is experimentally demonstrated.
- OCIS codes: (320.5520) Pulse compression; (320.7140) Ultrafast processes in fibers

oduction

e compression of optical pulses down to 5 fs were demonstrated in a wide variety of experimental
gements using standard single mode optical fiber (SMF) [1] or gas filled hollow core fiber as a
linear medium [2]. The common feature of previous studies in this time domain is that they require
T pulses at energy levels well above 10 nl, i.e., pulse energies that are difficult to obtain directly
na femtosecond pulse laser oscillator. As a result of recent development of small effective core area,
le mode photonic crystal fibers (PCF), tenfold pulse compressions were demonstrated in a few
eriments [3,4] at nJ or sub-nJ optical pulse energies, which resulted in typical compressed pulse
ations of 20 to 35 fs. In our previous studies [3], we found that the compressed pulse duration was
narily limited by the wavelength difference between the laser central wavelength (750 nm) and the
) dispersion wavelength (767 nm) of our PCF sample.

- In this paper, we show that it is possible to obtain compressed sub-6 fs pulses using nanojoule or
-nanojoule seed pulses and novel commercial PCF-s with red-shifted zero dispersion wavelengths by
perly choosing the input and output chirp parameters up to the third-order. It is worth pointing out
such input pulse energies with the required pulse durations can be easily obtained from low pump
shold, mode-locked Ti:sapphire laser oscillators pumped by only 1.2 W [5]. As an experimental
of of our calculations, we describe our corresponding experiment with similar experimental

ditions. We extend our studies by the investigation of the effect of different dispersion slopes on the
ality of compressed pulses.

calculate the pulse propagation through PCF as a nonlinear Schrédinger type system [6]. The input
ses we used in the simulation have a sech’ temporal intensity envelope function that is typical for
tosecond pulse solid state laser oscillators. We used dispersion data provided by the manufacturer
pe "2.2 Nonlinear PCF" fiber, Crystal Fibre, Denmark [7]) in our calculations. Since the dispersion
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was not available for the required broad spectral range necessary for our calculations, it Wi
approximated by a Taylor-expansion: :

D(/’L)=DO+S(Z—/1U)+%(Z—Z{))2+%(Z—ﬂu)3

In Eq. (1), Ao is the reference wavelength chosen as the central wavelength of the seed pulse, Dy 1§
dispersion at the central wavelength, S is the dispersion-slope, T is the third-order dispersion and F is
fourth-order dispersion having the corresponding values of Dy =27.15-10° s/m?, §=5.18-10” s/m’, I
3.28-10° s/m*, F = 1.64-10'° s/m’, respectively.

We found that the compression level strongly depends on the initial chirp of the pulse injecte
into the fiber for transform limited pulse durations in the sub-100 fs regime. This is in agreement Wil
our previous studies [3]. Providing a small linear chirp to the input pulse, the pulse duration bec
slightly longer but it results in lower pulse shape distortion during propagation in the fiber (the disto
is caused by the strong third-order dispersion of the PCF). However, the required linear pre-chirp
result in less efficient spectral broadening during propagation. One may control the spectral broadenis
at a certain energy level in this way, and avoid frequency components that may harm the quality of d
compressed pulse [3]. :

In our calculations, the following expression was used for describing the pre-chirp of the las
pulse seeding the PCF sample:

Ao (0.7) = F expligi @ + i @) F{AQ,T)}} .
where F stands for Fourier transformation, A(z,T) is the complex envelope function of the seed Hff.
with no chirp (where z is the space coordinate in the propagation direction and T is the retarded time),
is the angular frequency and " and @™ are the second- and third-order pre-chirp parameters (g ou
delay dispersion (GDD) and third-order dispersion (TOD)), respectively.

Dispersion compensation at the fiber end is introduced in the same way as Eq. (2) for t
complex envelope function by replacing ¢" and ¢ by ¢ and ¢;°", respectively, that we refer to
output GDD and TOD throughout this paper. )

Optimization

For optimization of the input chirp parameters (¢'", @™ and compression parameters (¢
#°") at a given fiber length, input pulse energy and pulse duration, we assumed that the sh
compressed pulse exhibits the highest peak power. This assumption was used in a brute-fo
optimization method to find the best second- and third-order input and output GDD and 1
parameters of a sech’ input pulse through a given range of the chirp parameters. Fig. 1 shows the p
intensity of the compressed pulse as a function of input GDD and TOD after providing the
compression parameters for each calculated point. During our calculations, the length, nonl
refractive index and effective core area of the fiber were respectively chosen as 6 mm, 2.5x10°8
and 2.5 um”. The seeding laser pulse has a central wavelength of 760 nm, pulse energy of 1 nJ
corresponds to 76 mW average output power at a repetition rate of 76 MHz, while the full width att
maximum (FWHM) pulse duration was chosen to be 12 fs. Such pulse durations can be obtained fri
mirror-dispersion controlled Ti:sapphire oscillator, see Ref. 5. We must note that the pulse parz
used in the presented optimization process corresponding to Fig. 1 and Fig. 2 are slightly different§
our experimental conditions (see later). '
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Fig. | Peak intensity of 1 nJ optimally compressed pulses as a function of input GDD and TOD. The result corresponds to a
small core area PCF with zero dispersion wavelength of 860 nm. The seeding laser pulse has a central wavelength of 760 nm
and a transform limited FWHM pulse duration of 12 fs.

Accordmg to the optimization map (see Fig. 1), the shortest compressed pulses can be generated
at around —200 fs® input GDD and —200 fs® input TOD. The best compression values that correspond to

is peak are ¢°"' = —100 fs*> and ¢°™ = —350 - —400 fs’. The corresponding computed temporal and
spectral intensity distributions are shown in Fig. 2(a). The compressed pulse that belongs to the red spot
around " = 140 fs” and &™ = -1530 fs® is shown in Fig. 2(b). In this latter case, the compressed pulse
";'i idth i is even shorter (4.7 fs) but the quality of the pulse is worse than that of the compressed laser pulse

dispersion wavelength (860 nm) into the anomalous dispersion reglon of our PCF sample. This part of
he spectrum can not be compressed properly, which results in a pedestal and satellite pulses of the
compressed pulse. The obvious asymmetric spectral broadening both in Fig. 2(a) and Fig. 2(b) is caused
by the considerable third-order dispersion of the present PCF around the 800 nm.
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] g. 2 Computed temporal and spectral intensity distributions corre‘;pondino to two data points depicled from Fig. 1. (a) @.
=170 fs?, g5 =-220 fs°, 3™ =-110 fs” and ¢;°* =-340 fs* (b) ¢, =140 £s*, & =-1530 fs’, 3" =-100 fs?, g:°* =-300 fs’.
input pulse with transform limited pulse duration of 12 fs is used in the ealeulalions (dotted line is a pre-chirped pulse at the
i fiber input).

Modeling with different dispersion slope parameters

In the following, we investigate the effect of the dispersion slope of the fiber dispersion (S in Eq. (1))
nto to compressed pulse duration and quality of the compressed pulses. We performed a number of
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calculations using different slope dispersion parameters of the fiber and we searched for the shortest
compressed pulse durations as described in the previous section. We found that the compressed pulse
duration and the quality of the compressed pulses depends on the dispersion slope. Therefore, we
reduced the dispersion slope in four steps until zero (see Fig. 3) for our investigations.
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Fig. 3 Dispersion curves of different slope parameters as a function of wavelength. The slope coefficients of the Taylor series
are expressed at around 797 nm (see also Eq. (1)).

In order to qualify the quality of the compressed pulses here we define the Quality Factor. This is
given as the ratio of the energy in the main peak of the compressed pulse and the total energy of e
pulse: '

b
flaG. Ty ar

gt 3
flaGz. D ar :

In this expression, the numerator is computed as a temporal integral of the intensity function between
time a and b corresponding to the two local intensity minima around the main peak.

The dispersion curves of the PCF in case of different dispersion slope values are plotted in Fig.
3. We simulated the propagation in PCF with the dispersion functions displayed. Interestingly, we
obtained almost the same compressed pulse durations after the optimization. For instance, the optimal
compressmn parameters (input and output GDD TOD) belongmg to the dispersion slope of §=388.29
s/m’ are input GDD and input TOD of -50 fs* and 130 fs*, while the output GDD and TOD parametcrs
are " = —70 fs* and ¢;°"" = —280 fs°, respectively. The compressed pulse duration is 6 fs when starting
from 12 fs seed pulse, which is similar to the value computed for the original dispersion profile (5.7 fs
shown in Fig (2)). The quality factor is slightly higher (88.5%) than can be obtained for the compressed
pulse shown in Fig 2 (a) (87%). Concluding this investigation we can say that the lower the dispersion
slope of the fiber the higher the quality factor of the compressed pulses is under the same experimental
conditions. “

Experiment

In order to fit our simulations to the measured experimental data, we had to increase the effective core
area of the PCF in our model: it had to be doubled having a new value of at around 10 pm® This
difference might have been partially caused by not proper orientation of the PCF sample in our
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