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Abstract: Compression of sub-nanojoule laser pulses using a commercially available
photoniccrystal fiber with zero dispersion wavelength of 860 nm is discussed. Theory
showsthat by the optimization of input and output chirp parameters up to the third-order,
highquality, 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
transformlimited seed pulses is experimentally demonstrated.
OCIS codes: (320.5520) Pulse compression; (320.7140) Ultrafast processes in fibers
Introduction
Pulsecompressionof

optical pulses down to 5 fs were demonstrated in a wide variety of experimental

arrangementsusing standard single mode opticaI fiber (SMF) [1] or gas filled hollow core fiber as a
nonlinear
medium [2]. The common feature of previous studies in this time domain is that they require
laserpulsesat energy levels weIl above
froma femtosecondpulse laser oscillator.

10 nJ, i.e., pulse energies that are difficult to obtain directly
As a result of recent development of small effective core area,
singlemode photonic crystal fibers (PCF), tenfold pulse compressions were demonstrated in a few
experiments[3,4] at nj or sub-nj optical pulse energies, which resulted in typicaI compressed pulse
durationsof 20 to 35 fs. In our previous studies [3], we found that the compressed pulse duration was
limited by the wavelength difference between the laser central wavelength (750 nm) and the
primarily
zerodispersionwavelength

(767 nm) of our PCF sampIe.

In this paper, we show that it is possible to obtain compressed sub-6 fs pulses using nanojoule or
sub-nanojoule
seed pulses and novel commercial PCF-s with red-shifted zero dispersion wavelengths by
choosing the input and output chirp parameters up to the third-order. It is worth pointing out
properly
thatsuchinput pulse

energies with the required pulse durations can be easily obtained from low pump

threshold,mode-Iocked Ti:sapphire laser oscillators pumped by only 1.2 W [5]. As an experimental
proof of

our calculations, we describe our corresponding experiment with similar experimental

conditions.We extend our studies by the investigation of the effect of different dispersion slopes on the
qualityof compressed pulses.
Wecalculate the pulse propagation through PCF as a nonlinear Schrödinger type system [6]. The input
pulseswe used in the simulation have a sech2 temporal intensity envelope function that is typicaI for
femtosecondpulse solid state laser oscillators. We used dispersion data provided by the manufacturer
(type"2.2Nonlinear PCF" fiber, Crystal Fibre, Denmark [7]) in our ca1culations. Since the dispersion
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was not available for the required broad spectral range necessary for our calculations, it was
approximated by a Taylor-expansion:
T
F
(1)
D(A) = Do+ S(A-Ao) +-(A-Ao)2 +-(A-Ao)3
2
6

In Eq. (1), Jo is the reference wavelength chosen as the central wavelength of the seed pulse, Do is the I
dispersion at the central wavelength, S is the dispersion-slope, T is the third-order dispersion and F is the
fourth-order dispersion having the corresponding values of Do =-27.15.10-6 s/m2, S=5.18.1O2 s/m3,T=3.28.109 sim4, F = 1.64.1016 s/ms, respectively.
We found that the compression level strongly depends on the initial chirp of the pulse injected
into the fiber for transform limited pulse durations in the sub-100 fs regime. This is in agreement with
our previous studies [3]. Providing a small line ar chirp to the input pulse, the pulse duration becomes
slightly longer but it results in lower pulse shape distortion during propagation in the fiber (the distortion
is caused by the strong third-order dispersion of the PCF). However, the required line ar pre-chirp may
result in less efficient spectral broadening during propagation. One may control the spectral broadening
at a certain energy level in this way, and avoid frequency components that may harm the quality of the
compressed pulse [3].
In our calculations, the following expression was used for describing the pre-chirp of the laser I
I
pulse seeding the PCF samp1e:

I

Achirped(O,T)
= F-1{exp(i~~noi +i~~n0)3)F{A(0,T)}}

(2)

~

where F stands for Fourier transformation,A(z,T) is the complex envelopefunction of the seedpulse;

with no chirp (where z is the space coordinate in the propagation direction and T is the retardedtime),ol
is the angular frequency and rhinand rfJ:,in
are the second- and third-order pre-chirp parameters(group- I

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 the
complex envelope function by replacing rhin and rfJ:,in
by rh°ut and rfJ:,°ut
, respectively, that we refer to as .
output GDD and TOD throughout this paper.

Optimization

I
;

For optimization of the input chirp pararneters (rhin, rfJ:,in)and compression
rfJ:,
out) at agiven fiber length, input pulse energy and pulse duration, we assumed
compressed pulse exhibits the highest peak power. This assumption was used
optimization method to find the best second- and third-order input and output

parameters (t/Jl°U\~
that the shortest
in a brute-force
GDD and TOD
parameters of a sech2 input pulse through a given range of the chirp parameters. Fig. 1 showsthe peak
intensity of the compressedpulse as a function of input GDD and TOD after providingthe best
compression pararneters for each calculated point. During our calculations, the length, nonlinear
refractive index and effective core area of the fiber were respectively chosen as 6 mm, 2.5xlO-2Om2fW

and 2.5 IJm2.The seeding laser pulse has a central wavelength of 760 nm, pulse energy of 1 nj that
corresponds to 76 mW average output power at a repetition rate of 76 MHz, while the full widthat half
maximum (FWHM) pulse duration was chosen to be 12 fs. Such pulse durations can be obtained froma
mirror-dispersion controlled Ti:sapphire oscillator, see Ref. 5. We must note that the pulse parameters
used in the presented optimization process corresponding to Fig. 1 and Fig. 2 are slightly differentfrom
our experimental conditions (see later).
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Fig.1 Peak intensity of 1 nJ optimally compressed pulses as a function of input GDD and TOD. The result corresponds to a
smallcore 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.

According to the optimization map (see Fig. 1), the shortest compressed pulses can be generated
ataround-200 fsz input GDD and -200 fs3 input TOD. The best compression values that correspond to
thispeak are rh°ut= -100 fsz and fjJ:,°ut
= -350 - -400 fs3.The correspondingcomputedtemporal and
spectralintensity distributions are shown in Fig. 2(a). The compressed pulse that belongs to the red spot
aroundrhin= 140 fsz and fjJ:,in
= -1530 fs3 is shown in Fig. 2(b). In this latter case, the compressed pulse
widthis even shorter (4.7 fs) but the quality of the pulse is worse than that of the compressed laser pulse
shownin Fig. 2(a). The reason is that the spectrum displayed in Fig. 2(b) extends weIl above the zero
dispersionwavelength (860 nm) into the anomalous dispersion region of our PCF sampie. This part of
thespectrum can not be compressed properly, which results in a pedestal and satellite pulses of the
compressedpulse. The obvious asymmetric spectral broadening both in Fig. 2(a) and Fig. 2(b) is caused
bytheconsiderable third-order dispersion of the present PCF around the 800 nm.
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Fig.2 Computed temporal and spectral intensity distributions corresponding to two data points depicted from Fig. 1. (a) 'hin
=-170fs2, fhin=-220 fs3, 'h°llt =-110 fs2 and fhOllt=-340 fs3 (b) 'hin =140 fs2, fhin=-1530 fs3, 'h°llt =-100 fs2, fhoUl=-300 fs3. An
inputpulse with transform limited pulse duration of 12 fs is used in the ca1culations (dotted line is a pre-chirped pulse at the
fiber input).

Modelingwith different dispersion slope parameters
/
Inthe foIlowing, we investigate the effect of the dispersion slope of the fiber dispersion (S in Eq. (1»
ontato 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 disper1'ii~n 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. Thisis
given as the ratio of the energy in the main peak of the compressed pulse and the total energy of the
pulse:
b

fIA(z,T)12 dT

QF=

:

(3)

fIA(z,T)12 dT

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
compressionparameters(input and output GDD, TOD) belongingto the dispersionslope of S=388.29
s/m3 are input GDD and input TOD of -50 fs2 and 130 fs3, while the output GDD and TOD parametefs
are <h°ut= -70 fs2 and f/JJout
= -280 fs3, 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 (5.7fs
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 dispefsion
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 care

area of the PCF in oUf model: it had to be double d having a new value of at around 10 ~m2. This i
difference might have been partially caused by not proper orientation of the PCF sampie in OUf
574
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experiment (see Ref. 3). Another difficulty we had during the experiment was that the central
wavelengthof our broadband Ti:sapphire laser could not be tuned below 795 nm. An additional practical
problem originated from the use of a Faraday-isolator that had to be placed in front of the PCF: its
relativelyhigh dispersion had to be compensated by a SFlO prism pair which lirnited the bandwidth and
hencethe transforrn limited pulse duration of the seed pulse at around 25 fs. Accordingly, we could not
providethe optimum experimental parameters we obtained from our simulations.
Our Ti:sapphire laser oscillator (FemtoRose 20 MDC [8]) operated at 797 nm, and delivered 24
fs sech2pulses at a repetition rate of 76 MHz. A PCF piece with a length of 22 mm was the shortest that
couldbe cut with our fiber cutter. Accordingly, the input pulse energy had to be further reduced in order
toget spectral shapes sirnilar to what was obtained with a 6 mm long PCF used in our simulations.
The experimental setup is shown in Fig. 4. In order to provide the optimal pre-chirp pararneters,
a pre-compressor was built comprising of an SFIO prism pair and a pair of chirped rnirrors. A Faraday
isolator(FI) was also installed into the pre-compressor to avoid feedback from the fiber [3]. The positive
dispersion introduced by the FI (GDD of -2700 fs2) had to be compensated as well during precompression. We could set the pre-chirp between 100 fs2 and 400 fs2 this way. The pre-compressor
provided an input TOD of -6000 fs3.
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Fig.4 Experimental setup. An SFlO prism pair in combination with chirped mirrors are used for pre-compression of a 24 fs
pulse with central wavelength of 797 nm. The spectrally broadened pulse exiting the PCF is compressed by
a fused silica pair / chirped mirror compressor resulting in a two-fold temporal compression.

We obtained two-fold compression starting from 24 fs pulses with fhin= 400 fs2 and rhin= -6000
fsJ.The measured and computed autocorrelation traces are shown in Fig. 5 (left) and the corresponding
spectraare plotted in Fig. 5 (right). In the inset, the retrieved temporal pulse shape is shown with
FWHMpulse duration of 12 fs.
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Fig. 5 Measured and computed autocorrelation traces (left) and the corresponding spectra (right). Input pulse parameters:
0.6 nj, 24 fs. GDDin= 400 fs2 TODin = -6000 fs3. Fiber length 22 mm. GDDout - 320 fs2 TODou! -2000 fs3. Inset: retrived
compressed pulse shape.
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Conclusion

In this paper, pulse compression in commercially PCF with zero dispersion wavelength of 860 nm was
investigated both theoretically and experimentally. We experimentally showed that using commercially
available photonic crystal fibers and cost effective, low pump threshold (Ppump::::1.2 W) Ti:sapphire
lasers with sub-nanojoule pulse energies, it is feasible to generate compressed opticaI pulses in the sub12 fs regime. Theory shows that by the proper choice of input and output chirp parameters, high quality,
sub-6 fs pu1ses can be generated using a 6 mm long fiber piece. Further reduction of the compressed
pulse duration at such energy levels seems to be feasible by the application of new PCFs with redshifted zero-dispersion wavelengths and lower third-order dispersion values.
Aknowledgement
The financial support from the OTKA TO49296, GVOP3.2.1.-0182/3.0 and R&D Ultrafast Lasers
Ltd. is greatfully acknowledged. The authors thank F. Szipocs for his comments regarding this
manuscript.
References
1. A. Baltuska, Z. Wei, M. S. Pshenichnikov, D.A. Wiersma and R. Szipocs, "All-solid-state cavity-dumped
sub-5-fs laser," App!. Phys. 865,175-188 (1997).
2. M. Nisoli, S. De Silvestri, O. Svelto, R. Szipocs, K. Ferencz, C. Spielmann, S. Sartania and F. Krausz,
"Compression of high-energy laser pulses below 5 fs," Opt. Lett. 22, 522-524 (1997).
3. S. Lakó, J. Seres, P. Apai, J. Balázs, R. S. Windeler and R. Szipocs, "Pulse compression of nanojoule
pulses in the visible using microstructure opticai fiber and dispersion compensation," Appl. Phys. B76,
267-275 (2003).
4. G. McConnell and E. Riis, "Ultra-short pulse compression using photonic crystal fibre," Appl. Phys.B78,
557-563 (2004).
5. B. Császár, A. Koházi-Kis, R. Szipocs, "Low reflection loss ion-beam sputtered negative dispersion
mirrors with MCGTI structure for low pump threshold, compact femtosecond pulse lasers," in Advanced
Solid-State Photonics 2005 Technical Digest on CD-ROM (The Opticai Society of America, Washington,
DC, 2005), Paper WB17, ISBN: 1-55752-781-4
6. G. P. Agrawal, "Nonlinear Fiber Optics," Academic Press, San Diego 2001
7. www.crystal-fibre.com
8. www.fslasers.com

576

