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The single-shot reconstruction of an ultrashort pulse from a fiber laser system by the method based on recording
and numerical processing of two self-phase modulated spectra after a nonlinear fiber is demonstrated experi-
mentally. The 0.7-ps asymmetrical signal with an energy of ~1 uJ retrieved by this method without time di-
rection ambiguity is in good agreement with independent measurements by second harmonic generation fre-
quency-resolved optical gating (SHG FROG) technique.

Introduction

Measurements of the shape and phase of optical signals are of great
importance for numerous applications [1]. For obtaining these data,
different techniques and approaches have been developed with various
advantages and disadvantages, degrees of complexity of their hardware
and software implementation, areas of workability and limitations
[1-3]. Several reconstruction methods were demonstrated for single-
shot pulses [1], but for them, the problem is much more challenging
than for signals having high repetition rates. For retrieving the intensity
profile and phase of TW- and PW-class power single-shot pulses, a very
simple method of measuring the fundamental (initial) pulse spectrum
and two spectra transformed due to self-phase modulation (SPM) in
elements with Kerr nonlinearity (plastic films) was recently proposed
[4]. Based on this method, techniques for measuring optical pulses with
low energies of order 1 nJ and high repetition rates using silica fibers as
nonlinear elements were implemented by independent research teams
[5,6]. To the best of our knowledge, for fiber laser systems, single-shot
pulse retrieval by this method has not been reported yet. Recently we
showed that the peak power and duration of an ultrashort pulse can be
estimated by measuring a single SPM spectrum in a single-shot regime
[7]. Here we demonstrate the possibility of characterization of a single-
shot pulse from a fiber laser system with a peak power of about 1 MW
and sub-ps duration by processing strongly SPM spectra.
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Results and discussion

The experimental scheme is presented in Fig. 1(a). The fiber laser
system at 1.56 pum similar to that reported in [7] consists of a mode-
locked Er-doped fiber master oscillator, a fiber stretcher, an acousto-
optic modulator to reduce pulse repetition rate, a powerful amplifier,
and a dispersive compressor based on diffraction gratings. This system
generates pulses with an energy of ~1 pJ, a duration of < 1 ps, and
estimated peak power of ~1 MW at a repetition rate of 100 kHz. The
pulse shape was retrieved from single-shot SPM spectra. Spectral
broadening due to SPM occurred in a GeO,-doped silica nonlinear fiber
(NLF) with normal dispersion to prevent higher-order soliton dynamics
[8]. The initial pulse was divided by a beam splitter into two replicas
with different energies which were launched into two 2-cm long pieces
of NLF (NLF; and NLF,, see Fig. 1(a)) where the spectra were broa-
dened significantly. The high B-integrals [4] were chosen to ensure a
much larger nonlinear pulse phase due to SPM than the initial pulse
phase. We assumed that the pulse phase at the output of our optimized
compressor was less than w. We neglected Raman nonlinearity, dis-
persion, and self-steepening in the used NLF, » (and confirmed the va-
lidity of this assumption by numerical simulations). The resulting
complex electric field amplitudes at the NLF; , outputs were [8]:

Eyp(t) = |Eo(t)| exp[iBy,21Eo (1)), (@D

where E(t) is the initial complex electric field amplitude, ¢ is time, and
Bj 2 are corresponding B-integrals. The spectral amplitudes after con-
version in NLF, , are:
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Fig. 1. The experimental scheme, BS: beam splitter and L: lens (a). SPM-spectra measured directly and reconstructed by the proposed method after NLF; (b) and after
NLF, (c). Intensity profiles and phases retrieved independently from SPM spectra and FROG measurements.

Bro(f) = [ Eia(t) exp(io2af-t)dt, .

where frequency f is counted from the optical carrier frequency. The
numerical algorithm is aimed to find Ey(t) minimizing the difference A
between the retrieved SPM spectra and the spectra I; »(f) measured by a
single-shot two-channel spectrometer [7] (CCD array):

N N
A= {Z (L(F) — E\(FDPP + Y [B(f) — |Ez(fj)|2]2},
k=1 k=1 (3)
where N is the number of points, each point is designated by j.

We directly measured SPM spectra for B;/B, = 1.5 (see Fig. 1(b, c),
black curves) and applied the differential evolution algorithm similar to
that reported for d-scan traces in the paper [9]. We assumed that the
phases @ »(t) were proportional to the intensities |E;, 2% = |Eo®)?
(see Eq. (1)). The exact value of B; was not known a priori, and we used
exhaustive search for B; to find the value minimizing A [4,5]. The best
agreement between directly measured and retrieved SPM-spectra was
obtained for B; = 17 rad. The retrieved intensity profile and phase of
the pulse are demonstrated in Fig. 1(d) by the grey curves. The re-
trieved SPM spectra are shown in Fig. 1(b, c¢) by red and blue curves,
respectively. We also measured pulses after the NLF; by SHG FROG
home-made apparatus [5]. We had no opportunity to implement single-
shot FROG, so the intensity profile and phase shown in Fig. 1(d) by the
green curves were retrieved for the 100 kHz repetition rate. The pulse
shapes and phases obtained by the reported single-shot SPM-based
technique and by FROG were similar. The slight discrepancy between
the profiles retrieved by the two techniques may be due to FROG data
averaging for many nonidentical pulses [7,10] and a nonideal adjust-
ment of the nonlinear crystal for SHG affecting phase-matching. Note
also that the method based on processing SPM spectra has no time di-
rection ambiguity [4,5] in contrast to SHG FROG (when the FROG
traces are the same for replacement: t — —t, @(t) — —¢(t) [1,2].
However, in the reported experiment we excluded this ambiguity for
FROG pulses because we knew the sign of the phase ¢;(t) after NLF;
resulting from strong SPM. The high black peaks near 1.56 um of the
measured spectra in Fig. 1(b, c¢) are due to noncompressed and non-
retrieved pedestal (this pedestal was not retrieved from FROG-mea-
surements either). So, for pulse characterization of the reported single-
shot fiber laser system the method based on SPM spectra processing is
more simple, robust, and reliable.

Conclusions

The experimental single-shot reconstruction of a sub-ps pulse from a
fiber laser system demonstrates that the reported ultrafast metrology

method is a promising tool for characterization of similar classes of
fiber laser systems when implementation of other single-shot techni-
ques can be a challenge due to not very high energy and necessity of
using complex and expensive equipment and precision adjustment. This
method has benefits thanks to its simplicity, absence of time direction
ambiguity and low cost.
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