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We describe a fiber-based device that can signifigaenhance the low intensity

fluctuations of an ultrashort pulse train to detdem more easily than with usual direct
detection systems. Taking advantage of the Ramtapinse effect that progressively
shifts the central frequency of a femtosecond ppispagating in an anomalous dispersion
fiber, a subsequent spectral filtering can effiteincrease the level of fluctuations by
more than one order of magnitude. We show thaht#te has to be paid to maintain the

shape of the statistical distribution unaffectedhmy nonlinear process.

OCIS codes: 060.4370, 060.5530, 320.7140.

Introduction
Detecting low power fluctuations with an easy-t@gleament device is of practical interest for
many applications such as optical pulse charaetidoiz, jitter measurements or biophotonics.

Several solutions have already proved their efficyesuch as synchronous detection [1], radio-



frequency analysis [2] or autocorrelation measurégmef the pulse train [3]. However, they
require the use of dedicated and onerous instrisnkenthis context, nonlinear effects acting in a
single-mode optical fiber can constitute a simpld efficient alternative. It has been recently
proposed to take advantage of the self-phase mimlulandergone by picosecond pulses to all-
optically magnify the amplitude fluctuations of alge train at telecommunication wavelengths
[4]. Quite remarkably, it has been shown that tketistical distribution of the amplitude
fluctuations is maintained after magnification.

We discuss in this contribution a novel experimeatheme based on the soliton self-
frequency shift (SSFS) experienced by a femtosepaoigk evolving into a photonic crystal fiber
(PCF). We first present the principle of our metlaodl the associated setup. Next we describe
how the statistical distributions are reshapedalfinve provide experimental results assessing

the optical jitter magnification and the abilityitecrease detection margins.

Principle of operation and experimental setup

The principle of our jitter magnifier is illustraten Fig. 1 and relies on the transfer functionTF
that links the incoming power to the output powara previous work [4], it has been outlined
that if the TF can be locally approximated at akimy power B by a linear function having a x-

intercept R, then the relative level of output fluctuatiohB,,; / Pc is linked to the input relative

fluctuationsAP,, / Py by the following relationship :

MRy _ AR 1 W
R R 1-RIR

with P,y being the output power anfiP,,; and AP, being the output and input levels of
fluctuations respectively. From this simple law, pdification of the relative amplitude jitter

requires R strictly between 0 and 2,Ro that a strictly proportional TF £ 0) is prohibited.



One of the simplest TF shapes that fulfills thiguieement is comprised of two linear segments
and is illustrated in Fig. 1.

The main experimental issue is to realize a TFrimproperties close to this ideal shape.
The scheme proposed in Ref. [4] has validated the of the non-proportional TF by
demonstrating a 10 times amplitude jitter magnifara the central optical bandpass filtering of
a spectrum expanded by self-phase modulation ldatola transfer function that can be locally
approximated by a linear increasing segment. Wéoexhere the use of soliton self-frequency
shift affecting a femtosecond pulse evolving inGFRvith anomalous dispersion. Thanks to the
intrapulse Raman contribution of the silica, thatca frequency of the pulse progressively shifts
towards longer wavelengths, this frequency shiihdgpdasically controlled by the peak power of
the initial pulse [5]. Such a spectral shift hasmereviously used for a wide range of photonics
applications such as wavelength-tunable ultraskources [6], optical sampling [7], coherent
anti-Stokes Raman scattering bioimaging [8] or agdb-digital converters [9]. Here, we
combine the SSFS process with a long-pass fil@ekig the low-wavelength components, thus
acting as an optical thresholder that efficientlycdminates the pulses according to their initial
power. Indeed, the pulses having a peak-power ight &hough to be sufficiently frequency
shifted are vanished whereas the other pulsestpemggh the filter. Interestingly, the transition
between the two regimes is rapid and close fromdge&near, which is obviously beneficial for
the targeted application.

More precisely, the experimental setup we impleeenis depicted in Fig. 2. A
femtosecond pulse train is delivered by a passiweye-locked oscillator (Amplitude Systems
t-Pulse laser with 48-MHz repetition rate and 19@#ilse duration) at the initial wavelength of

1033 nm. The PCF input power is controlled withedectro-optic modulator (EOM) driven by



an electrical arbitrary function generator so ttte transmission level of the EOM can be
dynamically changed at a repetition rate from savelz up to several tens of kHz. The fiber
under test is typically a 2-m long solid-core highbnlinear photonic crystal fiber [10] having a
zero-dispersion wavelength well below the pumpiry&ength (in our case, we have tested two
PCFs, called fibers A and B, with zero-dispersiavalengths estimated to 710 nm and 765 nm
respectively). In order to favor the existence airgyle soliton, fibers with high dispersion have
been chosen [11, 12]. At the fiber output, a loaggfiltering (with a cutoff wavelength at 1200
nm, transmission function is provided on the ingdt Fig. 3) enables to realize the
aforementioned thresholding/magnification functiofhe spectrally filtered signal is then
collected by an InGaAs photodiode and monitoredalstandard oscilloscope. The electronic
bandwidth of both photodiode and oscilloscope ismgh enough to resolve the fine temporal
details of the femtosecond pulse. The recordeduatons correspond to the pulse energy jitter,
which can be directly linked to the jitter of thelpe peak power [13]. The output average power

is also monitored as well as the optical spectrwimefi the optical filter is removed).

Experimental results

Spectral pulse dynamics

An experimental example of the spectral evolutibthe pulse into the PCF as a function of the
initial average power is provided in Fig. 3. As egfed, we clearly notice a soliton evolving
towards longer wavelengths, the frequency shifidpeiontrolled by the power launched into the
PCF [14, 15]. For fiber A and the studied powergena single frequency-shifted soliton is
observed [12]. For an input average powgroP40 mW (injection ratio ~35%), half of the

soliton has passed through the 1200-nm cutoff vesaggh of the filter.



Thresholding transfer function

The resulting transfer function is plotted in Hga) (solid black line). We can distinguish three
different stages of the process that can be eantigrstood (see also Fig. 3). Indeed, for initial
powers below B the SSFS is too low so that no part of the solgasses through the filter. On
the contrary, for input powers above, Bhe whole soliton passes through the filter arel w
observe a plateau. Betweendhd B, the soliton progressively passes through therfdb that
the output energy continuously increases and & dlosinear behavior is empirically observed.
This is of course in this transition region thae tbptical magnifying will occur. In order to
accommodate the highest range of input fluctuatitns beneficial to work in the middle of this
linear segment, i.e. at the working power Prom the slope at this point, one can anticigate
magnifying factor of 20 as it will be confirmed mext section.

TFs have also been experimentally recorded forftuwavelengths of the optical filter
ranging from 1050 nm to 1250 nm. Results are sunzexdin Fig. 4(a) and clearly confirm that
longer the cutoff wavelength of the filter is, hegithe threshold is, which is fully consistent with
the analysis reported in Fig. 3. We can evaluaenhgnification factor undergone by the signal
when the working power is chosen in the middlehef linear rising part of the TF (note that the
amplitude jitter gain may vary over the TF accogdia the working power). This magnification
factor has been found to be close to constant abut 2 for the different cutoff wavelengths.
We can note that for low detunings of the filtent@f wavelengths of 1050 nm, grey dotted line)
the resulting TF does not present a high lineat, pdrich may be detrimental to maintain the
statistical probability distribution of the fluctiians. However, in all cases the largely monotonic
behavior of the TF helps to avoid some potentiafusions that may arise from the oscillating

structure of the typical TF used in [4].



The fiber properties can also highly affect thensfar function and the working power
needed to obtain the switching. Indeed, fibers vatver dispersion and higher nonlinearity
coefficient increase the soliton self-frequencyftséand thus lead to a lower thresholding power
[12]. Such an effect can be seen on Fig. 4(b) foickwwe have compared two fibers with the
same output filter (cutoff wavelength of 1150 nifhe fiber with the lowest dispersion (fiber B,
dashed black line) has led to a significant reductof the input power required to the
thresholding. Therefore, input pulses with energie$ow as a few hundreds of pJ (a few kW of

peak-power) can be suitable.

Magnification or reshaping of statistical distributions

In the rest of this paper, we focus on the confijon based on the fiber A combined with the
filter having a cutoff wavelength of 1200 nm (TFogéd in Fig. 4(a) with solid black line). In
order to assess the ability of our device to effitly magnify the input fluctuations, we applied
stochastic fluctuations having Gaussian probabitiigtribution generated by our electric
arbitrary generator. The statistical distributi@tarded after magnification and the associated
electrical eye diagram are plotted on Fig. 5(a)tf@ magnifier working at powernPThe initial
1.06 % rms fluctuations (corresponding to a distidn with a full width at half maximum of
2.5 %) are increased at the output to a level d¥2ins. As assessed by the Gaussian fit (dashed
line), the general shape is preserved and a maggifgctor close to 20 is obtained, which is in
agreement with the prediction based on the TF. Camgntary results have been recorded for
another probability distribution, i.e. a unifornsttibution with an initial variation of 2.5 % (full
width at half maximum). Results recorded after fitter magnifier (Fig. 5(b)) highlight the

preservation of the distribution shape and confitinesamplification factor of 20.



Additional measurements have pointed out the criumiportance of the working power.
Indeed, as highlighted by Fig. 6(a), working withoaver initial power close to the threshold
power R (see Fig. 4(a)) leads to the generation of heawilyed statistics that strongly differ
from the original Gaussian input stochastic fiedd3aussian fit of the output distribution is not
able to reproduce the wings of the distributionardk pulses having amplitude more than 60
times higher than the most likely event have tteeebeen recorded at the output of the device,
as also illustrated by the electrical eye-diagrdnfrig. 6(a). This confirms the major role that
may play the long-pass filter in analyzing statistas it is done frequently in recent articles
dealing with optical rogue waves and optical saktavith extreme red shifts. In particular the
results obtained from the rude analysis of theriitl pulse train have to be interpreted with care
[13, 16, 17] (see also Fig. 1 for an illustratioh tbe action of the filter on the statistical
distribution when working close to the thresholdwpo). Note that an inverse long tail
distribution with a tail towards lower powers cdescabe generated when working close to the
plateau of the device (powegp)PThe physics that is here involved is completsifferent from
the dynamics reported in [18] and can be once aggsily understood by considering the action
of the TF on the initial probability distributioWVe expect that the flexibility brought by our
device to provide on demand extreme statistics beyelpful to study the evolution of such

extreme statistics in additional nonlinear enviremm

Magnification of small fluctuations

We have finally investigated the ability of the dmvto efficiently discriminate two levels. For
this purpose, we have applied periodic levels waitheak-to-peak fluctuation as small as 1.5%.
For such a fluctuation, before the magnifier, thethiations are below the noise level of the

electronics detection chain (standard photodiod# @scilloscope) and cannot be measured.



After the magnifier working at powepesults are plotted on Fig. 7(a) and we can kjleaake

out the fluctuations that are now spaced by 29.m%greement with the magnifying factor that
has been previously demonstrated. Therefore, theabgevel difference can now be detected in
a straightforward way. We also changed the relatieght of the different levels, as shown on
Fig. 7(b) and the recorded results reproduce thegive weight of the pulses. Note that the
fluctuations observed on each level are mainlyibatted to the stability of the pulse train

delivered by the source.

Conclusion

We have proposed and experimentally demonstratedtimciple of a new optical amplitude
jitter magnifier based on the power dependencehefRaman soliton self-frequency shift. A
typical transfer function exhibiting a marked threlling behavior and a linear transition
between two states is demonstrated. Moreover, thémkhe quasi-linear transition both high
magnifying factor and shape-preserving statistidatribution amplification are achieved.
Magnification by a factor above 20 of the fluctoat has been demonstrated based on the TF,
which is a twofold improvement compared to the pres method described in Ref. [4].
Additional measurements have confirmed the incrégsmore than one order of magnitude of
the fluctuations. The choice of the working poweriucial and for input powers which do not
lie in the linear part of the TF, a strong reshgpo the statistical distribution can be observed,
leading to heavily tailed statistics.

Our results have been demonstrated at 1030 nnmport pulse energies below 1 nJ and
were based on silica fibers, but the same techrmgunebe applied in the infrared by pumping a

soft-glass fiber in the anomalous dispersion reg[d®. Moreover, we can expect that the



progress in highly nonlinear waveguides may enth¢efunction to be embedded on a photonic

chip in a close future [20] and to decrease thatipplse energies.
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List of figure captions

Fig. 1. Principle of the optical jitter magnifier.

Fig. 2. Experimental setup.

Fig. 3. Evolution of the output optical spectrunt@cing to the input average power. White
ticks on the x-axis indicate the positions of thierfs. The transmission function of the long-pass

filter with a cutoff wavelength of 1200 nm is plkedtin the top inset.

Fig. 4. Experimental transfer functions: output rage power according to the input average
power. (a) TF recorded for PCF A and for variousaffi wavelengths of the output long-pass

filter. (b) TF obtained for PCFs A and B, dashed aalid lines respectively.

Fig. 5. Statistical distribution of the fluctuat®fprobability and amplitude are normalized to 1
for the most likely event) and electrical eye-dagrof the pulse train when working at power
Po. Results obtained for a Gaussian initial distiifutof the fluctuations (subfigure (a)) are
compared with the results based on a uniform Bigtion (subfigure (b)). The experimental
statistical distributions are compared to Gausaishrectangular fits respectively (dashed lines).
The negative oscillation on the right side of tlye-diagrams is due to the electronics of the

photodiode.

Fig. 6. Statistical distribution of the fluctuat®ifprobability and amplitude are normalized to 1
for the most likely event) and electrical eye-dagrof the output pulse train. Results obtained

for the working power P(subfigure (a)) are compared with the resultsiokbthfor the working
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power B (subfigure (b)). The experimental statistical iigttions are compared to Gaussian fits
(dashed lines) and the results are plotted wittogarithmic scale for the x-axis. The rms

amplitude jitter of the initial pulse train is 1865or subplots (a) and (b).

Fig. 7. Statistical distribution of the fluctuat®rleft, plotted on a linear scale) recorded at the
output of the magnifying device, as well as coroegpng electrical eye-diagrams (right).
Probability and amplitude are normalized to 1 foe most likely event. The initial periodic

sequence of amplitude modulation of the peak powsdrghe pulses is plotted in inset.
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Fig. 1. Principle of the optical jitter magnifier.
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Fig. 2. Experimental setup.
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Fig. 3. Evolution of the output optical spectrunt@cling to the input average power. White
ticks on the x-axis indicate the positions of thierfs. The transmission function of the long-pass

filter with a cutoff wavelength of 1200 nm is plkedtin the top inset.
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Fig. 4. Experimental transfer functions: output rage power according to the input average
power. (a) TF recorded for PCF A and for variousafti wavelengths of the output long-pass

filter. (b) TF obtained for PCFs A and B, dashed aalid lines respectively.
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Fig. 5. Statistical distribution of the fluctuat®ifprobability and amplitude are normalized to 1
for the most likely event) and electrical eye daygrof the pulse train when working at powegr P
Results obtained for a Gaussian initial distribotiof the fluctuations (subfigure (a)) are
compared with the results based on a uniform Bigtion (subfigure (b)). The experimental
statistical distributions are compared to Gausaishrectangular fits respectively (dashed lines).

The negative oscillation on the right side of tlye-diagrams is due to the electronics of the

photodiode.
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Fig. 6. Statistical distribution of the fluctuat®iprobability and amplitude are normalized to 1
for the most likely event) and electrical eye dagrof the output pulse train. Results obtained
for the working power P(subfigure (a)) are compared with the resultsiabthfor the working

power B (subfigure (b)). The experimental statistical iigttions are compared to Gaussian fits
(dashed lines) and the results are plotted wittogarithmic scale for the x-axis. The rms

amplitude jitter of the initial pulse train is 1865or subplots (a) and (b).
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Fig. 7. Statistical distribution of the fluctuat®ileft, plotted on a linear scale) recorded at the
output of the magnifying device, as well as coroggpng electrical eye-diagrams (right).
Probability and amplitude are normalized to 1 foe tmost likely event. The initial periodic

sequence of amplitude modulation of the peak powftise pulses is plotted in inset.
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