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The spectral correlation of four-wave mixing in a photonic 
crystal fiber pumped by a chirped pulse has been 
measured using the dispersive Fourier transform method. 
From statistical measurements of multiple shot-to-shot 
spectral measurements, the spectral correlation between 
the signal and idler photons reveals physical insights into 
the particular portion of the pump spectrum responsible 
for generating the FWM   
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Pulse amplification through four wave mixing (FWM) in optical 
fiber has been extensively investigated for important applications 
linked with its large gain-bandwidth [1],  high gain [2] and very wide 
tunability [3].  When the pulses involved in the process have a high 
peak power, the pulses are initially stretched before being injected 
in the fiber [4, 5, 6] such that the FWM process can be achieved in a 
fiber with a silica core, even for a pulse energy in the microjoule level 
[7,8,9]. For a chirped pump pulse, the instantaneous frequencies are 
temporally dispersed and the spontaneous photons are generated 
with temporal and spectral distributions according to phase-
matched FWM relation [10].   Significantly, we have shown that this 
configuration yields a very large gain bandwidth [2] that enables 
ultra-short pulse amplification [1]. However, the injected signal 
requires chirp optimization to match the temporal distribution of 
the parametric gain spectrum, which depends on both the pump 
and fiber properties [1]. Therefore, this parametric gain distribution 
needs to be understood and characterized to efficiently design a 
broadband amplifier.  
 Although some previous studies have used a pump-probe 
technique to study the gain distribution, this method is 
experimentally complex, which limits it broad use in studying 

chirped-pulse FWM over wider parameter ranges [11].  In this 
work, we present a much simpler approach that allows the spectral 
and temporal distribution of the instantaneous parametric process 
to be studied using the dispersive Fourier transformation (DFT) 
method [12]. This powerful technique is significantly simpler to 
implement since it provides the desired information without the 
need to inject a suitable signal, and also readily allows statistical 
correlation data to be extracted.   
The DFT method exploits time to frequency mapping to allow real 
time measurement of single-shot spectral fluctuations.  DFT has 
been widely used to study a range of physical processes in fiber such 
as rogue wave dynamics, continuum generation and spontaneous 
FWM [13-18]. In our case, we use DFT to measure the spectral 
correlation between the FWM side bands generated from a chirped 
pump pulse, representing a new application of this method, and one 
which allows us to determine physical insights into the particular 
portion of the pump spectrum responsible for generating the FWM.  
In particular, for degenerate FWM, two pump photons are 
converted to signal and idler photons, with spontaneous generation 
achieved from different possibilities depending on phase matching 
criteria.  This leads to an asymmetry in the FWM band in a single 
shot spectrum measurement [16]. Once the shots are averaged, the 
shape of the spontaneous FWM spectrum should represent the gain 
profile of the parametric amplification in the unsaturated regime. In 
the following, we exploit the DFT statistical measurements over 
many single shot spectra to correlate the signal and idler photons 
and to infer the origin of the FWM within the pump. 
We firstly illustrate the principle of this method using numerical 
simulations based on integrating the nonlinear Schrödinger 
equation using the split step method. The parameters used were as 
follows.  The input chirped pump pulse has duration of t=50 ps 
and spectral bandwidth  of 6 nm centered at 1030 nm.  This 
corresponds to a chirp of -8.3 ps/nm. The pulse is injected in 
a 5-meter-long photonic crystal fiber (PCF) which has a nonlinear 



coefficient of 11 W-1.km-1 and a zero-dispersion wavelength (ZDW) 
at 1028 nm. This means that only part of the pump spectrum lies in 
the anomalous dispersion regime. 500 simulations have been 
performed with random noise initial condition by adding half 
photon per temporal mode. Figure 1 shows a spectrogram of the 
average electric field at the fiber output for input peak power 
Pp=120 W.  The red line corresponds to the pump pulse. As it is 
chirped, the instantaneous pump wavelengths are linearly spread 
in the temporal envelope. The temporal and spectral axis (top and 
bottom) are therefore linked by the chirp value; i.e . For each 
delay, the pump has a particular instantaneous wavelength and a 
pump power that creates a FWM with specific properties [2]. 
Indeed, two specific FWM bands are generated with different 
spectral locations and bandwidth. For example, at the pump 
wavelengths of 1030 nm (t=0 ps) and 1032 nm (-16.6 ps), the two 
lobes are located at ~1078/986 nm and 1061/998nm, respectively.   
 

 
Fig. 1. Spectrogram of the averaged electric field at the PCF output for 
Pp=120 W.   

 
To analyse the shot to shot fluctuations statistically, the spectral 
correlation ) has been calculated between any two 
wavelengthsand  according to  
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where the angle brackets represent an ensemble average. The 
correlation  varies from -1 to +1 indicating intensity fluctuations in 
the opposite or same directions respectively. For =0, no 
correlation exists between 1 and. The spectral correlation 
between the lower and higher parts of the spectrum is shown in Fig. 
2 together with the average spectra.  The red line (top-right) 
corresponds to the positive correlation of the pump spectrum with 
itself; i.e the auto-correlation. Since the FWM process is originated 
from a depletion of the pump, the correlation between the side 
bands and the pump is  negatively correlated (~-0.3). 

As the two axes represent the wavelength of the signal s and 
idler i, the theoretical relationship of FWM from energy 
conservation (ps+i) can be also plotted.  The black curves 
in Fig. 2 represent three cases for a selection of pump wavelengths 
p, and we can see from these results how it is possible to infer the 
particular pump component, which generates the FWM bands. For 
example, when the fiber is pumped by a chirped pulse with Pp=120 
W (Fig. 2(a)), the bands at ~980 nm and 1000 nm are mostly 
generated from the pump part at 1030 nm lying in the anomalous 
dispersion regime. The photons in the range of 930-980 nm and 
1090-1140 nm are generated from the pump between 1025-1030 

nm. These observations are in very good agreement with those 
from the spectrogram (Fig. 1). We have also checked that the Raman 
effect does not affect this distribution.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 2. Spectral correlation between the Stokes and Anti-Stokes for a)  
Pp=120W and a chirped pump pulse, b) for Pp=120W and a 
monochromatic pump c) for Pp=220W and a chirped pump pulse. The 
average spectra are displayed for all cases as top and left inserts. The 
black lines are plotted from the photon energy conservation law for 
several pump wavelengths.  
 
To gain further insight, we performed the simulations under the 
same conditions but with a monochromatic pump (Fig. 2(b)). 
Compared to the previous case, the bandwidths are lower since the 
FWM photons are generated from the pump with a narrow 
spectrum. Indeed, the spectral correlation is along the black line 
plotted from the energy conservation law for p=1030 nm. The 
numerical results for a chirped pulse with Pp=220 W (Fig. 2(c)) 
show that the FWM bands increase and the pump is affected by self 
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phase modulation (SPM).  In this case, the value decreases for the 
pump wavelength higher than 1030 nm and corresponds to the 
hole in the pump spectrum.  
 Our experimental setup is shown in Fig. 3a. The pump pulse is 
generated from a mode-locked oscillator (Flint, LightConversion) 
delivering a train of pulses at 76 MHz with a duration of 80 fs at 
FWHM centered at 1030 nm. The total average power is 1.5 W.  A 
part of the oscillator output (around 750 mW) seeds the pump 
chain via a stretching stage composed of a volume Bragg grating 
(VBG) that stretches the pulses to a duration of ~50 ps (FWHM), an 
acoustooptic modulator (AOM) to decrease the repetition rate to 1 
MHz and several ytterbium doped fiber amplifiers (YDFA) to 
progressively increase the average power up to 1 W.  The pulse 
bandwidth (FWHM) at the output of the amplifier is ~ 9 nm and is 
modulated due to SPM.  The pump pulse is then injected in a 5-
meter-long PCF which has the same dispersion profile as the one 
used in the simulations.  Two FWM lobes are generated in the PCF 
and are located at 1001 and 1071 nm for an average power of 18 
mW (Fig. 3(b)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Experimental set-up. VBG, Volume Bragg Grating; AOM, acousto-
optic modulator; PCF Photonic Crystal Fiber;  OSA, Optical Spectrum 
Analyzer et b)FWM bands detected with an OSA (black line) and with 
the DFT set-up. The averaged spectrum (red line) of 500 single shots 
(blue lines) are displayed.  

 
In order to record single shot spectra, a dispersive Fourier 
transform set-up has been implemented at the PCF output. The 
beam is injected in an 11.5 km long fiber (SMF28) to stretch the 
output with approximate chirp value of ~-2.54 nm/ns. Thus, the 
delay between the two sidebands is ~27 ns. The output is detected 
with a fast photodiode and an oscilloscope with a maximum 
bandwidth of 12 GHz. For the following, we use a limited number of 
points to 5 × 106 for the 500 pulses corresponding to a spectral 
resolution of ~0.25 nm. Figure 3(b) displays the superposition of 
500 single shot spectra (blue lines) and the averaged curve. To 
accurately reconstruct the DFT time-frequency mapping, we used 
both second and third order dispersion coefficients of the SMF 
(2=17 ps2/km, 3=-0.0134 ps3/km) in the analysis of the 

experimental data [12].  From Figure 3(b) (blue lines), we can see 
the large shot to shot fluctuation of the sideband but a good 
agreement is obtained between the average spectrum (red line) 
and the curve measured by an optical spectrum analyzer (black 
line).  Figure 4 shows the spectral correlation map between 980 and 
1090 nm for an average power of 24 mW.  As expected, the pump 
spectrum is positively correlated with itself and the correlation 
between two identical FWM bands corresponds to a positive line 
with a maximum value equal to 1. From Eq. 1, the correlation map 
is symmetric about the correlated positive diagonal. As the Stokes 
and anti-Stokes photons are degenerate from the depletion of the 
pump pulse, an anti-correlation between the pump and the two side 
lobes are observed (black dashed squares) [13]. In the following, we 
will focus on the correlation between the two FWM bands (black 
squares). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Spectral correlation map of the full spectrum for a power of 
24 mW. The black dashed squares correspond to the correlation 
between the pump and the FWM bands while the black squares show 
the correlation between the two bands.   

 
The spectral correlations between the two side bands (black 
squares in Fig. 4) are also shown in Fig. 5 for an average power of 
18 mW and 24 mW. The black lines are plotted from the photon 
energy conservation law for the pump wavelength of 1025, 1030 
and 1035 nm. The correlation spectral maps have a different shape 
from the one predicted by the numerical simulations (Fig. 2), 
attributed to structure on the pump pulse used in the experiments 
or uncertainties in the fiber dispersion curve.  From a pump-probe 
experiment [11], we have also observed similar behavior with 
another PCF.  At a power of 18 mW, a positive value is observed with 
a specific shape. The maximum at ~0.4 corresponds to the 
correlation between the two parts 1068-1071nm/990-997nm. 
These parts of the bands are mainly generated from the pump 
spectrum around 1030 nm.  Another positive  value (~0.25) 
located between 1073-1075/997-1002 is also obtained and these 
FWM bands are mostly generated from the pump spectrum at 
~1035 nm. Surprisingly, the correlated bands are not symmetric 
around the pump spectrum; i.e the furthest part in one side is 
correlated to the closest part in the other side. This information 
cannot be obtained directly from a standard spectrometer. 
At higher pump power, the side bands are shifted away from the 
pump and the positive correlation is mainly between 1070-1075 
nm and 995-1005 nm. A negative correlation value (=-0.15) at 
around 1082 nm is also observed. This is attributed to SPM 
accumulated by the pump that decreases the correlation value. 
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From the black line (Fig. 5(b)), we can deduce that it originates from 
the pump spectrum at >1035 nm. Indeed, a spectral hole in the 
pump is observed at 1037 nm (Fig. 4) and is consistent with the 
signature of the decrease in correlation as expected from the 
simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Spectral correlation between the Stokes and Anti-Stokes for a 
power of 18 mW (a) and 24 mW (b). The average spectrum are 
displayed for each cases. The black lines are plotted from the photon 
energy conservation law for several pump wavelengths. 

 
In conclusion, we have shown that the DFT method can be 
implemented to measure the spectral correlation between side 
bands. In the case of a chirped pump pulse, the spectral correlation 
map can be used to infer the pump part that generated the FWM. 
This method is relatively straightforward since it requires only one 
pump pulse without any seed injection. In addition, the statistical 
analysis provides significant new information and therefore the 
DFT method can be used as a highly complementary diagnostic to 
standard spectrometers.  We believe that it will be of prime interest 
for the development of fiber amplifier supporting a very broad 
bandwidth [1].  
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