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Abstract.  A time compressor of femtosecond laser pulses is devel-
oped using supercritical xenon as an active medium. Laser pulses 
with a duration of 300-fs and an energy of 8 mJ are compressed to 
23 fs with an efficiency of 40 %.

Keywords: femtosecond pulses, xenon, supercritical fluid, time 
compression; self-phase modulation.

1. Introduction

Broadening of the spectrum of an initial laser pulse propagat-
ing in the nonlinear medium of a pulse compressor based on 
the nonlinear effect of self-phase modulation and subsequent 
compression of the chirped pulse [1] is described by the expres-
sion [2]
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where D0 and D(z) are the spectral widths of pulses at the 
entrance to the nonlinear medium and at a distance z from the 
entrance, respectively; l is the centre wavelength of the laser 
radiation; n2 is the nonlinear refractive index, and I is the laser 
radiation intensity.

To achieve a larger spectral width of the pulse at the exit 
from the nonlinear medium and, hence, a shorter pulse 
duration after compression, one uses various waveguide 
structures (hollow optical fibres, silica fibres, etc.) to increase 
the product of the radiation intensity and the medium length, 
which determines the spectrum broadening. In addition, a 
wider pulse spectrum can be obtained by choosing a medium 
with a higher refractive index n2. For efficient coupling of 
laser radiation and its propagation in an optical fibre, the 
pulse power must be lower than the self-focusing critical 
power, i.e. [3],
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where E and t are the laser pulse energy and duration and n0 
is the linear refractive index. Therefore, to compress nano-
joule femtosecond laser pulses, one uses solid-state (silica and 

glass) fibres with nonlinear refractive indices n2 from 10–15 to 
10–16 cm2 W–1 [4]. The nonlinear refractive index in gas media 
can be varied in a rather wide range by choosing the com-
position and pressure (nonlinear refractive index is pro-
portional to the gas pressure). The use of light inert gases 
(helium, neon) with low nonlinear refractive indices 
(~10–20 cm2 W–1 atm–1) made it possible to compress femto-
second laser pulses with energies up to 10 mJ and obtain 
subterawatt pulses [5]. Heavy inert gases (krypton, xenon) 
with a nonlinear refractive index of ~10–18 cm2 W–1 atm–1 
at pressures of 10 – 100 atm were used to compress pulses 
with energies of 0.1 – 1 mJ [6]. Compression of microjoule 
laser pulses requires gas media with pressures exceeding 
100  atm, the use of which runs into problems with fabrica-
tion and operation of compressors. In this connection, it is 
of interest to use supercritical xenon as a nonlinear medium 
of compressors.

At temperatures and pressures exceeding critical values 
(16.7 °C and 58.4 atm, respectively), xenon becomes a super-
critical fluid, whose density and, hence, nonlinear refractive 
index vary in a wide range (up to the value of n2 of fused sil-
ica) with insignificant changes in pressure (Fig. 1) [7]. This 
opens the possibility of designing a compressor of microjoule 
pulses at a pressure not exceeding 100 atm.
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Figure 1.  Relation between the supercritical xenon density and pressure 
at different temperatures. The dependences are plotted based on the 
data of [7].
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In recent years, investigations have been performed on 
generation of broadband radiation upon propagation of fem-
tosecond laser pulses in a hollow fibre filled with supercritical 
xenon [8, 9]. Generation of supercontinuum upon focusing of 
laser radiation into a chamber with supercritical xenon was 
studied experimentally [10]. However, there are no experi-
mental data on compression of pulses spectrally broadened in 
supercritical xenon.

The aim of this work was to produce a compressor of fem-
tosecond laser pulses with an energy not exceeding 10 mJ 
based on spectral broadening due to self-phase modulation in 
supercritical xenon.

2. Pulse duration at the fibre output

When considering self-phase modulation in high-density 
media, in particular, in supercritical xenon, one must take 
into account temporal pulse dispersion. An increase in the 
chirped pulse duration at the output from a nonlinear 
medium makes it necessary to use optical elements with a 
high negative dispersion to achieve chirped pulse compres-
sion, which may cause some problems. This becomes espe-
cially critical in the case of using chirped mirrors as nega-
tive-dispersion elements. Since the size of a mirror limits the 
number of possible reflections from its surface and, therefore, 
the total negative dispersion introduced by the mirror, it is 
desirable to estimate the chirped pulse duration at the 
entrance to the time compressor to be developed by rather 
simple formulas.

Let us consider lossless propagation of a pulse with energy 
E and duration t in an optical fibre with a constant cross sec-
tion area S, which is filled with a medium with a nonlinear 
refractive index n2. From (1) we can obtain the equation for 
the change in the pulse spectral width:
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The pulse dispersion during propagation is described by 
the equation [11]
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where b is the group-velocity dispersion coefficient.
From Eqns (2) and (3), one can derive the equation relat-

ing the pulse duration and spectral width:
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where t0 is the pulse duration at the entrance to the nonlinear 
medium. This expression will be used below to analyse the 
experimental results.

3. Experimental setup

We studied compression of femtosecond pulses of a TETA 
ytterbium laser (Avesta, Russia). The laser emitted 300-fs 
pulses at a wavelength of 1030 nm with a spectral width of 
6 nm and a repetition rate of 3 kHz. The spatial intensity dis-
tribution over the beam cross section was close to Gaussian. 
The pulse energy was varied by a polarisation attenuator, 
which consisted of a half-wave phase plate and a Glan – Fresnel 

polarisation prism placed in front of the lens focusing the 
radiation into a cell with supercritical xenon. A quartz capil-
lary served as an optical fibre. The experiments were per-
formed with capillaries of two types, namely, the first capil-
lary was 60 cm long with an inner diameter of 150 mm and the 
second was 12 cm long with an inner diameter of 100 mm. The 
radiation from the capillary output was collimated by a lens 
and sent into a time compressor consisting of two chirped 
mirrors. The compressed pulse duration was measured with 
an ASF-15 autocorrelator (Avesta). 

To obtain xenon in the supercritical state, xenon was con-
densed in a cooled vessel, from which it was then delivered 
into the cell with a capillary. The xenon pressure in our exper-
iments was 62 atm at a temperature of 23 °C, which corre-
sponds to a supercritical xenon density of 0.7 g cm–3.

4. Discussion of results

Laser radiation was focused into capillaries 150 and 100 mm 
in diameter by lenses with focal lengths f = 40 and 25 cm, 
respectively. In both cases, the efficiency of energy coupling 
into the capillaries was maximum and equal to 80 %. The 
measured dependences of the transmission of both capillaries 
filled with xenon on the input laser pulse energy showed that 
their transmission begins to sharply decrease as the energy 
exceeds 8 mJ (Fig. 2) The beginning of a decrease in the capil-
lary transmission, which occurs at different radiation intensi-
ties in the capillaries and at the same power, is related to over-
coming a critical self-focusing power. Based on the measured 
critical power, we calculated the nonlinear refractive index n2 
of supercritical xenon to be (3 – 4) ́  10–17 cm2 W–1.

Figure 3 presents the emission spectra at the output of the 
capillaries measured at a laser pulse energy of 8 mJ. One can 
see that the spectral widths are close to each other and are 
about 100 nm. The spectrum modulation depth is lower for 
the capillary with a diameter of 150 mm and a length of 60 cm. 
The decrease in the modulation depth and the increase in the 
constant component in the spectrum are characteristic for 
self-phase modulation processes, in which noticeable influ-
ence is exerted by pulse dispersion. Calculations showed that 
the minimum pulse duration (in the case of identical phases of 

4
0

20

40

60

80

100

0

10

20

30

40

5 6 7 8 9
Energy/mJ

P
u

ls
e 

d
u

ra
ti

o
n
/fs

E
ff

ic
ie

n
cy

 (
%

)

Figure 2.  Dependences of the compressed pulse duration and the ener-
gy efficiency on the laser pulse energy at the input of the capillary with 
an inner diameter of 100 mm.
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the spectral components) for the corresponding spectrum is 
21 fs for the capillary 150 mm in diameter and 22 fs for the 
capillary with a diameter of 100 mm.

Time compression of chirped pulses emitted from the cell 
with xenon occurred as the pulse propagated through a mul-
tipass system of two chirped mirrors. We used Layertec mir-
rors 25 mm in diameter with a negative group-delay disper-
sion coefficient D = –100 fs2 per reflection. At a collimated 
light beam diameter of about 1 mm, it was possible to obtain 
12 reflections from each mirror (in total, 24 reflections) with-
out loss of power.

In the scheme with the capillary 150 mm in diameter and 
60 cm long, we did not obtain complete compression of the 
chirped pulse. The compressed pulse duration was observed 
to continuously decrease with increasing number of reflec-
tions from the chirped mirrors. At the maximum possible 
number of reflections, the compressed pulse duration was 
~100 fs. The incomplete compression can be explained by 
insufficient negative dispersion introduced by the chirped 
mirrors. The estimates presented below confirm this sug-
gestion.

Using (4) and parameters b = 15 fs2  mm–1 [12], l = 
1030 nm, D0 = 0.011 fs–1 (which corresponds to 6 nm), D = 
0.18 fs–1 (100 nm), n2 = 3 ́  10–17 W cm–2, t0 = 300 fs, and Е = 
6 mJ, we obtain that the pulse duration in the capillary with an 
inner diameter of 100 mm (the fundamental mode diameter 
60 mm) increases from 300 fs at the entrance to 420 fs at the 
exit, while the pulse duration in the capillary 150 mm in diam-
eter increases to 620 fs. Therefore, since the number of reflec-
tions for compression of such pulses by chirped mirrors is 
determined by the expression N » t/DD, it is necessary to pro-
vide 24 reflections from the used chirped mirrors for the capil-
lary 100 mm in diameter and 34 reflections for the 150-mm 
capillary. In our experiment, the latter condition for the capil-
lary with a diameter of 150 mm was not fulfilled.

The shortest compressed pulses were obtained by using 
the capillary with a diameter of 100 mm. The number of reflec-
tions from the chirped mirrors in the optimal regime was 22. 
Figure 2 shows the dependence of the compressed pulse 
duration on the laser pulse energy at the capillary input. 
The minimum pulse duration was 23 fs (on the assumption 
of a sech2 pulse shape). The autocorrelation function of the 

compressed pulse is shown in Fig. 4. Our measurements 
showed that the central peak contains ~65 % of the pulse 
energy. The appearance of low-intensity wings of the pulse is 
explained by a difference between the frequency chirp caused 
by self-phase modulation and the linear chirp at the pulse 
edges [13].

The pulse contrast can be increased by second harmonic 
generation in a crystal. This can also lead to an additional 
(approximately twofold) pulse compression [14].

5. Conclusions

Thus, we have designed a compressor of femtosecond laser 
pulses based on supercritical xenon. Ytterbium laser pulses 
with a duration of 300 fs and an energy of 7 – 8 mJ are com-
pressed to 23 fs with an efficiency of 40 % due to spectral 
broadening in xenon with a pressure of 62 atm (density 
0.7 g cm–3 at a temperature of 22 °C).

Note also that the use of a short (12 cm) capillary allowed 
us to create a cell with xenon with a small volume (~5 cm3) and 
a length of 20 cm. The entire system, including the compres-
sor based on chirped mirrors (the distance between the mir-
rors is ~10 cm), is rather compact and safe in operation.
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Figure 3.  Spectra of pulses at the output of capillaries with inner diam-
eters of (solid curve) 100 and (dashed curve) 150 mm.
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Figure 4.  Autocorrelation function of a compressed pulse in the scheme 
with a capillary with an inner diameter of 100 mm.
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