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In this numerical work, a Mach-Zehnder interferometer device with sample and reference arms composed of
microstructured chalcogenide optical fibres with AsSe, core and As S, cladding is presented to generate single and
double pulses. An unchirped hyperbolic secant-shaped pulse with enough high peak power centered at 1958 nm
wavelength and a continuous wave with a very weak power level at 2070 nm wavelength are simultaneously intro-
duced into the sample arm, in which stimulated Raman scattering and strong cross-phase modulation induced by
two co-propagating waves give rise to a significant phase shift for a continuous wave. In the reference arm, the contin-
uous wave directly passes through the fibre, where the transmitted wave has a slight phase shift due to the influence
of self-phase modulation. Therefore, at the output port of the configuration, the re-combined optical fields at 2070 nm
wavelength have a significant phase difference. As a result, both single and double pulses caused by the optical inter-
ference at the output port are achieved by judiciously adjusting the phase difference which is mainly controlled by
the peak power and temporal width of the input optical pulse, as well as the length of a microstructured optical fibre.
In addition, both widths of the single pulse and spacing of the double pulses are directly dependent on the temporal
width of the input pulse and the fibre length of the arm.
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1. Introduction

The Mach-Zehnder interferometer (MZI) as
a classical optoelectronic device has extensively
been presented to perform various optical func-
tions such as wavelength conversion [EI], logic
gates [ﬁ], optical switching [E], optical delay [H4],
sensor [E], amplifier [E] and microwave filter [[f].
Generally, in order to compact the setup and en-
hance the nonlinear behaviours of transmission
lines, some highly nonlinear elements including
a semiconductor optical amplifier (SOA) [E], sili-
con [], lasmonic [@] as well as photonic crys-
tals [, ], etc. are implanted into the arms of

the MZI configuration. Therefore, various kinds
of highly nonlinear materials assisted MZI de-
vices have been intensively studied to improve
the working performance in recent reports, in
which one can see that the main aim of MZI is
to induce the phase shift of a propagating wave
in the arm line, resulting in the effective interfer-
ence effect for the recombined waves owing to
their phase difference at the output port. Here, it
is shown that the presented MZI devices are well
compacted owing to the applications of various
kinds of highly nonlinear optical materials.

In the family of highly nonlinear elements,
the AsSe, core microstructured optical fibre (MOF)
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has been proposed and demonstrated to achieve
supercontinuum (SC) generation [], and
stimulated Raman scattering (SRS) due to its
strong nonlinear coefficient that is about three or-
ders of magnitude higher than that of a conven-
tional glass fibre []. In addition, compared to
other cases in semiconductor materials, e.g. SOA
and silicon, the influences of free carriers and
nonlinear photon absorptions on the transmis-
sion waves are not applicable for the AsSe, core
MOF which also has a strong nonlinear coefficient
compared to that of the conventional optical fibre.
Obviously, the AsSe, core MOF is very advanta-
geous to compact the optical device and realize
various functions.

Hence, in order to further explore and present
the MOF related applications, the AsSe, core MOF
based MZI configuration is proposed to produce
single and double pulses in this work, in which
the highly nonlinear MOFs as phase shift lines are
implanted into the two arms of MZI. The optical
properties including the temporal width, pulses
spacing and frequency chirp of the outcome pulse
are directly dependent on the length of MOE
the temporal width and peak power of the input
optical pulse. In reality, the techniques of pulse
generations are very interesting subjects, accord-
ing to Refs. [], in which various interference
devices, e.g. MZI configurations, have been uti-
lized to obtain new optical pulses. From these re-
ports, one can find that the achieved results have
obvious competition abilities and advantages for
generating pulses. However, compared to these
attained results, the method of pulse generation
presented in this study has outstanding advan-
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tages such as a compact structure, negligible car-
rier effect, symmetrical shape, controllable pulse
width and spacing, as well as flexible operation. In
addition, the generated pulse can also be centered
at a different wavelength by changing the wave-
length of the input continuous wave. In this study,
the pulse generator employing the AsSe, core
MOF based MZI device is shown to have some
potential applications, e.g. the measurement of in-
directly modulated terahertz (THz) pulse [@] and
harmonic generation [@].

2. Device and theoretical framework

The setup of the single and double pulses gen-
erator based on the MZI structure, employing
the MOF with a 2.6 ym core diameter in two
arms, is illustrated in Fig. , in which the work-
ing principle is given as follows. Firstly, the initial
continuous wave labelled as ‘B’ which is centered
at the wavelength A, is equally divided into two
parts (B, B,) by the fibre coupler C, with the 50/50
power splitting ratio. The continuous wave B, di-
rectly passes through the reference arm, in which
its nonlinear phase shift mainly caused by self-
phase modulation (SPM) is very slight, resulting
from the low power level for the input continuous
wave. It should be pointed out that other nonlin-
ear effects, e.g. SRS, can also be ignored as a result
of low power for the propagating wave. Another
part B, of the continuous wave is entered into
the sample arm after it passes through the cou-
pler C,, having the 50/50 power splitting ratio.
However, in order to enhance the nonlinear phase
shift of the propagating beam at wavelength A,
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Fig. 1. A schematic diagram of the MOF based MZI configuration for generation of

single and double pulses.
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an input pulse labelled as ‘A’ centered at A, is also
launched into the sample arm via the coupler C,,
in which the split pulse is labelled as A. In
the sample arm, both the pulse and continuous
wave are co-propagating along the MOF line, in
which because of the combined influences of dis-
persion, SPM, cross-phase modulation (XPM)
and SRS, the total phase shift of the continuous
wave can be rapidly increased. Finally, the output
beams from the sample arm and the reference arm
are, again, recombined through the coupler C,
whose power splitting ratio is also equal to 50/50.
As a consequence, the recombined waves centered
at wavelength A, produce a strong interference
effect owing to their significant phase difference
A®. Here, only one output port of the MZI de-
vice is selected as the output port, as shown in
Fig. . Therefore, according to the interference
mechanisms, the outcome power is enhanced for
the constructive interference, i.e. A® = 2k (k= 0,
1, 2...), and the output power is equal to zero as
a result of the fully destructive interference, i.e.
A® = (2k+ 1) (k=0,1,2...). Therefore, by prop-
erly adjusting the phase difference between the re-
combined two waves at A, both the single pulse
and the double pulses can be achieved, respectively.

Through the couplers C, and C,, the output am-
plitudes B, and B, for the continuous wave B and
the splitting amplitude A for the input pulse A  are
described as

B, =i/l -a,B,, (1)
B, =Ja, {a,B,, 2)
A =i1-a,A, 3)

Here, a, (=0.5) and a, (=0.5) are the power
splitting ratios of couplers C, and C,, respectively.
After the amplitudes B, B, as well as A are, re-
spectively, launched into the MOF lines, the evo-
lutions of the pulse and the continuous wave in
the sample arm can be, respectively, described by
the corresponding transmission equations, writ-
ten as

. 2
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Here, both A and B are the amplitudes of
the propagating pulse and the continuous
wave, respectively. z is the distance of propaga-
tion, T = t-z/v , is the retarded time-frame, d =
1/v,,~1/v,, is the walk-off parameter resulting
from the group-velocity mismatch between two
propagating beams, and v, and v, are the group
velocities of wave A and wave B, respectively.
In this case, v , is smaller than v .. f, represents
the coefficient of the group velocity dispersion.
y is the nonlinear coeflicient, and f, denotes
the fractional Raman contribution. g, and g, are
the Raman-gain coefficient at 1, and A,, respec-
tively. It should be pointed out that the linear loss
in the MOF is not considered due to the rela-
tively short MOF in the calculation. In the refer-
ence arm, only self-phase modulation will pro-
duce a weak influence on the propagating wave
B with a weak power level. Obviously, at the end
of the MOF of the sample arm and the reference
arm, the required output optical fields labelled as
B, and B, can be obtained by numerically calcu-
lating the corresponding transmission equations.
Through the coupler C, with the power splitting
ratio, a, (=0.5), the outcome optical field B_, in
the output port illustrated in Fig. [l| is written as

B, = a,Bs +i\fl —a; B,. (6)

Here, it is shown that the achieved outcome field
B, , is the direct result of the interference of \/Z By
and im B,. Therefore, by properly control-
ling the phase difference of recombined opti-
cal fields, both the single and the double pulses
can be generated in the output port of the MOF
based MZI. In order to perform the numerical
calculation, the adopted parameters are given
in Table 1. Here, it should be pointed out that,
based on the physical mechanism of pulse genera-
tion, one can still perform the function of pulse
generation while both of two optical fields are
counter-propagating along the sample arm. But,
the corresponding results are not discussed in this
study.
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Table 1. Values of numerical calculation

Parameter Value
A, (nm) 1958
Az (nm) 2070
P14 (psi/m) 0.92
B (ps*/m) 0.45
d (ps/m) 48.1
¥, (km'W) 6649
¥ (km W) 6289
£, 0.148

g, (m/W) 1.53 x 1071

g3 (m/W) 1.45 x 1071

3. Results and discussion

In the cases of various MOF lengths, z, the tem-
poral shapes of outcome pulses, the phase differ-
ences of the recombined waves at wavelength A,
and the frequency chirps are, respectively, shown
in Fig. Pl(a, b, ¢), in which 100, 150 and 300 mm
long MOFs are adopted to display various output
pulses. An unchirped hyperbolic secant-shaped
pulse with 5.5 W peak power is selected as the ini-

tial pulse, and its temporal width, T, , is equal to
5 ps at 1/e intensity point, i.e. corresponding to
the ~8.8 ps full width at half maximum (FWHM).
The initial continuous wave has the 1 mW pow-
er level that is very weak compared to the peak
power of the initial input pulse. As a consequence,
the phase shift of the wave B in the sample arm
is mainly contributed by the XPM between two
co-propagating waves, and the influences of SPM
and SRS on the phase shift of the wave B are very
slight because of a weak power level for the wave B
and an improper wavelength spacing for perform-
ing the SRS process of two propagating beams. As
such, the SPM induced phase shift for the wave
B is also small in the reference arm. In this case,
the MOF length in the sample arm is identical
to that of the reference arm so that the remark-
able phase difference, shown in Fig. @(b), for
the recombined wave B at the end of the MZI de-
vice is increased to an expectant level owing to
the strong nonlinear interaction such as the XPM
of two optical fields in the sample arm. The main
goal is to achieve the single or the double pulses,

T (ps)

Fig. 2. Temporal shapes (a), phase differences (b) and chirps with various MOF lengths (c).
Black lines with 100 mm long MOE, blue lines with 150 mm long MOF and green lines with

300 mm long MOFE.
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illustrated in Fig. (a). In the case of a 100-mm long
MOF line, the maximum phase difference shown in
Fig. (b) is equal to ~27 that induces the fully con-
structive interference, resulting in the generation
of the single pulse with 10 ps FWHM. For the case
of the 150 mm long MOEF, the maximum phase
difference is also increased to ~2.4m that leads to
a slight reduction for output power in the central
part of the pulse, resulting from the weak destruc-
tive interference. Therefore, the achieved pulse
with FWHM extended to ~12.8 ps is character-
ized by two peaks, i.e. a dip structure in the pulse
profile. Because of the effect of group velocity mis-
match, the range of temporal overlap for the case
of the 100 mm long MOF is shorter than that for
the case of the 150 mm long MOF so that the out-
come pulse can have a wider time duration by
properly extending the MOF length. In addi-
tion, it is known that, under a fixed peak power
for the input pulse A  condition, the maximum
phase difference of the wave B is proportional to
the MOF length, namely, the maximum phase dif-
ference for the wave B approaches ~37 in the case
of the 300 mm MOE As a result, the dip of the out-
put pulse with two peaks is further decreased to
the zero power level attributed to the fully destruc-
tive interference so that the perfect double pulses
will be displayed in the output port of the MZI
configuration. Here, the FWHM of the left pulse
and the right pulse are, respectively, compressed to
~5 and 5.5 ps, which are less than that of the in-
put pulse A . In order to characterize the output
pulse, Fig. @(c) plots their corresponding frequency
chirps that take on the nonlinear process across
the total pulse. The absolute maximum of the fre-
quency chirp is proportional to the MOF length.
In the case of the single-pulse output, the central
part of the output pulse has a linear up-chirp. How-
ever, while the output pulse is evolved into the dou-
ble pulses, the chirp of the left (right) pulse is less
than zero (up to zero). The phenomena can be ex-
plained by the cast of the XPM effect between two
co-propagating optical fields. It is well known that
in the MOF the input pulse with enough high peak
power has the SPM induced nonlinear frequency
chirp across the total pulse, namely, a negative
chirp near the leading edge and a positive chirp
near the trailing edge are observed. In the case of
the 300 mm long MOE, the achieved double pulses
are generated by nonlinear interaction of the edges

of the pulse and the continuous wave. Therefore,
because of the influences of the XPM effect on
the continuous wave and group-velocity mismatch,
one can know that in Fig. P the chirp near the lead-
ing (trailing) edge of the pulse imposes on the left
(right) pulse. In order to clearly display the influ-
ence of the MOF length on the properties of the out-
put pulse, Fig. E in which other parameters adopted
are identical to those of Fig. @ shows the character-
istics including the shape and the frequency chirp
of the outcome pulse as a function of the MOF
length. From the 3D view and the aerial view,
shown in Fig. H(a, b), the single pulse is achieved
in the case of the less than ~110 mm long MOE, in
which the peak power of the output pulse is gradu-
ally enhanced with the MOF length increase. This
is because the corresponding phase difference is
proportional to the MOF length, i.e. while the en-
hanced phase difference is increased to 27 by in-
creasing the MOF length, the peak of the single
pulse reaches the maximum value. Obviously, after
the maximum value of phase difference overruns
2m, i.e. in the case of the around 155 mm long MOF,
the achieved single pulse acquires a distinct two-
peak structure because the maximum phase differ-
ence is up to 27. As the MOF length is increased
from ~210-300 mm, the perfect double pulses with
its power between two pulses strongly suppressed
are achieved. The behaviour implies that the fully
destructive interference between two pulses oc-
curs, resulting from the phase difference of about
3m, which is attributed to the nonlinear interaction
between the peak of the pulse A and the continu-
ous wave. In addition, because of the walk-off ef-
fect between two optical fields, one can see that
the spacing of two pulses is gradually broadened
with the MOF length increase. The nonlinear fre-
quency chirp imposed on the outcome pulse is sig-
nificantly enhanced by extending the MOF length,
as displayed in Fig. H(c).

Properties such as the pulse evolutions and
nonlinear frequency chirp of outcome single and
double pulses, as displayed in Fig. @, are plotted
with respect to the initial peak power of the input
pulse A, ranging from 1 to 8 W. Here, the MOF
length is adjusted to 150 mm, and other para-
meters are the same as those in Fig. E In the sam-
ple arm, the phase shift of the wave B is mainly
induced by the nonlinear effects such as XPM and
SRS that are strongly dependent on the peak power
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Fig. 3. Temporal 3-D (a) and temporal aerial (b) views,
and the chirp of the outcome pulse against the length
of MOF (c).

of the co-propagating pulse A, i.e. the nonlinear
phase shift of the wave B is significantly increased
by increasing the initial peak power of the pulse
A,. As the input power of the pulse A is increased
from 1 to ~4.5 W, the peak of the generated single
pulse, shown in Fig. @(a, b), is gradually enhanced
owing to the enhanced peak of the pulse A which

causes the maximum phase difference between two
recombined waves B to approach 27z. While the ini-
tial power of the pulse A is varied from ~4.5 to
6.5 W, the output pulse exhibits two remarkable
peaks. This behaviour implies that the maximum
phase difference is up to 277, and much less than 3.
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Fig. 4. Temporal 3-D (a) and temporal aerial (b) views,
and the chirp of the outcome pulse against the initial
peak power of pulse A (c).
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By adjusting the power of the pulse A from ~6.5
to 8 W, the maximum phase difference is equal to
around 37 that gives rise to the fully destructive
interference in the central part of the nonlinearly
temporal interaction range between two optical
fields. As a consequence, the perfect double pulses
are illustrated in Fig. @(a, b), in which it is shown
that the spacing of two pulses is slightly changed
by increasing the power of the pulse A . Because
of the function of pulse compression based on
the MZI configuration [@], the temporal widths
of the double pulses are significantly shorter than
those of the single pulse and the pulse A . The non-
linear frequency chirp of the outcome pulse, as
shown in Fig. H(c), is gradually enhanced with
the increase of the pulse A peak power that results
in the enhanced nonlinear interactions between
two optical fields such as the XPM effect.

In the cases of various MOF lengths, the shapes
of the single pulse that are achieved by properly
selecting the initial power of the pulse A are dis-
played in Fig. H, in which the adopted other para-
meters are not changed compared to those used in
calculations. As the MOF length is varied from 50
to 450 mm, the temporal width of the single pulse
is significantly broadened due to the walk-off ef-
fect between the wave B and the pulse A. Namely,
the nonlinear temporal interaction range between
two optical fields is extended with the MOF length
increase. It is known that the corresponding phase
difference is directly proportional to the initial peak
power of the pulse A and the MOF length. In order
to increase the output peak of the single pulse to be
the maximum value, the phase difference between
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two recombined waves should be close to 27 so that
a higher peak power for the pulse A is requested in
the case of a shorter MOF length. As can be seen in
Fig. E, the output peak for each single pulse is al-
most equal to ~0.72 mW under various MOF length
conditions, in which one can see that, in the case
of the 50 mm long MOE the requested power
(~10.4 W) for the pulse A is higher than ~2.4 W at
the 450 mm long MOF, i.e. while MOF lengths are
fixed at 50, 150, 250, 350 and 450 mm, the requested
power is adjusted to ~10.4, 4.0, 2.9, 2.5 and 2.4 W,
respectively. As the MOF length is increased from
50 to 450 mm, the temporal FWHM for the single
pulse is quickly broadened from ~9.8 to ~23 ps, re-
sulting from the walk-off effect between the pulse A
and the wave B. When the maximum phase differ-
ence is close to 37, the perfect double pulses plotted
in Fig. E are attained. The physical mechanism for
generating the double pulses is identical to that of
the single pulse so that the requested input power
for the pulse A) with the 50 mm long MOF is as
high as ~21 W. As the MOF length is increased to
150 mm, the adopted initial peak of the pulse A is
significantly reduced to ~8 W, resulting in the fully
destructive interference due to the ~37 phase dif-
ference. In the case of the 450 mm long MOE, only
~5 W initial power can give rise to the perfect dou-
ble pulse. Here, the peak levels of the double pulses
are still equal to ~0.72 mW for various MOF lengths
by judiciously selecting power of the input pulse A.
However, the temporal FWHM:s of the double pulse
are slightly broadened from ~4 to ~6 ps, which are
still shorter than that of the input pulse A . In addi-
tion, the spacing between two pulses in the double

=24W
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250

Z (mm)

Fig. 5. Temporal shapes of the single pulse with various MOF lengths.
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Fig. 6. Temporal shapes of the double pulses with various MOF

lengths.

pulse is significantly extended as a result of the in-
fluence of the walk-off effect for the longer MOF
line, i.e. the corresponding spacing is, respective-
ly, equal to ~9.3, ~10.9, ~14.2, ~17.6 and ~22.1 ps
for various MOF lengths in this plot.

In the cases of P, = 3 W and Z = 450 mm,
the influence of the temporal width of the pulse
A, on the outcome pulse is displayed in Fig. EI, in
which the pulse width T, is selected at 2, 4, 6, 8,
10 and 12 ps. Actually, the nonlinear temporal in-
teraction range of two optical fields is in propor-
tion to the initial temporal width of the pulse A so
that the strength of nonlinear interaction between
the pulse A and the wave B is gradually enhanced
with the increase of the pulse A width. While
the pulse A  width is compressed to 2 ps, the single

Power (mW)

T (ps)

pulse with an about 0.38 mW peak level is generat-
ed, and it can be estimated that the maximum phase
difference of two recombined fields is less than 2.
After the temporal width, T, , is increased to 4 ps,
the peak of the single pulse approaches ~0.72 mW
as a result of the ~2m phase difference induced by
the enhanced nonlinear interaction of two optical
fields. As the corresponding phase difference is up
to 27, the output pulse is evolved into two peaks
and the double pulses, as illustrated at T, = 6, 8,
10 and 12 ps. In addition, it is seen that the spac-
ing of the double pulses is extended because of
the increase in the temporal width of the pulse A,.
However, due to the effect of the fully constructive
interference at the 27 phase difference, the peak of
the generated pulse is always kept at a constant of

Ty (PS)

Fig. 7. Temporal shapes of outcome pulses with various widths for

the pulse A .
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~0.72 mW as the width of the pulse A is enlarged
from 4 to 12 ps.

4. Conclusions

In conclusion, an MZI consisting of a microstruc-
tured optical fibre with an AsSe, core is presented
to generate single and double pulses. The main
physical mechanism for generation of the outcome
pulse is attributed to the constructive or destructive
interference arising from the phase difference of re-
combined two optical fields. In the sample arm of
the MZI, both the continuous wave B and the pulse
A are simultaneously launched into the MOF line
with the result that the phase shift of the wave B
is mainly controlled by the co-propagating pulse
A, with an enough high peak power and temporal
width. In the reference arm of the MZI, the wave
B phase is slightly shifted due to its SPM. There-
fore, a significant phase difference for the recom-
bined optical fields is attained in the output port
of the MZI. Resulting from the interference effect,
both the single and the double pulses are switchable
by selecting various parameters such as the peak
power and temporal width of the pulse A, as well
as the MOF length that can be properly adjusted
to achieve various phase differences. If the phase
difference is less than or equal to 27, the single
pulse with a single peak is generated. One pulse
with two peaks and the perfect double pulses
can be obtained as the phase difference is vary-
ing from 2 to 37. By increasing the MOF length
and the temporal width of the pulse A , the width
of the single pulse and the spacing of the double
pulses are significantly broadened.
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