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Dispersive regime of spectral compression

A.A. Kutuzyan, T.G. Mansuryan, G.L. Yesayan, R.S. Hakobyan, L.Kh. Mouradian

Abstract. The role of the group velocity dispersion in the
spectral compression of subpicosecond laser pulses is analysed
based on numerical and experimental studies. It is shown that
the group velocity dispersion in an optical fibre can
substantially change the physical pattern of the spectral
compression process.

Keywords: ultrashort laser pulse, spectral compression, group
velocity dispersion.

1. Introduction

Progress in the field of generation of ultrashort pulses
stimulates the studies of self-phase modulation (SPM) and
cross-phase modulation of radiation aimed at solving a
number of problems related to the control and recording of
femtosecond optical signals [1—5]. Of special interest from
this point of view is the spectral compression of radiation
based on the nonlinear SPM and cross-phase modulation of
initially chirped ultrashort pulses [5—14]. Spectral com-
pression was applied in the last decade in the optics of
ultrafast processes and laser physics for recording the time
envelope of the amplitude and phase of ultrashort pulses by
means of the Fourier transform [5], fine frequency tuning of
radiation [5], nonlinear optical filtration of noise [11],
generation of dark solitons [13], in the D-scan method
developed similarly to the z-scan method [14], for the
transfer of ultrashort pulses over long distance without
distortions [15], generation of high-power transform-limited
ultrashort pulses in single-mode fibres (SMFs) with
amplification [16], etc.

A system for the spectral compression of ultrashort
pulses proposed in [7] consists of a dispersive delay line
(DDL) and a SMF. Ultrashort pulses are stretched in the
DDL with the anomalous dispersion, by acquiring a
negative chirp. The further self-action of ultrashort pulses
in the SMF with the Kerr nonlinearity leads to the
compensation of the chirp and spectral compression due
to SPM. The spectral compression of picosecond and
femtosecond pulses was experimentally observed for the
first time in [8] and [9], respectively. In the general case, the
propagation of ultrashort pulses in SMFs should be studied
taking into account, along with SPM, the second- and third-
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order dispersion and the nonstationarity and relaxation of
nonlinearity, which can cause the deformation of the time
and spectral profiles of ultrashort pulses and formation of
the shock waves of the time envelope [10, 17]. The study of
the influence of these factors on spectral compression will
make it possible to propose recommendations for the
development of experimental spectral-compression schemes
for specific applications.

In this paper, we studied the influence of the second-
order dispersion in a SMF on the spectral compression of
ultrashort pulses in the DDL—-SMF system.

2. Mathematical description

Unlike [8, 10], we separate the contributions from different
physical factors to the spectral compression process. First,
the Kerr nonlinearity in a silica fibre has the electronic
nature and its relaxation time is several femtoseconds [17].
Therefore, the influence of the nonlinearity relaxation on
the spectral compression of ultrashort pulses of duration
(FWHM) At~ 100 fs can be neglected. The wave non-
stationarity determined by the ratio of the light wave period
to the pulse duration (~1072) can be also neglected for such
ultrashort pulses in the wavelength region 1 ~ 1 um [17].
The contributions of the second-order dispersion [group
velocity dispersion (GVD)] and third-order dispersion in
silica SMFs for ultrashort pulses with parameters indicated
above become substantial at distances Lsz) =1 /ky ~ 0.1 m
and L(§3) =213 /k3 ~ 10 m, respectively, where 7, is the
initial half-width of the ultrashort pulse at the 1/e level of
the pulse intensity maximum and k; = |d’k/dw’| is the
absolute value of the jth derivative of the wave number k
with respect to frequency at the central radiation frequency
@y [17]. Thus, the use of fibres of length f'~ 1 m in the case
of ~ 1-um femtosecond pulses allows one to consider only
the influence of the second-order dispersion on spectral
compression and describe this process by using the non-
linear Schrodinger equation [17]
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Here, ¥Y({,n) is the slowly varying amplitude normalised to
its peak value at the input to the system; { = z/Ly is the
dimensionless distance; n = (¢t — z/u)/1 is the running time;
z is the spatial coordinate; Ly = L;”; u is the group
velocity; R = Ly/L, is the nonlinearity parameter; L, =
(knyIy)~" is the SPM length; n, is the nonlinearity coeffi-
cient; I, is the peak value of the input radiation intensity.
The first term in the right-hand side of Eqn (1) describes
dispersion effects and the second one describes nonlinear
self-action effects. The DDL can be described by Eqn (1)

+ R|P)Y. (1)
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with R = 0 and { = —Z, where Z is the dimensionless DDL
length normalised to the dispersive length L4 [for the DDL,
(k\") should be used instead of (k!)) for the SMF].

3. Numerical studies

Equation (1) was solved numerically by the method of
splitting over physical factors by using the algorithm of the
fast Fourier transform on a dispersive step [18]. The
temporal intensity distributions 7() = |‘I’(11)|2, frequencies
Q(n) (chirp), and the spectral power density S(Q) = |F(Q)|*
of ultrashort pulses were determined at the outputs of the
spectral-compression system and DDL depending on the
radiation power specified by the parameter R [F(Q) is the
Fourier transform of the complex amplitude ¥(y) and
Q = (w — wy)1y 18 the dimensionless frequency].

Figure 1 presents the results of numerical studies dem-
onstrating the dependence of S(2) at the output from the
system on R in the nonlinear regime (in which the role of
dispersion is insignificant) and in the dispersive regime
(where the role of dispersion is considerable). The DDL
length was Z =3 (Figs la, b), 6 (Figs lc, d), and 12
(Figs le, f) and the SMF length was { = 3. One can see
that the spectrum is compressed with increasing R, its
compression becomes maximal, and then energy is trans-
ferred from the central peak to spectral satellites. A
comparison of the dispersive and nonlinear regimes at
different DDL lengths shows that the GVD in the SMF
plays a significant role when Z is small, whereas for Z = 12
the GVD contribution is negligible. The influence of the
GVD in the region of maximal compression is manifested in
the smoothing of the dynamic pattern of spectral compres-
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Figure 1. Spectral power density S(Q) of an ultrashort pulse, normalised to its maximum Sy, for the initial pulse, at the output from the spectral
compression system as a function of the nonlinearity parameter R in the dispersive (a, ¢, ¢) and nonlinear (b, d, f) regimes for { = 3, Z = 3 (a, b), 6 (c,

d), and 12 (e, ).
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sion: spectral satellites in the dispersive regime are less
pronounced compared to the dispersive regime and the
maximum spectral compression is achieved at lower values
of R. Note that R{ ~ I,f in the nonlinear regime is an
invariant of the process [17] and patterns in Figs 1a, c, e can
be interpreted as the evolution of the emission spectrum
along the SMF for the specified 1.

Figure 2 presents the time profile of the radiation
intensity, chirp, and spectral power density for the values
of R optimal for spectral compression in the nonlinear and
dispersive regimes. The dependences are calculated for DDL
lengths Z =3 (Figs 2a, d, g), 6 (Figs 2b, e, h), and 12
(Figs 2c, f, 1) and the SMF length { = 3 by using the values
of R providing the maximum spectral compression. One can
see from Fi %s 2a d g that at small DDL lengths (Z = 3), i.e.
for d <fk< (dls the DDL length), the normal GVD in
the optical ﬁbre leads to the temporal compression of
ultrashort pulses, preventing thereby the spectral compres-
sion. In another hmmng case of large DDL lengths
(Z=12), ie. for d> fk /k , which is presented in
Figs 2¢, f, i, the contribution of the GVD in the fibre is
insignificant, and the chirp cancellation and spectral com-
pression occur virtually in the same way as in the nonlinear

regime. Figures 2b, e, h (Z = 6) illustrate the combined
action of the GVD and Kerr nonlinearity resulting in the
deformation of the time envelope 7(y) tending to acquire a
rectangular shape. Unlike the nonlinear regime, in the
dispersive regime the chirp is compensated for the entire
ultrashort pulse (Fig. 2e). The compressed spectrum has
weak sidebands and is described by the function sinc €,
which is the Fourier transform of a rectangular function.
The formation of an ultrashort pulse with the rectangular
envelope also determines the degree of spectral compression
C = Awy/Aw = t/(274) because in the case of the complete
compensation of the chirp, Awt = 2 for such pulses (where
Ao is the half-width of the spectral power density at the 1/e
level).

Simulations performed for different values of Z and (
show that ultrashort pulses with a recta (%ular envelope are
formed for Z/{ ~ 2, i.e. for d ~ 2fk /k and in this case
the spectral-compression regime is achleved which provides
the efficient generation of transform-limited ultrashort
pulses. Note that the generation of ultrashort pulses with
the rectangular envelope in the SMF due to the combined
action of the GVD and Kerr nonlinearity upon optimisation
of the temporal compression of ultrashort pulses was
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Figure 2. Time intensity profile 7 (a—c), chirp Q (d—f), and spectral power density S (g—1i) at the input to the spectral compression system ( /) and at
its output in the nonlinear (2) and dispersive (3) regimes for{ =3 and Z=3, R=2(3)and 3.5(2)(a,d, g); Z=6, R=9(3)and 12 (2) (b, ¢, h);

and Z = 12, R = 39 (3), and 40 (2) (c, £, 1).
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observed at lengths { ~ 1.8R7Y% [17]. A simple general-
isation of this relation taking into account the stretching of
ultrashort pulses in the DDL does not correspond to the
results presented. This could be expected because the
influence of the GVD is caused not only by the ultrashort
pulse duration but also by the radiation spectrum and
phase.

4. Experiment

The experimental setup consisted of a femtosecond
Ti : sapphire laser (Coherent Verdil0-Mira 900F), a spec-
tral compressor, and an Ando AQ6315 spectrum analyser.
The laser emitted ~ 800-nm pulses at a pulse repletion rate
of 76 MHz, the spectral width was A1 ~ 6 nm. The pulse
FWHM duration was Az < 150 fs (At ~ 1.67t;) and the

compressor consisted of a DDL (a pair of dispersive
prisms with a reversing mirror) and a SMF with the mode
field diameter 5.6 um, the nonlinearity coefficient n, =
32x10em®> W™, and  the GVD kz“% =
4.6 x 10* fs* m™".

Figure 3 presents the spectral profiles of the output
ultrashort pulses of the spectral-compression system
obtained for different average radiation powers in the
SMF of length f'= 0.95 m and the distance between prisms
d =3 m. The dashed curves are the results of numerical
simulations obtained for parameters of radiation and the
DDL-SMF system corresponding to the experiment
(Z =10, { =6.6). At low radiation powers (p < 1 mW),
the linear propagation of ultrashort pulses is observed, the
output spectrum coinciding with the input spectrum of
width A/;, = 6 nm (Fig. 3a). As the radiation power is

average output power was p~ 1.5W. The spectral increased, spectral compression occurs down to
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Figure 3. Spectral power density of ultrashort pulses at the output of the spectral compression system for average radiation powers coupled into the
SMF p =200.5 uW (a), 10.3 (b), 37.51 (c), 71.7 (d), 99.6 (e), and 170.1 mW (f). The dashed curves are calculations, solid curves are obtained

experimentally.
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Adoyt = 1.2 nm (p ~ 37.5 mW) (Figs 3b, c). As the radiation
power is further increased, the spectrum broadens. In this
case, the shape of the spectra differs from the typical shape
of SPM spectra, which suggests that the GVD plays an
important role. Note that the broadened spectra are
symmetric, which suggests that the influence of high-order
dispersion and nonlinear effects on spectral compression is
absent at these parameters of the system.

Figure 4 presents the generalised experimental results
obtained for different radiation parameters and different
SMFs. Figure 4a shows the dependence of the spectral
compression coefficient C on the average radiation power
in the SMF for d =3 m and /= 0.95 m. One can see that
experimental results (circles) are in good quantitative agree-
ment with calculations (solid curves). The power dependence
of the spectral compression coefficient calculated in the
absence of GVD is also presented (dashed curves). Figure
4b shows the corresponding results for d = 1.03 m and
f=021m (Z=29, {=1.5).

One can see from Fig. 4 that the influence of the GVD in
the optical fibre can significantly change the transformation
of the shape and spectrum of ultrashort pulses. For DDL
lengths d~2fk2<f ) /kz(d), the dispersive regime of spectral
compression is efficiently realised (Figs 2b, e, h) in which the
time envelope of ultrashort pulses at the spectral compressor
output acquires a rectangular shape. In this case, the
ultrashort pulse duration is virtually determined by its
stretching in the DDL: 7~ (kz(d> /79)d. For DDL lengths
d< fk2(f ) /kz(d), the time compression of ultrashort pulses in
the SMF blocks the spectral compression (Figs 2a, d, g),
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Figure 4. Dependences of the spectral compression coefficient C on the
average radiation power coupled into the SMF for d =3 m, /= 0.95 m
(Z=10,({=6.6, R=0—-53) (a) and d=1.03m, f=0.21 m (Z=2.9,
{=1.5, R=0—25) (b). Circles are experimental data, solid curves are
calculated, and dashed curves are calculated in the absence of GVD.

and the pulse duration at the output of the DDL-SMF
system becomes smaller than its duration at the output from
the DDL. For d>fk2(f)/k2<d), the influence of the GVD is
insignificant and the physical pattern of spectral compres-
sion is similar to that in the nonlinear regime (Figs 2c, f, 1).

5. Conclusions

We have found that, along with the self-phase modulation,
the GVD in SMFs plays a considerable role in the spectral
compression of femtosecond pulses. The influence of GVD
depends on the parameters of the spectral compression
system, namely, on the relation between the lengths of the
SMF and DDL measured in dispersive lengths:

(1) for DDL lengths smaller than the SMF length, the
recompression of ultrashort pulses in the SMF caused by
GVD blocks the spectral compression;

(i1) for DDL lengths greatly exceeding the SMF length,
the role of GVD becomes insignificant;

(iii) for DDL lengths comparable with the double SMF
length, the efficient dispersive spectral compression regime is
achieved in which transform-limited ultrashort pulses with a
rectangular time envelope are generated in the region of the
maximum spectral compression.

The results obtained in the paper can be used in spectral
compression schemes for controlling parameters of optical
signals and their recording.
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