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High-power amplified spontaneous
emission pulses with tunable
coherence for efficient non-linear
processes

Nicolas Valero>*, Denis Marion'*, Jerome Lhermite'*, Jean-Christophe Delagnes?,
William Renard*, Romain Royon* & Eric Cormier’23

We report on a detailed study of an amplified spontaneous emission source operated in a pulsed
regime with particular attention paid to the influence of high-intensity chaotic temporal events on

the generation of nonlinear processes. To this aim, we have developed a monolithic high-power fiber
system delivering partially coherent pulses of adjustable coherence. We also have demonstrated a
non-linear method to characterize the stochastic properties of the source mitigating the bandwidth
limitation of linear techniques. Measured parameters of the source for various configurations are
presented. An enhanced classical model has been established to reproduce the statistical properties of
the source and predict the behaviour when exciting non-linear processes. Finally, a non-linear process
(second harmonic generation) is investigated comparing the efficiency when the process is pumped by
a pulsed beam with maximal and low coherence.

In march 1917, A Einstein formulated the interaction theory of light with atoms. Based on phenomenological'
and quantum considerations?, this theory allows to describe elementary laser physics and in particular the
elementary processes underlying Amplified Spontaneous Emission (ASE)®. According to Einstein’s theory, physi-
cal properties of light sources based on ASE are characterized by electric field (or intensity) temporal fluctua-
tions around a mean value. These sources can be considered as chaotic light sources as for instance “thermal
light” sources or light emitted by a free running laser cavity with a very large number of longitudinal modes*>.
A typical characteristic of these stochastic sources is the low temporal coherence with a photon distribution
following the Bose-Einstein statistic®=®. Since decades, researchers have investigated the chaotic aspect of this
form of light where fluctuations occur randomly creating high-intensity short temporal events®. ASE sources in
the continuous regime™*~'* are very interesting examples of such stochastic light. They have been successfully
used in many applications'*-* including low-coherence interferometry, sensing, imaging, speckle free imaging,
low-coherence tomography, entanglement of photons pairs* and enhanced non-linear optical generation'>*>%.

In 2014, a Japanese team?®* studied the enhancement of second harmonic generation (SHG) in a nonlinear
crystal using a few mW CW ASE low-coherence pump beam centered at 1551 nm wavelength with different
spectral bandwidths. They have demonstrated that the use of a CW ASE pump improves the SHG conversion
efficiency by a factor of two in comparison to pumping with a fully coherent beam, as predicted by the quantum
theory of light®. However, the use of a CW ASE source may reveal its limitation in cases involving higher nonlin-
ear effects or even cascaded nonlinear effects requiring high-peak power accessible only with energetic pulses'.

In this paper, we report, for the first time to the best of our knowledge, on a study of an ASE source operated
in a picosecond pulsed regime and focusing on the influence of high intensity random events on the genera-
tion of nonlinear processes. To this aim, we have developed a monolithic high-power fiber system delivering
partially coherent pulses of ASE. The system includes a CW ASE seeder, spectral filtering stages, amplifiers and
an electro-optical pulse shaper module. This approach provides a versatile tool where many parameters can be
adjusted by the user: central frequency, average power, pulse repetition rate, pulse energy, pulse duration and
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Figure 1. Normalized simulated PDFs of a polarized ASE source. Blue line: PDF simulated with Bose-Einstein
theory for M = 2.5. Red dots: PDF simulated with the enhanced classical model.

most importantly the coherence time. We also have developed a non-linear method to characterize the stochastic
properties of the source. The source is then fully characterized for various configurations. Finally, a non-linear
process (SHG) is investigated comparing the efficiency when pumped by a pulsed beam with a maximal and a
low coherence.

Pulsed ASE source statistical properties

Continuous ASE source modeling. The stochastic properties of an ASE light source can be described by
a statistical model. It has been established from a quantum-mechanical approach, that the measured photon-
count probability distribution corresponds to a M-fold degenerate Bose-Einstein distribution®. Here, the degen-
eracy factor M represents the number of coherence temporal cells influencing the signal captured by the receiver.
As expected, M will depend on the receiver response time compared to the actual coherence time of the source
or equivalently on the electrical bandwidth 8,; of the detection system and the optical bandwidth 8, of the ASE
source. Thus, the probability to detect n photons during an integration time T reads:

P M—F("+M)<1+M)n(1+")M~ MY Mo (M'n) (1)
(7 M) = = T oD 7 M NﬁF(M)(H) P\ A

for large values of 77, where 7 is the mean recorded photon number and I'(x) is the gamma function. Note that
n and % are proportional to the instantaneous laser intensity I(f) and mean intensity Ieq, respectively. Thus,
P(n, 71, M) will be noted P(I) from now on. The degeneracy factor M tends to 1 for 8,, < B on the one hand and
converges toward Bop/ Bei for Bop > 10 B¢ on the other hand. However, the typical values found in our experiment
lie in the intermediate range where B, is comparable to . In such a case, if we assume a chaotic light source
with a polarized Gaussian power spectral density, M can be defined as®®:

Bo 2
_ ”(ﬁ) )
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With erf ,the error function, also called the Gauss error function. For unpolarized ASE the degeneracy factor is
doubled with respect to the polarized case.

However, while the quantum mechanical approach of Bose-Einstein distributions allows a good description
of the photons statistics, the model excludes access to the time dependence of the amplitude and phase and
consequently the intensity of the field. To circumvent this limitation, and being able to predict the propagation
in non-linear media, we have implemented a classical model able to reproduce the temporal fluctuations of the
ASE source. The model considers the source as a completely stochastic radiation resulting from the incoherent
superposition of a large number of discrete spectral modes* covering the ASE spectrum. In contrast to a laser
radiation generated in an optical cavity, an ASE source provides a continuous spectrum. In order to mimic the
latter property our model discretizes the field frequency distribution with a very high longitudinal mode den-
sity. Additionally, each discrete ‘'mode’ is affected with a randomly chosen phase. Finally, the model is refined
by including the limited detection bandwidth of the temporal receiver (see “Methods” for a description of the
enhanced classical model).

Figure 1 shows a simulation of the normalized probability density function (PDF) computed using the
Bose-Einstein model (1) and the enhanced classical model for a typical case of our experiment. The PDF is
plotted as a function of the measured ratio I(t)/Inean (Where I(t) is distorted by the receiver response time).
The very good match indicates that the classical model reproduces accurately the stochastic properties of the
ASE source. Here, the spectral bandwidth is 60 pm at 79 1030 nm (B, = 16.9 GHz) and the electrical bandwidth
Bei = 7.9 GHz leading to a ratio B, /B, of 1.95 and a degeneracy factor M 2.5.
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Figure 2. Degree of second order coherence ¢ (t) (blue dots) of a pulsed ASE source and its decomposition
in the product of the gate intensity correlation function Q(z) (red curve) and1 + | g“) (D) (green curve)
involving the squared degree of first order coherence for various temporal gate durations. Simulated datas with
classical model.

Coherence of a pulsed ASE source. Coherence properties of light fields are essential parameters to
describe stochastic light sources from theoretical and experimental points of view. These properties are well
defined by two temporal continuous correlation functions®*. First, assuming an ergodic stochastic process, the
degree of first order coherence (or field temporal correlation function) is defined by:

(E(E*(t + 1))
(E(@)E* (1))
where 7 is a delay, E(t) is the complex electrical light field. The brackets denote time averaging. In addition,
according to the model corresponding to a Doppler broadened chaotic source (polarized)>® with a Gaussian
spectral distribution, g (z) and the coherence time 7, can be defined as:

g(l)(f) :eiiw(ﬂe_%(fic)z (4)
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—00
where wy is the central frequency of the source. As the spectrum of the source and the first order correlation
function are related through the Wiener-Khintchine theorem, one can deduce the source bandwidth from the
coherence time. In the case of a Doppler broadened source the full width at half maximum bandwidth is given
by Aw = 2/7 /1.+/2log(2) or equivalently for narrow bandwidth by A/ = J2/(2nc) Aw.
Then, defining the instantaneous intensity as I(t) = E(¢)E(¢)*, the degree of second order coherence (or
intensity temporal correlation function) is given by:

I@IE + 7))
{I(1)?
The function g (7) is a major quantity which discriminates chaotic from coherent sources. It has been dem-
onstrated that for a continuous chaotic light source with a large number of emitters and consequently for a

large number of photons, the following simple equation holds between the first and second order coherence
functions®*:

gP@) = (6)

§?@ =gV +1 )

Additionally, one can show that %(2) (t) obeys the inequalities1 < g(z) (0)and g(2> () < g<2) (0)*°. Finally, g(z) (1)
is limited by g(z) (0) =2and g(2 (t) — 1lwhent > 1.

The above description applies to a continuous stochastic source. However, the present work addresses the
properties of an ASE source in which pulses have been carved (shaped by a temporal gating technique) lead-
ing to a chaotic temporal waveform evolving now under a pulse envelop. The coherence properties of such a
source are expected to be affected by the gate parameters such as the pulse duration 7 and/or the pulse shape.
It can be shown that in the case of a pulsed stochastic source, the second order coherence function reads (see
complementary materials):

£ = (1gV P +1) ®)

where Q(7) is the normalized intensity correlation function of the temporal gate with 0 < Q(r) < 1. We report
on Fig. 2 the typical coherence functions associated with a pulsed ASE source for various coherence time .
and gate duration 7 and its decomposition in the product of the gate intensity correlation function Q(r) and
14 |gW ()% Figure 2a refers to a very long pulse and converges toward the typical behaviour of a continuous
stochastic source where g (t) is identically equal to 1 for non-zero delays. The peak observed near the zero delay
is referred to as a coherence peak in the literature?®?’. Its width is related to the coherence time 7, of the source. It
is a direct manifestation of the temporal coherence degradation and the existence of intensity fluctuations of the
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Figure 3. Experimental set-up of the pulsed ASE system delivering up to 20 W of average power.

source resulting from stochastic photon bunching®. Figure 2b reveals the pulsed nature of the ASE source and
corresponds to the experimental cases reported here where the gate is longer than the coherence time. The sec-
ond order coherence shows two main features. On the one hand, the correlation vanishes for delays greater than
the pulse duration following Q(t) which is the intensity correlation function of the gate whose width depends
on the gate duration tg. On the other hand, the coherence peak is still present and inform us on the existence
of field fluctuations within the pulse envelop. Note that in this very case the decomposition in the product of
Q(t) containing information on the gate and 1 + |g(V(¢)|? characterizing the ASE source through the first order
coherence is straightforward. When 7. is of the order of 7 (Fig. 2c), the number of temporal structures leading to
intensity fluctuations within the pulse envelop is very limited and the coherence peak becomes indistinguishable
from the gate correlation function. Finally, as 7. gets greater than tg, the ASE bandwidth is too narrow to allow
any temporal structure to occur within the pulse duration. However, in this case the energy of the pulses carved
in the continuous ASE source will follow a stochastic distribution.

By applying the decomposition explained above, 7. can be directly extracted from g () either by a fit on
Eq. (4) or simply through the integration in Eq. (5).

Enhancement of nonlinearities. Perturbation theory to the first order predicts that a process induced
by a field of intensity I interacting with a non-linear medium with a n-th order susceptibility x ) varies like I".
Compared with a monochromatic source of same average intensity Iqn, a stochastic source can provoke more
efficient nonlinear coupling due to the random occurrence of high-intensity temporal structures. Indeed, con-
sidering a Bose-Einstein distribution P(I) for light sources based on ASE (Eq. 1), the enhancement of nonlinear
coupling for processes of order n scales (if M = 1as:

o0 1 " o I nol -1
/ <7> P(DHdl = / < ) exp ( >dI =I'(n+1) =n, Vn > 0 9)
0 Imeam 0 Imeam Imeam Imeam

where I' is the gamma function®. Equation 9 clearly shows that a sizable increase of order n! can be expected
using ASE sources instead of coherent sources of equivalent mean intensity. Considering for instance the process
of second-harmonic generation, a factor 2 can typically be expected. The enhancement of nonlinear coupling
with incoherent light is already well-known?** but suffers limitations that have been investigated in the litera-
ture for many nonlinear processes?®~*!. The propagation of high-intensity peaks in fibers and nonlinear crystals
can deteriorate this figure, as Eq. (9) also stands for nonlinear processes in these media. Self-phase modulation
coupled to dispersion can significantly affect the high intensity temporal structures, hence reducing the enhance-
ment factor. Let us also emphasize that Eq. (9) excludes saturation and phase-matching conditions and therefore
should be considered as a maximal value.

Experimental set-up

The experimental setup of our all polarization maintaining fiber laser system is depicted on Fig. 3. The system
consists of four cascaded optical processing modules: a switchable front end comprising either a continuous wave
ASE seeder or a single frequency laser, spectral filtering modules combined with a set of low power amplifiers, a
picosecond optical pulse generator with high power amplifier stages and a free space frequency doubling stage.
The single frequency laser is a Koheras (NKT-Photonics) with 10 kHz optical bandwidth. The continuous wave
ASE seeder includes a 10/125 um Ytterbium-doped fiber end pumped through a 2 + 1 — 1 pump combiner
by a 976 nm multimode laser diode delivering up to 10 W of average power. To warrant spontaneous emission
operation and avoid any parasitic lasing effects, one end of the active fiber is angle cleaved and the other one is
spliced to a fibered isolator. A continuous radiation is delivered with up to 1 W average power at 1030 nm with a
spectral bandwidth of 40 nm (11 THz) if injected by the ASE seeder or a bandwidth of 10 kHz if injected by the
single frequency laser.- When operated with the ASE seeder, a fibered tunable optical filter selects a spectral band
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Figure 4. Narrow band configuration of the CW ASE seeder.
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Figure 5. (a) Sampled ASE temporal intensity trace from the ASE seed source (red curve) and from the single
frequency laser (black curve) normalised to the mean intensity (blue line). (b) PDF of the experimental ASE
signal (black dots) and the single frequency laser (red dots) together with the Bose-Einstein distribution model
with M = 2.5 (blue line).

with a minimal bandwidth of 1 nm at any central wavelength between 1020 and 1060 nm with an extinction
ratio of 30 dB. The losses induced by the filtering are compensated by a core-pumped amplifier based on a 6 um
core-diameter polarization-maintaining Ytterbium-doped fiber delivering up to 150 mW of average power. An
additional high resolution programmable filter (Waveshaper 1000 A from Finisar) is then inserted that allows to
select a narrower spectral bandwidth adjustable from 1 nm down to 60 pm (see Fig. 4a) over the entire emission
range with an extinction ratio greater than 35 dB (50 dB close to 1030 nm) as shown in Fig. 4b. The induced
losses are compensated by a core-pumped amplifier delivering up to 200 mW.

The filtered continuous ASE seed signal is further injected in a commercial device (Manny IR Series from
IRISIOME Solutions) able to carve and amplify a train of pulses with a duration as short as 50 ps. The pulse shap-
ing is achieved by means of an electro-optic amplitude modulator driven by a high bandwidth radio-frequency
pulsed signal. The pulse repetition rate can be continuously adjusted from 5 MHz to 1 GHz**-**. The generated
ASE pulsed signal is then amplified through two amplification stages to reach up to 20 W of average power. The
last stage consists in a frequency doubling module built around a 5 mm long type I BBO crystal. The fundamental
signal centered at 1030 nm is focused by a 400 mm focal length lens leading to a 100 um spot diameter in the
crystal. CW ASE temporal traces (Fig. 5) were recorded by a 40-GHz InGaAs PIN photodetector connected to a
8.4-GHz real-time oscilloscope. The overall RF bandwidth of the detection system reaches up to 7.9 GHz. In the
experiments, the ASE power on the receiver was set to &~ 2 mW, to warranty operation in the linear regime. The
Optical spectra (Figs. 4a and 6) were recorded using an Optical Spectrum Analyser with an effective resolution
of 46 pm. Infrared and green mean powers (before and after the doubling stage) were recorded using thermopile
powermeters.

Results and discussion

Linear detection. The first experiment consisted in characterizing the CW ASE signal emitted by the spec-
trally filtered seed module. We have recorded, on the oscilloscope, temporal traces of the signal received by a
photodiode (linear detection). A sample over 10 ns (randomly selected in a 500 s trace) is displayed in Fig. 5a
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Figure 6. Top panels: experimental normalized autocorrelation traces of the pulsed ASE source for 3
different coherence time. The green and red curves correspond to the extracted first order correlation function
(1+1g (1) |?) and the gate autocorrelation Q(t) respectively. The pulse duration is in this case 42 ps. The
coherence time . varies from 3.2 to 22.8 ps. Bottom panels: measured corresponding spectra.

where the instantaneous intensity expresses its chaotic behaviour with clear high-peak intensity temporal struc-
tures reaching several times the average intensity but also decreasing to zero intensity. To better appreciate the
stochastic field evolution, we also plot a sample trace of the single frequency laser where only small fluctuations
around the mean intensity are visible. In order to characterize the ASE source, we have computed the PDF asso-
ciated to the recorded temporal traces as displayed on Fig. 5b for both the ASE source and the single frequency
laser. It should be noted here that the measurements performed with the “linear detection” setup is obviously
biased by the finite response of the detection system'’. In fact, typical optical bandwidth (8,p) are of the order
of tens to hundreds of GHz exceeding easily the electrical bandwidth B, of the measurement devices (100 GHz
for state-of-the-art real-time oscilloscopes) with the consequence that the fastest fluctuations are averaged by
the detection system. Thus, the comparison of our measurements with a theoretical Bose-Einstein distribution
should account for the experimental limitations as detailed in “Continuous ASE source modeling” through the
degeneracy factor M. In the present case, the spectral filtering is set to 60 pm (8,y= 16.9 GHz) and the entire
detection chain bandwidth is limited to 8= 7.9 GHz, leading to a ratio B,/ B of 1.95 and a degeneracy factor
M = 2.5according to Eq. (2). The theoretical Bose—Einstein distribution (normalized Eq. (1)) corresponding to
the experimental conditions is reported on Fig. 5b with an excellent match.

Now, we aim here to shape 50 ps pulses in the continuous ASE signal. In order to make sure wide fluctua-
tions still occur within the pulse envelop (some stochastic behaviour is still preserved), the spectral bandwidth
should be increased significantly. Considering one of the case presented below where the ASE bandwidth is set
to approximately 700 pm, the electrical bandwidth required to properly analyse the ASE properties (i.e. achieving
M close to 1 in Eq. (2)) with a linear detection would exceed 200 GHz, well above the present state-of-the-art.
Access to the source stochastic properties by evaluation of ¢® (t) from experimental temporal intensity traces®
fails in the present case.

Non-linear detection. As explained earlier, stochastic field sources such as ASE are better described by the
first and second order coherence functions g(l) (r)and g(z) (7). In practice, one could use the recorded temporal
intensity waveform I(f) (see Fig. 5a) and compute g(z) (7) from its definition® (see Eq. 6). Unfortunately, since
the measurement of I(¢) is distorted by the finite response of the detector, the computed ¢ (t) will obviously
provide biased statistical properties. However, the direct measurement of ¢‘®(r) is indeed possible. In fact,
short or ultrashort coherent pulses are commonly characterized by means of an intensity or an interferometric
autocorrelator. The signal measured by an intensity autocorrelator is of the form:

Sac(T) /Oo [E(t)E*(t — 7)* dt o /oo I(OI(t — 7)dt (10)
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Coherence peak Coherence peak
Measured bandwidth | Gate integral width Classical model
A [pm] Atg[ps] |zclps] |AA[pm] |z [ps] | Ad[pm] |z[ps] |AZ[pm]
660 43.5 3.16 743 291 807 3.39 693
377 41.7 5.62 418 5.37 437 5.72 410
218 41.1 10.9 215 10.7 219 13.8 170
110 40.8 22.8 103 22.4 105 21.4 110

Table 1. Retrieved pulsed ASE source parameters. The pulse duration At is deducted from the gate
autocorrelation Q(7) and the coherence time 7. is evaluated through 3 approaches: integration of the coherence
peak(l + | g(l) (1) |2) i.e. Eq. (5) (column 3), extraction from the coherence peak width (column 5) and best fit
of the classical model (column 7). The corresponding ASE bandwidth is also given and can be compared to the
measured spectral bandwidth.

It is straightforward to notice that S, (t) is identically proportional to ¢'¥ () defined in Eq. (6) offering a direct
measurement of taa parhe statistical properties of the ASE source. Two important points should be emphasized
here. An intensity autocorrelator consists of a Michelson interferometer to set the delay between the 2 pulse
replicas, a second-order non-linear stage and a receiver. As the sum frequency process induced in the non-
linear crystal is instantaneous the generated beam carries the full statistical information of the source at times ¢
and t — 7 in an unbiased way. Then, the slow detector will simply integrate those fluctuations over time to give
a mean value of the correlation at delay 7. This is a very different situation if compared to the linear detection
case seen above where the response of the “slow” detector was simply damping the fastest temporal structures
of the field thus preventing the measurement of the full information. Measuring an autocorrelation trace of a
CW stochastic beam might be cumbersome as the temporal structures peak power (reaching several times the
average power as shown in Fig. 5b) would be of the order of a W. The pulsed ASE source presented here has been
designed to provide a partially coherent beam with a fluctuating peak power potentially reaching tens of kW.
We thus were able to utilize a commercial autocorrelator commonly used to characterize fs and ps pulses (see
“Methods”).The following measurements have been performed at 13 W average power with a pulse repetition
rate of 300 MHz. The optical gating was set to produce pulses of less than 50 ps. The pulsed ASE source coherence
is adjusted by setting the spectral bandwidth in the seeder. Figure 6 displays recorded autocorrelation traces for
spectral bandwidths ranging from 110 pm up to 660 pm. One can easily recognize the typical shapes (see Fig. 2)
discussed in the theory part in “Methods” with a bell-type curve on which seats a coherence peak. We have then
applied the parametrization presented earlier stating that the measured autocorrelation S () (identical to g (t)
when normalized to 2) can be decomposed in the product of Q(t) with (1 + |g(1)(r)|2). As seen on Fig. 6 the
parametrization is excellent if Q(7) and | g“) (7)|? are assumed Gaussian. A slight distortion is however visible
on the center plot where the autocorrelation is not fully symmetric (see Fig. 6b). This is due to the procedure
of piecing up traces recorded with a 50 ps maximum delay autocorrelator to reach the full delay range of 150
ps potentially introducing inaccuracy. While Q(7) remains rather constant, the coherence peak |g( (7)|? gets
narrower with wider spectra. The source characteristics have been extracted from the parametrization and are
given in Table 1 for 4 different spectral bandwidth. At corresponds to the FWHM of the pulse (carved temporal
gate) and is deduced from the width of Q(7) (autocorrelation width) assuming a Gaussian temporal gate. The
coherence time 7. of the pulsed stochastic source is extracted through 3 different methods. The first evaluation
is a direct integration of| g(l) (7)|? (Eq. 5). The second approach extract 7, from a fit on Eq. (4). Finally, we have
simulated the autocorrelation traces with the enhanced classical model. 7. is given here as providing the best fit
on the experimental data. First of all, the technique provides a robust evaluation of the pulse duration, which is
identical in all cases, with a value around 41 ps. Note that the gate can be extended to longer pulses if necessary.
Then, the 3 approaches to determine the coherence time give reasonably similar results for values ranging from
3.16 ps to 22.8 ps. A deviation is however noticeable for the largest bandwidth (shorter coherence time). This is
due to the distortion of the amplified spectrum whose shape diverges from a Gaussian (one of the assumptions
in the analytical development) and becomes triangular as can be seen on Fig. 6a.

Enhanced SHG. In this last part, we explore and demonstrate our system capabilities in terms of nonlin-
earity (“Enhancement of nonlinearities”). To this aim we compared second harmonic generation (SHG) in a
nonlinear crystal successively pumped by high and low coherence pulses. The frequency conversion is achieved
ina 5 mm BBO crystal (see Fig. 3). The high coherence source is obtained by injecting the single frequency laser
in the Manny system (Fig. 3). Since the seed is continuous, the carved pulses of 41 ps are transform limited lead-
ing to a coherence time of 61.7 ps (a bandwidth of 38 pm). The partial coherence source is obtained by injecting
the filtered ASE seeder. The case here corresponds to a coherence time of 5.6 ps (the 377 pm case in Table 1).
All other parameters (average power, pulse duration, repetition rate and central wavelength) are kept identical.
The converted power is compared on Fig. 7. As expected, the transform limited pulse case (high coherence) for
which the peak intensity is well defined, follows a quadratic behaviour characterizing a second order non-line-
arity. A quadratic behaviour is also observed for the ASE source although the peak intensity is now a stochastic
distribution. However, the power converted is significantly higher in the case of ASE as predicted by the theory
(see Eq. 9). On Fig. 7b we have plotted the ratio of the measured SHG power for both cases. For all input average
power, a factor of 2 is found in accordance with the theoretical value of 2!.
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Figure 7. SHG of the pulsed partially coherent sources. (a) Black symbols: high coherence pulses. Red symbols:
ASE pulses. Blue lines: quadratic fit. (b) SHG ratio between the high and low coherence pulses.

Finally in this proof of principle experiment, we have shown that ASE pulses are twice as efficient in wave-
length conversion through SHG if compared to transform limited pulses with identical mean photon flux. This
was known to be true for continuous wave sources but it still is valid for pulsed stochastic sources. While several
tens or hundreds of W of instantaneous power is at reach in a continuous regime of ASE, powers of kW to GW
can be envisioned in a pulsed regime depending on the pulse duration and the pulse repetition rate. It thus paves
the way to the possibility of producing efficiently stochastic sources in the visible with adjustable coherence
properties either in waveguides or in bulk materials.

Conclusion

In this paper, we have presented a detailed study on the realisation of a high power partially coherent source
based on an all-fibered pulsed ASE MOPA system. The system allows to tune the central wavelength (from 1020
to 1060 nm), the coherence time (from 3 to 23 ps), the average power (up to 13 W), the pulse length (from 40 ps
to few ns), the repetition rate (from 5 MHz to 1 GHz) and lead to a complete control of the peak power random
distribution. As the source characterization is no longer possible in the pulsed regime with a linear detection,
we have proposed a diagnostic able to fully characterize the random properties of the pulsed ASE source by
means of a non-linear detection method. Also, a classical model has been developed which provides the electric
field matching the statistical properties of the experimental pulsed ASE source. Finally, we have demonstrated
the expected factor of 2 enhancement of the SHG process when pumped by the pulsed ASE source. The latter
openings the path to investigation of non-linear processes with such a source. For instance, according to theory
(Eq. 9), four wave mixing (FWM, a third order non-linear process)* using ASE pulses would require 6 times
lower power to reach the generation threshold. Additionally, since the temporal coherence of the ASE pulses is
controllable, one could use it to manage stimulated Raman scattering (SRS) or stimulated Brillouin scattering
(SBS) in nanosecond pulses. More recently, we found an interest of high-energy low-temporal-coherence broad-
band light pulses in high-density physics, in particular for inertial confinement fusion (ICF)*.

Methods

Classical model for ASE. In this paper, we model the ASE much like what was previously documented?.
We generate a vector S of N = 224 points representing the spectrum of the signal centered at 1030 nm ( fo = 291.3
THz). The frequency note increment §f (10 kHz) is chosen so that the time window covers a duration of T = 100
ns. The actual spectrum is then populated by generating random numbers for the spectral phase (uniform distri-
bution between 0 and 277) and spectral amplitude (uniform distribution between 0 and 1) on a variable spectral
window Af, while the other components remain zero. Af can be varied between 0 and Afjnac = min (N x 10
[kHz] / 2, fy) to avoid spectral folding which could perturb the following statistical analysis as well as non-causal
negative frequencies. The values used for this work (bandwidths less than 1 nm) are typically much smaller than
Afnax. The complex (non-dimensional) field E(¢) is obtained by carrying out a Direct Fourier Transform (DFT)
on S. The time increment is T/N = 0.95 fs. Afterwards, we calculate the time-domain intensity vector I as the
square modulus of E(t).

The input signal of a photodiode is supposed proportional to the light intensity I, with a proportionality
factor taken as 1 (non-essential for the following steps). To simulate an accurate voltage law I (¢) at the output
of the photodiode, 1 is filtered with the appropriate low-pass filter: I is first Fourier-transformed and its DFT is
multiplied by the DFT of the impulse response of the photodiode and/or the oscilloscope. This impulse response
is built as such: first, a linear ramp up to 1 during 150 fs (rise-time of the photodiode) then a slow exponential
decrease towards 0 with a time constant corresponding to the cutoff frequency fc at -3 dB of the photodiode
(typ. fc = 8 GHz in our experimental setup). The result is then inverse-Fourier-transformed to form the fil-
tered response Ify; (t). The numerical SPD of I (¢), P(I), is presented in Fig. 1. It is obtained by computing the
histogram of I, = Iy (t)/{Ifir) on 200 regularly-spaced bins, where <> denotes here the numerical average,
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and normalizing the obtained vector by NdIm where dIm is the width of the bins. With this normalization, the
numerical integration of P(I) - dI,,, is equal to 1, as required for a SPD.

The second order coherence function (intensity autocorrelation) graphs presented in Fig. 2 are computed
numerically as F~! (F(X)?) where F is the DFT operator. For the continuous ASE, X = I,,(t) and for the gate,
X =G(@).

As can be seen on Fig. 1, the model describes the Gaussian distribution of the ASE very accurately down to
P(I) ~ 107%(I,;, < 6). Below this value, the occurrences of very high overshoots become too seldom in the time
sample (about 10 occurrences on a total of N & 10° points) to be accurately counted in the histogram.

As shown in Table 1, this model also accurately describes the coherence peak of the ASE. This suggests,
although not entirely proves, that not only the distribution density but also the temporal behavior of E(t) is
correctly simulated. Hence, in contrast with an approach exclusively based on the statistical description of I(¢)
starting from the degenerate expression of the Bose-Einstein distribution Eq. (1), this model describes the tem-
poral phase of the noise, and can generate valid input conditions for the linear and nonlinear simulation of the
propagation of the ASE in nonlinear simulation of the propagation of the ASE in fibers. The shape of the spectrum
can be adapted by multiplying S with the desired profile, for instance a Gaussian curve of desired FWHM. As
expected, the statistical behavior remains unchanged, and the coherence peak evolves correspondingly.

Autocorrelation reconstruction method. The near-infrared (NIR) autocorrelator used is an “A.PE
Pulse Check” device with a measurable pulse width range from 50 fs to 35 ps. The pulse gating technology
used in our set-up generates pulses of 40 ps. The pulses can therefore not be measured directly. Instead, the
autocorrelation is measured piecewise setting the Michelson delay at 3 different positions around the zero delay
and recording the signal over the scanning range paying attention to sufficient overlap. The full trace is then
reconstructed by concatenation of the 3 partially overlapping scans. This manual process introduces inaccuracies
leading to slightly asymmetric traces as in Fig. 6 (center) for instance (Supplementary information S1).

Data availability
The data generated and/or analysed during the current study are available from the corresponding author upon
request.
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