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Abstract This article reports that spectral phase coherence in the supercontinuum
in long pulse regime can be measured simply and effectively by using an interference
technique with the help of a Mach—Zehnder interferometer. It is also demonstrated
that chromatic dispersion on the fringe visibility of interference spectral patterns is
overcome in the setup. The technique is applied to characterize supercontinuum
spectral phase coherence in a highly non-linear optical fiber with different input
conditions: unseeded, coherent seeded, and incoherent seeded picosecond pumps. The
results confirm the phase coherence characteristic predicted theoretically in previous
studies.
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1. Introduction

The stability of supercontinuum (SC) broadening in non-linear optical fibers has recently
drawn great interest because of important applications in low-noise and high-power
broadband source development [1, 2], as well as in the research of rogue wave instabilities
[3, 4]. Quantitatively, the stability of SC generation is described through the normalized
degree of spectral phase coherence introduced by Dudley and Coen [5] and the statistical
higher-order moments that represent shot-to-shot spectral intensity fluctuations [6]. These
noise properties have been fully characterized in theoretical simulation for both long and
short pump pulses as well as for anomalous and normal dispersion regimes [5-9].
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In experimentation, although the spectral intensity fluctuation can be measured efficiently
in real time by using the time stretch dispersive Fourier transform technique [9], phase
information is lost in this measurement. Several interference-based techniques have been
proposed to measure the phase noise characteristic in the femto-second regime, such as
Young’s interference of independently generated SC from two different non-linear fibers
[10, 11] or delayed pulses Michelson interference method [12]. Experimental results in
these works confirm a degradation of the phase coherence when increasing the pulse width
in the femtosecond regime, theoretically predicted in [8].

While the dynamics of SC generation in the femto-second regime is originated from
soliton fission in the case of anomalous dispersion, the dynamic in the long pulse regime is
initiated by noise-driven modulation instability. This leads to a destruction of phase
coherence outside the self-phase modulation (SPM) dominated region regardless of the
input pulse width. The phase noise characteristic has been previously shown to be
improved by adding a weak co-propagating seed to create an initial narrow-band modula-
tion on the pump [13, 14]. Moreover, the noise properties have been studied in numerical
simulation under various modulated conditions of the pump pulses, including coherent
continuous-wave (CW) seeded pump and incoherent CW seeded pumps [14, 15]. Another
approach to complete characterization of SC coherence using second-order coherence
theory of non-stationary light was proposed by Genty et al. [16]. The quasi-coherent
and quasi-stationary parts in the SC as well as their relative contributions are theoretically
explained in this approach. Although several measurements for phase coherence have been
done in the femto-second regime [12], few experimental measurements have been reported
in previous studies to confirm the theoretical predictions of phase coherence in the long
pulse regime.

This article makes a detailed review of the delayed-pulses interference-based techni-
que and shows that this technique is efficient and reliable to measure SC phase fluctuations
in the long pulse modulation instability regime. Also demonstrated, both in simulation and
experimentally, is a direct relation between the free fringe visibility of the averaged
interference spectra of two delayed subsequent pulses and the degree of spectral phase
coherence. A particular originality of this work is that the modulation instability spectral
phase coherence is measured experimentally at different pulse widths of picosecond-
pulsed pumps by the new technique. The measurement is implemented on the beginning
of the picosecond regime where the phase coherence has not been totally destroyed. It is
also demonstrated that the influence of chromatic dispersion (CD) on the measured results
is negligible. Finally, experimental perspectives of the technique are shown by calculating
fringe visibility in numerical simulation that models the proposed technique under various
modulated conditions of the input pulses: coherent and incoherent seeded pulsed pumps.
The results show good agreement between simulation and experiment and confirm the
phase coherence characteristics predicted theoretically in previous studies.

2. Experimental and Numerical Results

2.1. Experimental Setup

The experimental setup is shown in Figure 1. Picosecond pulses at 1,564 nm and a 500-
MHz repetition rate are amplified by an erbium-doped fiber amplifier (EDFA;
ACCELINK, TV-23) and injected into a 50-m highly non-linear fiber (HNLF; YOFC,
NL-1550-POS) through a polarization controller (PC). The HNLF has a non-linear

coefficient y of 10.5 W 'km ', second-order dispersion parameter 8, of —3.2 ps’km ',
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500 MHz

1564nm OSA

Figure 1. Experimental setup (WS: waveshaper).

and third-order dispersion parameter f; of 0.042 ps’km'. The corresponding zero
dispersion wavelength is at 1,455 nm. The pulses at the input of the HNLF are character-
ized by an auto-correlator and an optical spectrum analyzer (OSA; ANDO, AQ6317B) to
have a time-bandwidth product of 0.45. SC spectra at the HNLF output are then recorded
by the OSA. To measure the spectral phase noise, the generated SC trains are injected into
a Mach—Zehnder (MZ) interferometer consisting of two unequal arms. The optical path
difference between the two arms is nearly equal to the distance between consecutive
pulses. In this particular experiment, the longer arm is set to have an exact delay time of
2Ty + At, where Tj (~2 ns) is the period of picoseconds train pulses, and Af is an adjustable
delay time that can vary with an interval of 0.01 ps by using an optical delay line
(ODL-100-11-1550-9). The interference spectra between the pulse in the short arm and
its second consecutive pulse with delay time Af in the longer arm are finally retrieved by
the OSA. The spectral phase noise can be analyzed from the interference spectra as
explained next.

2.2. Theory and Numerical Approach

To identify the relation between the MZ interference spectra with the spectral phase noise,
consider E,, () as the amplitude of the nth pulse at the output of the short arm. Since there
exists a delay time of 27, + Af between the two arms, the pulse in the short arm will
overlap with the (» — 2)th pulse in the long arm. The signal at the end of the MZ
interferometer will be

E(t) = En(t) + En_z ([ =+ Al‘)eiwo(zToJrAt). (1)

Note that Eq. (1) uses a time coordinate co-moving with the nth pulse. The Fourier
transform of the temporal amplitude will be then

E(w) = Ey(0) + E,_y (@)l Are2TotA0] )

where E(w) is the Fourier transform of E(¢). To take into account the intensity and phase
noise, the (n — 2)th pulse is related with the nth pulse by

E,_» = E,(1 + AE)e™™, 3)

where AE and Ag are responsible for the intensity and phase fluctuation, respectively.
The final overlapping spectrum (I = EE*) is then given by
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I =1,(2+2AE + AE?) + 21, cos[wAt + wg(2AT, + At) + Ag)

+ 21, AE cos[oAt + wo(2ATy + At) + Ag). ®)
The second and last terms on the right-hand side (r.h.s.) of Eq. (4) lead to interference
patterns of the spectrum at the end of the MZ loop. Since the last term is one order smaller
than the second term, interference characteristics, such as the period and the maximum
peak position, will be mainly governed by phase difference Ap and time delayAz.
Particularly, interference spectra have period of 2z/A¢, and the maximum peaks are
situated at frequency of (2zm — (wo(2ATy + At) + Ap))/At. This means that spectral
phase noise Ag leads to a jitter of the interference pattern, thus reducing the free fringe
visibility of the interference spectrum measured by the OSA, which is an average of
thousands of shot-to-shot interference spectra. In consequence, the free fringe visibility of
the averaged interference spectrum can be used to quantify the spectral phase noise.

To model the statistics of SC generation, including dispersion, self-steepening, and
Raman scattering, generalized stochastic non-linear Schrodinger equation (GNLSE) equa-
tions [17] are used:

ik Vs . t
%—izl%g—;:w@ +Lﬁ) X {A(m)J R()A(z,t — ) dl' |, (5)

> wo Ot

where 4 = A(z,t) is the electric field envelope, f;, denotes the k-order dispersion
coefficients at center frequency wg, and 7y is the third-order non-linear coefficient. The
response function R(¢) = (1 — fx)o(¢) + frhr(t) presents both instantaneous electronic and
delayed Raman contributions, in which fz = 0.18 for the silica glass and Ay is the
experimentally determined Raman response of silica fibers.

2.3. Results

An important statistical parameter that is usually used to quantify the phase noise is the
normalized degree of spectral phase coherence introduced by Dudley and Coen [5] and
defined as

Ef(w Ei(®))..;
gy (@) = L(z»f (©6)
(IE@)P)

where the < >;.; operator denotes averaging over an ensemble of independent SC
spectra E;(w) . A detailed study of this relation is now made in SC generation with
different input conditions. First investigated are the phase noise characteristics of SC
spectra generated from picosecond pulses described in the experimental setup in
Figure 1. Since SC generation in the picosecond regime is initiated by noise-driven
modulation instability, the spectral phase coherence should be strongly degraded or totally
destroyed. In the present experiment, cases where the phase coherence has not been totally
destroyed yet is considered by adjusting the pulse width at only several picoseconds.
Particularly, a tunable filter (Finisar Waveshaper 4000S) is used to set the pulse width to
be 4.3 and 2 ps with corresponding powers of 14 and 7 W, respectively. The mechanism of

coherence can be estimated through input soliton order N = (yPoT¢ /|5,]) "2 and soliton
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fission distance Lg~Lp /N, where Lp =T, g /1B, is the dispersion length [8]. When the
fiber length is smaller than the fission distance, and pump pulses propagate over a fraction
of a soliton period and reach the maximum broadening before soliton fission can occur,
modulation instability gain of the noise background will take place, leading to degradation
of coherence. In the present experiment, an input 4.3-ps pulse is associated with N ~ 29
and L ~ 199 m, whereas for a 2-ps pulse, N ~ 10 and Lg, ~ 125 m. Since these
calculated fission distances are longer than the fiber length of 50 m in the experiment, and
the characteristic scale of the SPM (~14 m calculated using formula Ly; = 1/yP), the SC
generation will be in the modulation instability regime. Moreover, the coherence degree in
the case of 2-ps pulses should be improved comparing to the other due to the smaller
fission distance.

Figure 2a shows experimental and numerical results for SC spectra at the end of the
HNLEF, interference spectra after the MZ loop, free fringe visibility, and simulated spectral
phase coherence for the case of input pulse width of 4.3 ps. In Figure 2a (a4), 500
individual realizations of SC spectra at the end of the HNLF with different initial random

(a) FWHM = 4.3 ps (b) FWHM = 2 ps
Expt. =-=--- Sim. Expt. ===-- Sim.
1.0

8

=

o

2

o

(&]

Visibility V

Spectrum (dB) MZ Spectrum (dB)

M 1 i 1 i M
1535 1550 1565 1580 1595
Wavelength (nm) Wavelength (nm)

1525 1545 1565 1585 1605

Figure 2. Experimental and numerical results of SC characteristics for two cases: (a) input pulse
width of 4.3 ps and (b) input pulse width of 2 ps. From bottom to top: SC spectra, MZ interference
spectra, free fringe visibility 7, and coherence.
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noise from the simulation ensemble as well as their mean are plotted. Note that in
simulation, input EDFA noise, asymmetric properties of input pulses, and single-mode
fiber (SMF) segment (D = 17 ps.nm 'km ™', y = 1.3 W 'km ") before the HNLF are taken
into account. MZ spectra in Figure 2a (a3) has interference patterns with a period of 0.124
nm that corresponds to the delay time of 405 ps, as explained in Eq. (4). Good agreements
between the simulation and experiment in Figure 2 demonstrate the ability to use the
proposed numerical model to study statistical properties, such as intensity fluctuation and
spectral phase coherence. Degradation of the measured fringe visibility compared to that
simulated in Figure 2a (a2) is due to misalignment of the polarization state between two
MZ arms and pump pulses jitter. Another important reason causing this difference between
the experiment and simulation is the limitation of the sensitivity of the OSA due to the fact
that powers of wavelength components decrease rapidly when they are far from the center
wavelength, as can be seen in Figure 2a (a4). Particularly, the intensity at 1,585 nm is 30
dB smaller than the center wavelength intensity. Note that spectra in Figure 2 are normal-
ized to the maximum intensity.

Despite this small degradation, direct correspondence between the visibility and
spectral phase coherence are demonstrated through their perfect similarity as observed in
Figure 2a (a2 and al) in which phase coherence is good in the SPM region (1,555-1,570
nm) but degrades quickly outside. Influence of noise-driven modulation instability and
soliton fission in SC generation to the phase coherence is experimentally demonstrated in
Figure 2b, where the input pulse width is reduced to 2 ps. In this case, SC generation is
closer to the femtosecond regime and soliton fission plays a more important role. In
consequence, good phase coherence is maintained over a broad range from 1,530 to 1,600
nm, which is much broader than the previous more direct correspondence between the
fringe visibility and spectral phase coherence.

A positive point in the experimental setup is that influences of the overlapping
between different spectral frequencies caused by CD on the fringe visibility are negligible.
This is due to the structure of the MZ loop used in the present setup that consists of a
segment of SMF of length L; in the first arm and a segment of SMF of length L,
associated with a free space delay line of length d in the second arm. The condition
L, > L, assures that internal interference between spectral frequencies caused by CD can
be ignored. To demonstrate this, consider interference of a continuous broadband signal
after propagating through the MZ loop. The spectrum of the combined beam of electric
fields £; and E, in two arms can be calculated as done in [18]

I(w) = |Ey + Ea|*1 + cos(4), (7)
where
$() = [ (o) AL + T)(@ — 00) + 3 fa(on) Lo — on)’ + .., ®
0 7] d
A=L-L, p=0 =P = ©)

From Eq. (6), the spectrum /(w) will show local maximum and minimum when ¢ = nzx.
The crucial condition that governs if the interference caused by CD is important or can be
ignored is that the term A4 = B,(wo)AL+ T on the rh.s. of Eq. (7) can reach 0 by
adjusting the optical delay 7 or not. In this particular setup, A is always much
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different from 0 because AL > 0 ; the frequency period of the fringe will be Aw =
n/ (B (wo)AL + T)~nmvy/ AL, where v, is the group velocity. This period is calculated
to be smaller than 0.0008 nm in this case, which is much smaller than the OSA resolution
of 0.015 nm and the fringe period caused by interference between two delayed pulses
observed in this experiment (>0.1 nm). The influence of CD in the MZ loop on the fringe
visibility is therefore negligible.

In the explanation of Eq. (4), it is seen that spectral intensity fluctuations also influence
the interference patterns and, thus, the measured visibility. To illustrate more clearly that the
contribution of the intensity fluctuation to the visibility is much smaller than the one from
phase coherence, Figure 3 shows a comparison between the visibility and intensity and
phase noise characteristics for three cases: unseeded (Figure 3a), coherent CW seeded
(Figure 3b), and incoherent seeded (Figure 3¢) SC generation. Although spectral broadening
and fluctuation of these three cases are well investigated in other publications [6, 7, 16], a
confirmation of phase noise characteristic by measuring fringe visibility of interference
spectra has not been done. Subfigures from the bottom to the top of Figure 3 represent,
respectively, spectral intensity, coefficient of variance Cv, spectral phase coherence g;,, and
fringe visibility V. Definition of coefficient of variance Cv is presented in [6], and the
corresponding physical significance is related to intensity fluctuations. The input pulse
width is increased to 6 ps to assure that the SC mechanism is completely in the long pulse
regime, where SC generation is initiated mainly by the noise-driven modulation instability
(MI). The input pulse and seed powers are, respectively, 7 W and 0.7 mW. The incoherent
seed is an arbitrary spontaneous emission (ASE) signal with a bandwidth of 1 nm. As

(a) No seed (b) CW seed at 1554 nm (c) ASE seed at 1554 nm
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Figure 3. Subfigures from bottom to top represent, respectively, spectral intensity, coefficient of
variance Cv, spectral phase coherence g5, and fringe visibility V for three cases: no seeded, coherent
CW seeded, and ASE incoherent seeded SC generation. The input pulse width is 6 ps.
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described in [7, 8], the unseeded SC spectrum in this regime has high intensity fluctuations
(high Cv) and extremely low phase coherence (low g;,) outside the SPM region (see
Figure 3a). Inversely, when the pump is seeded by a coherent CW, both intensity and
spectral noise are much improved, as shown in Figure 3b (low Cv and high g;,). In these
figures, very good agreement is also seen between visibility V" calculated from MZ inter-
ference spectra and the phase coherence. The ability to use the fringe visibility for represent-
ing the phase coherence regardless of intensity fluctuation is clearly demonstrated in
Figure 3c, where the pump is seeded by an incoherent ASE seed. In this case, although
the intensity fluctuation expressed through Cv is much more improved compared to the
unseeded case in Figure 3a, fringe visibility V still agrees well with the phase coherence,
which indicates a total destruction of the phase coherence outside the SPM region.
Calculated values of the visibility in Figure 3 confirm theoretical estimation of phase
noise properties of seeding SC generation in previous publications [6, 7, 15].

3. Conclusions

It has been shown that the delayed-pulses-based interference technique is efficient and
reliable to determine phase noise properties of SC. By using an MZ interferometer with
length difference between two arms equal to several pulse periods, the average of
thousands of interference spectra between two different particular pulses can be recorded.
Numerical and experimental results not only demonstrate great correspondence between
the fringe visibility of averaged interference spectra and spectral phase coherence but also
show that influence of intensity fluctuations to the measured visibility can be ignored.
Finally, the visibility for different SC generation cases was calculated—unseeded, coherent
CW, and incoherent ASE seeded SC generation—and the results confirm the phase
properties numerically calculated in previous publications.
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