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We show via a numerical simulation that the temporal coherence function (TCF) can be shaped by the destructive interference of pulses
characterized by different amounts of self-phase modulation (SPM) in the spectral domain. We find that pulse spectra destructively
interfering with one another can yield a TCF with distinct peaks. Numerical investigation demonstrates that the shape of the TCF is
changeable not only by broadening the spectrum but also by overlapping spectra of the pulses that have experienced different amounts of

SPM. [DOI: http://dx.doi.org/10.2971/j€05.2013.13018]
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1 INTRODUCTION

Self-phase modulation (SPM) has attracted considerable
attention because of its potential for applications such as
soliton-based optical communication [1], temporal pulse
compression [2], and fast optical switching [3]. SPM is a
nonlinear phase delay that is proportional to the intensity
of the pulse, and which occurs when a pulse propagates
through a medium with the optical Kerr effect (e.g., an optical
fiber). The first demonstration of the generation of SPM, in a
CS,-filled cell, was reported in 1967; since then, SPM has been
reported in a variety of media with the optical Kerr effect [4].

SPM has been used to contribute spectral broadening to su-
percontinuum generation by introducing a higher-order max-
imum nonlinear phase shift [2]. For example, it has been re-
ported that strong SPM can be used to generate a 4-ps pulse
[5]. A supercontinuum light source was used in a Michelson
interferometer as a primary means of improving the axial res-
olution in optical coherence tomography. In a Michelson in-
terferometer with a white light source, a one-to-one relation-
ship arises between the heights of a reflecting surface and
the peaks of the fringe-visibility curve. Based on the Wiener-
Khintchine theorem, we can increase the sharpness of the peak
of the fringe-visibility curve by broadening the spectrum of
the source, due to their Fourier relationship. A narrow peak
is required because, if two neighboring peaks are sufficiently
wide that they can overlap, the axial resolution of position will
be poor. To improve the axial resolution, a spectrally broad-
ened light source is required. However, the use of SPM to con-
trol the properties of light sources has been largely restricted
to spectral broadening, although SPM is likely to be useful for
other optical applications.
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Theoretically, if the incoming laser pulse is symmetric, then
the frequency distribution of the SPM is also expected to be
symmetric, and the output spectrum should show broaden-
ing and a quasi-periodic shape. The output spectrum can be
classified by the maximum phase shift ¢max = (M —1/2)7,
where M is the number of spectral peaks. The spectral evolu-
tion resulting from changing the power of an incoming pulse
has been experimentally observed [6]. The proposed method
was developed based on the idea of Fourier series expansion
(Figure 1). As is well known, a Fourier series expansion rep-
resents an arbitrary periodic function as a sum of a series of
trigonometric functions. Herein, we consider the possibility
of thinking that SPM is capable of generating a set of basic
(quasi-periodic) frequency-domain modes. These modes are
spectra with different maximum phase shifts. By using these
modes, we can synthesize a spectrum that differs from the
spectrum that can be obtained by applying spectral broad-
ening to a single mode-locked spectrum. We note that these
modes are not orthogonal to each other and that such orthog-
onality is not required in this application.

In this work, we present the result of a numerical simula-
tion to shape the temporal coherence function (TCF) by de-
structive overlapping of the spectra of different self-phase-
modulated Gaussian pulses obtained by propagating through
different lengths of nonlinear fibers. Coherence shaping by
synthesis of light-emitting diodes [7], by optimal spectral re-
shaping of a single light source [8], and by a frequency-
modulation technique [9] have been reported. Recently, spa-
tial coherence function control using the spatial distribution
of a single-wavelength light source has also been proposed,
demonstrated, and applied [10]-[12]. The application of tem-
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FIG. 1 Analogy between a Fourier series expansion and the proposed method. (a) Simplified schematic of a Fourier series expansion

superposition of SPM modes. The character F denotes the Fourier transform.

poral coherence function synthesis can be found in Refs.
[13]-[15]. To the best of our knowledge, very few studies have
been carried on the nonlinear means that can be used to shape
the TCF, and such nonlinear methods are likely to be more
useful for functional metrology applications.

2 PRINCIPLES OF METHOD DESIGN

To explain our scheme, we begin with a general treatment of
SPM, a more detailed version of which can be found in Ref.
[4]. The general solution of the field amplitude of SPM can be
obtained as [4]

E(l,t) = E(0,t) exp[i| E(0, ) [*(I/InL)], 1)

where [ is the fiber length, E(0, t) is the field of the initial pulse
at ] = 0, and Iy is the effective length of the nonlinear fiber.
The length Iy is related to the peak power of the initial pulse
and the nonlinear-index parameters. Using the Fourier trans-
form, the shape of the power spectrum S(1, f), which is spec-
trally broadened by SPM, is given by

S(Lf) =< |[EQ N >=<|FEECLHIF>. @

Here, the character F represents the Fourier transform. <>de-
notes ensemble averaging.

In a Michelson interferometer, the interferometric signal T'(1, t)
is given by the inverse Fourier transform of Eq. (2):

T(Lt) = F S A ©)
The envelope of the interference fringes can be written as:
y(Lt) =T(Lt)/T(1,0) « F-Y< |FIELD]I? >}, @)

Here, T(1,0) =< |E(1,0)|?> > is a constant.

Let us consider the TCF formed by a Michelson interfero-
meter. As shown in Figure 1(b), when the incident light on

. (b) Simplified construction of a TCF using

the Michelson interferometer is a set of pulses that have expe-
rienced different amounts of SPM, the total power spectrum
is a superposition of the corresponding spectra with different
amounts of SPM-induced broadening, which can be written
as a superposition of terms of the form of Eq. (4). For the final
envelope of the interference fringes, we obtain the expression

2

Y FIE (L 1)] )

q

>}

Yot (1L 1) o<« FH<

where g denotes the total number of overlapped pulses. By
using the formula of the multinomial theorem, we can expand
Eq. (5) to

Yy (Lt) <« FHo o+ < |FEn(L )] >
+ < |FIEA(LD]* > +2 < FlEn(L, )] F*[Ea(l, )] >
R }

Here, < |F[En(Lt)]* > and < | F[E4(L,1)]]* > are the mth
and the nth pulse spectra for different SPM values, respec-
tively. Considering the cross-product of the different SPM-
broadened spectra, < F[Eu (I, t)]F*[En(l,t)] >, introduced
us to a new and interesting effect. If there is a 71 phase dif-
ference between F[E (1, t)] and F*[E,(l,t)], the two pulses
will either partially or completely cancel each other out de-
pending on the amount of overlap in the spectral domain. The
fact that this destructive interference between F[E;(1,t)] and
F*[Exn(1,t)] can change the shape of the TCF is verified in the
following simulation.

(6)

3 NUMERAL SIMULATIONS

Modeling of the SPM is performed using the nonlinear
Schrodinger equation [4]. Generally, it is not possible to solve
the nonlinear Schrédinger equation analytically. Therefore,
a large number of numerical methods have been developed
to solve the nonlinear Schrodinger equation to understand
various nonlinear effects (such as SPM, four-wave mixing,
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FIG. 2 Calculated forms of each of the basic spectral modes of SPM and the related autocorrelations. (a) The maximum phase shift is 2.577. (b) The maximum phase shift is 6.57t.

(c) The maximum phase shift is 8.577. (d) The maximum phase shift is 14.577.

and stimulated Raman scattering) that occur during pulse
propagation. The most commonly used numerical algorithm
is the split-step Fourier method (SSFM) because of its good
performance, considering the calculation accuracy achieved
for a given computing cost [16].

Here, we briefly introduce the SSFM. When the pulse spreads
in the nonlinear material it experiences linear effects (dis-
persion, absorption, scattering loss, etc.) and nonlinear ef-
fects at the same time. The difficulty in solving a nonlinear
Schrodinger equation lies in the difficulty of treating the inter-
action between linear and nonlinear mechanisms. The SSFM
approaches this problem using the following idea. First, the
pulse spreading distance in the nonlinear material is divided
into small steps. Next, linear effects and nonlinear effects in
each step are calculated separately in the order of the steps;
the result is given as an input to the next step. The same cal-
culation continues up to the last step. A more detailed expla-
nation of the SSFM can be found in Ref. [4].

On the basis of Eq. (1), we use our simulation to compute each
of the basic modes (namely, spectra with different maximum
phase-shift values) as follows. Because the experimental situ-
ation is as ideal as the simple theory describes, we choose to
simulate the SPM of a laser pulse transmitted through an op-
tical fiber. We selected a symmetric Gaussian-shaped source
with center wavelength A = 1560 nm as our light source. The
pulse width and peak power were set at 100 fs and 0.03 W,
respectively. The nonlinear coefficient of the fiber was set to

be 20 W= km~!. The number of small steps for SSFM was
selected to be 110.

We used a MATLAB-based program to realize the SSFM
method for finding a series of basic modes of SPM. Though
research on optimization of the calculation of the SSFM has
been reported [17], because the computational complexity is
small, the number of steps that the fiber is divided into and
other such parameters have not been optimized. In the simu-
lation, we are not considering the other parameters (for exam-
ple, self-steepening, pulse intensity variation, and dispersion)
that affect spectral broadening. The calculated form of SPM
(see Figure 2) is in good agreement with previous experiments
and calculations [6, 18], confirming our calculation.

We describe the calculation of the overlapping of spectra with
different maximum phase shifts based on Eq. (5). We investi-
gated the interaction between different SPM modes using our
simulation. The maximum phase shift used in our simulation
was limited by the capacity of the computer that we used.

Figure 3 shows the result of shaping of a TCF by combining
the spectra of two pulses, one of which experienced some self-
phase modulation. Because of the destructive interference be-
tween the two spectra, the distance between the first sidelobe
and the central peak becomes larger. As noted in Figure 3(b),
this change of the spectra makes the sidelobe of the TCF move
away from the central peak of the TCF.

Figure 4 shows the result of shaping of a TCF by combin-
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FIG. 3 Spectra and related autocorrelations. (a) Spectra of the initial pulse, the result of propagating the initial pulse, and the result of overlapping the initial pulse and the

propagated pulse. The inset shows that the sidelobe peaks of the spectrum of the combined pulse shift away from the central peak due to destructive interference between

the two spectra. The long dashed double-dotted line shows the peaks of the spectra of the propagated pulse. (b) Autocorrelations of the initial pulse, propagated pulse, and

overlapped pulses. The ratio of the intensity of the pulses is 1:1. The maximum phase shifts of the two pulses are o and 2.57t, respectively.

ing the spectra of three pulses, two of which experienced
self-phase modulation, in differing amounts. We chose the
amounts of SPM based on the following idea. First, we needed
a spectrum without SPM to introduce the central peak of the
final spectrum. Second, two spectra that have experienced
SPM are required to partially cancel their peaks near the center
of the spectrum. As shown in Figure 4(a), the final spectrum
has a central peak and relatively separated sidelobes. We can
confirm that due to the interference among the three spectra,
the correlation function has transformed into discrete peaks.

Here, we provide further explanation of the simulation. In this
simulation, we tried all combinations of different SPM spectra.
We chose as representative figures Figure 3 and Figure 4 to
demonstrate the feasibility of TCF shaping based on the spec-
tral domain destructive interference of pulses that have expe-
rienced different amounts of SPM. Figures 3 and 4 are not the
only possible cases. The simulation results show that each of
the shapes of the TCF resulting from the various combinations
that we tried was distinct. This is because each SPM series has
a different shape. If the amount of SPM is shifted from the se-
lected value (namely, the value that we used in Figure 3 and
Figure 4) but the spectra still maintain a relationship of de-
structive interference, the central peak and side lobes will be
separated. If the spectra are no longer able to maintain the
relationship of destructive interference, the central peak and
side lobes will be merged together. Each of the spectra in the
series has a possibly constructive or destructive interference

relationship with every other spectrum in the series. Conse-
quently, the shape of the TCF has a complicated dependence
upon these intensities and phases, which is not easily summa-
rized. The details are still under investigation. We believe that
if one uses an optimization method with an objective function
(for example, a maximum distance between the first sidelobe
and the central peak of the spectrum of the TCF), this tech-
nique can be effectively used with relative ease of control.

We found that we can change the shape of the TCF by super-
posing the spectra of pulses that have accumulated different
amounts of SPM. We confirmed via numerical simulation that
the shape of the temporal coherence is changeable not only
by broadening the spectrum, but also by overlapping spectra
of the pulses that experienced different amounts of SPM. To
change the shape of the TCF, we need to select the lengths of
the fibers through which the pulses propagate and the specific
values of the pulses’ power. As is apparent, a single optical
pulse propagating through the fiber causes various nonlinear
phenomena. The spectrum of the pulse that undergoes such a
nonlinear phenomenon becomes quite complex. In addition,
further work is needed on the analytical expression for time
coherence shaping. Finally, we emphasize that our approach
is more general than the method of just broadening the spec-
trum of the source to get essentially a modified TCF peak.

We note that the combination of a multiple-arm Michelson in-
terferometer [19] and a spatial spectral interferometry [20] is
a promising scheme for experimental demonstrations of the
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FIG. 4 TCF shaping by combining three pulses. (a) Spectra of the two propagated pulses, and the result of overlapping the three pulses. (b) Autocorrelation of the initial pulse,
the propagated pulses, and the overlap of the three pulses. Due to interference between the three spectra, the autocorrelation function has been transformed into a discrete

peak. All three of the overlapped pulses have the same intensity. The maximum phase shifts of the three pulses are o, 10.577 (the second pulse), and 14.577 (the third pulse),

respectively.

proposed method. It is easy to obtain control over the amounts
of SPM applied in this technique because we can change the
length of the nonlinear fiber by using a piezoelectric element.

4 SUMMARY

To conclude, motivated by Fourier series expansion, we re-
searched the possibility of controlling the TCF by overlapping
the spectra of different pulses, where the set of modes we
chose from were obtained by propagating pulses along differ-
ent optical path lengths, yielding different amounts of SPM.
To the best of our knowledge, this is the first report that in-
dicates that destructive interference between pulses with dif-
ferent amounts of SPM can generate a TCF profile contain-
ing distinct peaks. The results of this investigation show that,
with the appropriate pulse powers and optical path lengths,
the necessary SPM modes can be generated, and combining
the resulting pulses can produces a unique TCFE. Finally, it is
anticipated that this multicomponent SPM-based TCF shap-
ing will be a powerful tool for imaging and metrology.
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