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Abstract

®

CrossMark

We present a theoretical model of a ring similariton fiber laser employing nonlinear spectrum
compression. A pair of tunnel-coupled optical fibers is used for passive mode-locking.

The laser characteristics are simulated for a wide range of laser operation regimes and
configuration parameters. The optimized laser system design enables generation of pulses with
the maximal efficiency and spectral density providing the lowest losses of energy inside the

cavity.
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1. Introduction

The laser systems delivering high-energy pulses are of great
interest for numerous applications such as material process-
ing, optical communication, medicine, etc. Nowadays, they
are among the primary challenges of the fiber laser phys-
ics. Mode-locked fiber lasers employing cavities with a high
normal dispersion are promising for high energy pulse gen-
eration [1-4]. An advance of such lasers in comparison with
soliton fiber lasers is a high threshold for operation in multi-
pulse regime and, consequently, an order of magnitude higher
energy available with single pulse operation (hundreds of pJ
to hundreds of nJ) [3-6].

In recent years, the development of high normal dispersion
cavity lasers has been driven by the concept of amplifier simi-
lariton lasers. A specific feature of these lasers is that the pulses
can change their parameters (the pulse spectrum width, dura-
tion, energy) drastically as they propagate through the cavity
[7, 8]. Such laser dynamics has been demonstrated with both
Yb [9, 10] and Er fiber lasers [11, 12]. In this concept, the
active fiber could be interpreted as a strong nonlinear attractor,

1612-202X/19/035107+7$33.00

where a short initial pulse is transformed into a parabolic pulse
with a linear frequency modulation. A key element of the laser
configuration is a spectral filter that narrows the pulse spectrum
down to its initial bandwidth after each pulse roundtrip through
the cavity, thereby providing a stable similariton generation
[13]. The principle drawback of the system is considerable
optical energy losses in the filter for high energy pulses that
intrinsically possess a broad pulse spectrum. The mechanism
of nonlinear spectrum compression (SC) employed in the laser
configuration is proposed to overcome this obstacle [14, 15].
The technique is based on compensation of the inverted pulse
chirp by self-phase modulation (SPM) in nonlinear fiber with
normal dispersion [16—18]. This method provides minimal
energy losses in the filter and could be used for development
of energy-efficient similariton generators. Similariton lasers
employing SC are of great demand as the sources of high spec-
tral density for multiple applications, in particular, in nonlinear
optics (multiple harmonics generation, frequency conversion)
[19], laser isotope separation [20], etc.

A model of a fiber amplifier similariton laser comprising
a spectral compressor has been proposed in [21]. This model

© 2019 Astro Ltd Printed in the UK
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provides the detailed description of amplifier laser operation,
but just qualitative description of the passive mode-locking.
With careful consideration we found that under given set of
parameters the simulation results obtained for the proposed
amplifier laser configuration significantly depend on the ini-
tial conditions. In particular, the model is not able to describe
similariton lasing initiated from the noise level.

In this paper, we apply the amplifier similariton laser
model [21] for laser configurations comprising a new kind of
all-fiber mode-locking device, thus extending its applicability.
As a passive mode-locker, we use a pair of normal dispersion
tunnel-coupled fibers (or a twin-core fiber) [22]. Importantly,
this element allows mode-locking with a zero relaxation time
making the laser description self-consistent and applicable for
advanced description of the laser operation. It is worth not-
ing that the proposed technique is similar to the well-known
mode-locking mechanism based on nonlinear polarization
rotation (NPR) and so could be applied to a variety of fiber
similariton laser configurations. The aim of this work is to
explore a potential of SC mechanism for generation of pulses
with high spectral density of energy. We present numerical
simulations describing laser operation in different regimes
and wide range of the system parameters.

2. Basic relations

The considered configuration of the ring similariton amplifier
laser is shown in figure 1

The optical amplifier (1) is a segment of nonlinear nor-
mal group velocity dispersion (GVD) doped fiber. The pulse
propagation through the amplifier is described by the complex
amplitude A (z, ) of the optical wave driven by the nonlinear
Schrodinger equation (NSE) [23]

A —ig/Q; ?A —1
(27_1.62 28/ g%?+i’yp|A|2A= (g2 )A, (1)
where z is the longitudinal coordinate, ¢ is the time in the
running frame, 3, is the GVD coefficient, v, is the Kerr non-
linearity parameter, / is the optical losses, €1, is the gain spec-
trum line width. In our description, the dispersion coefficients
of higher orders, nonlinear dispersion and Raman scattering
are omitted. This approach is reasonable for the fiber lengths
shorter than tens of meters and the pulse duration longer than
a few picoseconds. The saturated gain g is

1 —1
g:go(1+E/|A (z,t)lzdt> 2
8

where g is the low signal gain and E, is the gain saturation
energy.

The second fiber segment (2) is responsible for passive
mode-locking. For this purpose, we use a twin fiber of the
length L with a pair of tunnel-coupled optical cores (the
coupling coefficient o = /2L [22]). The device is a half-
beat-length long so that a low-intensity input in the first
arm completely transfers over to the second arm at the exit.
A high-intensity pulse can alter the refractive index in the
fiber, thereby detuning the coupler and staying in that fiber.

D) saturable absorber wide filter

narrow filter

6

output port 5 spectrum compressor

4 difraction gratings

Figure 1. Scheme of the ring similariton generator with
nonlinear spectrum compression. The elements: 1—fiber
amplifier, 2—saturable absorber, 3—broadband filter A,
4—diffraction gratings, 5—spectral compressor, 6—output
coupler, 7—narrowband filter B. Each element is assigned with its
parameters.

The radiation propagation in the fibers is described by a set of
NSE equations:

. A; 2 . l;
87Z — ITW + l"}/]|A]| Aj = l(TA3_j — éAJ

j=12.
3)

The boundary conditions are illustrated in figure 1. The
optical signal is introduced into one of the coupled cores
(j = 1). Radiation from the second core (j = 2) is extracted
from the cavity. The twin fiber is considered to be symmetrical,
0 Boj = Basa (Basa > 0, i.e. dispersions of cores are normal),
v; = vsa and [; = [s4. The dependence of the fiber transmit-
tance on the pulse peak power is similar to that commonly
known for passive NPR mode-locking when a configuration
‘birefringent fiber’ + ‘polarization-selective element’ [24] is
used for the polarized optical radiation. Both mechanisms are
similar to saturation absorption. However, in contrast to the
real saturable absorbers (SESAMs, carbon nanotubes), they
both possess instantaneous response.

The next element is a broadband filter (filter A) (3) used
in the configuration to restore envelope of the distorted pulse.
The filter bandwidth is a key parameter qualitatively affect-
ing the laser operation regime. Determination of its optimal
value is among the primary tasks of this work. It is worth
noting that the pulse passing the previous normal dispersion
fiber elements acquires a positive frequency modulation due
to SPM. For nonlinear SC, a negative frequency modulation
has to be imparted to the pulse, i.e. the pulse chirp has to be
inverted [16, 17]. A pair of anomalous dispersion diffraction
gratings could be employed for this purpose. The anomalous
dispersion value [, could be adopted to minimize distortion
of the pulse envelope. Importantly, any decrease of the peak
power requires elongation of the SC section. This element is
assumed to be linear, so the complex amplitude of the pulse
during its propagation varies as

Ay (zw) = A (z,w) - exp (%Bzinvwz) . 4)

The next fiber section (5, see figure 1) is a passive nonlinear
normal GVD fiber used for the SC. As the pulse propagates
through this segment, the negative frequency modulation is
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Table 1. The ring cavity parameters.

Element Amplifier
Kerr nonlinearity

Length coefficient Low signal Gain line Gain saturation
Parameter I, (m) P (W x km)71 gain go,m ™! GVD., By (p52 kmfl) width (nm) E, ()
Value 6.0 25 3.454 5.0 26.75 0.6-107°
Element Saturable absorbers Diffraction gratings Spectral compressor

Coupling Kerr nonlinearity
Parameter strenth (m~") Iy (m) Bainv (ps?) GVD, B (ps* km™') coefficient v (W x km) ™!
Value 0.785 2.0 —0.197 5 2.5
compensated by nonlinear SPM and thus the pulse spectrum g AJA 20
is compressed. Then, most of the laser power leaves the cav- E g 0J comp
ity through the coupler (element 6). The position of the out-
put coupler is chosen so to generate the pulse with a maximal —E b
spectral density of energy. The remaining part of the light is 6 —— AV/Av

- comp

directed to the narrowband filter (filter B) [13] completing the
round-trip. In such a way the cycle repeats.

As mentioned above, high optical losses in the filter B are
the main drawback of the amplifier similariton laser. The use
of SC allows to control the spectrum bandwidth of the gener-
ated pulse. Ideally, the spectrum width of the pulse after SC
should be narrower than the filter bandwidth. This condition
provides the maximal generation efficiency of the similariton
amplifier laser. So, with the given values of the gain factor,
cavity Q-factor, fiber dispersion and fiber nonlinearity we can
define a range, where the other laser parameters have to be
optimized to achieve the maximal lasing efficiency and high
pulse quality

The fixed system parameters used in the numerical analysis
are listed in table 1. We also assume that the output coupler
extracts 64% of the laser power from the cavity, the filters pos-
sess Gaussian spectrum profiles and all indicated filter band-
widths are FWHM.

3. Numerical analysis

With low-amplitude Gaussian noise used as an initial condi-
tion, the laser operation gets stationary regime after 10—15
cavity roundtrips. The pulses exhibit a shape typical for lasers
with high normal cavity dispersion: the output pulse duration
is 5-10ps, the pulse spectrum width is 18-37nm in the range
of Yb-doped fiber lasers (1050nm) and the pulse energy is
a few nJ. A specific feature of the similariton laser dynam-
ics is that the pulse bandwidth could vary by more than few
orders of magnitude as the pulse propagates through the cav-
ity. Below, we analyze the pulse bandwidth evolution and
study how the laser pulse characteristics change with the laser
system parameters.

Let us consider the dependence of the spectral compression
quality (evaluated as a ratio of line widths A/Ag,mp before
and after SC) and the output pulse energy on the bandwidth of
the filter A A;. These dependences are shown in figure 2 for
the filter bandwidth varying in the range (14..35) nm. In this
case, the bandwidth of filter B is assumed to be constant and

24
a — before SC
— after SC
O 1 1 1 1 4
15 20 25 30 35
A, nm

Figure 2. The red line: dependence of the output pulse energy on
the bandwidth of filter A. The blue line: dependence of the spectrum
compression quality on the bandwidth of the filter A. The insets
show the spectra before (brown) and after compression (green) at
the bandwidth of filter A of A; = (16 (a), 24 (b), 30 (c) nm).

equal to A, = 0.9 nm. Figure 2 shows that with an increase
of the filter A bandwidth up to A; = 30 nm the output pulse
energy increases almost linearly. With a further increase of
A1, the dependence of the pulse energy on this parameter
disappears as the filter A bandwidth becomes wider than the
pulse spectrum width.

The compression quality of the pulse spectrum also strongly
depends on the bandwidth of the filter A. For a relatively nar-
rowband filter A; < 17.5 nm, the SC ratio is less than 10-12.
With an increase of the filter bandwidth, the compression ratio
increases and the pulse spectrum broadens as well. However,
with the filter A bandwidth higher than A; > 30 nm, the com-
pression quality drops rapidly. The insets in figure 2 show the
pulse spectra before and after compression for the selected
filter bandwidths A; = 16 nm (a), A; =24 nm (b) and
A1 =30 nm (c). Here, the SC element length is adopted for
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Figure 3. Pulse spectrum evolution inside the cavity. The filter A bandwidth A; = (16 (a), 24 (b), 30 (c) nm (a)—(c)). A-amplifier,

SA-saturable absorber, SC-spectrum compressor, uneven Y scale.

each value of Ay to provide the best compression. The insets
show the pulse spectrum compression quality at different A;.

The parabolic pulse possessing a linear frequency modula-
tion (chirp)isknowntobe the mostsuitable fornonlinear SC[17,
25, 26]. In our case, the pulse shape and its spectrum vary sig-
nificantly during pulse propagation inside the cavity (figure 3).
At the first stage, as the pulse propagates through the ampli-
fying segment of the cavity, the Gaussian pulse shape with a
narrow spectral width transforms into a frequency-modulated
pulse with a shape close to a parabola (with the gain line and
saturation energy {2, E, — oo the pulse shape asymptotically
approaches parabola). Then, as the pulse propagates through
the twin fiber (the saturable absorber), the pulse shape distorts.
One can see that with the filter A bandwidth of A; < 20 nm
the pulse exhibits Gaussian shape. However, after distortion
caused by SC undesired sidebands are generated (inset ‘a’ in
figures 2 and 3). At A; > 27 nm, filter A fails smoothing the
pulse distortions induced by the saturable absorber or caused
by nonlinear frequency modulation associated with the finite
gain line width €2,. As a result, undesirable sidebands (inset c)
are also formed in the pulse spectrum during the SC stage and
the compression quality decreases. Thus, for the used fixed
system parameters, the best laser operation is observed when
the bandwidth of the first filter is within the frequency range
of A; = (20..27) nm (inset (b)). The pulse shape and pulse
chirp are closest to the most suitable for SC thus providing the
output pulse spectrum of the best quality.

Let us analyze the dependence of the SC quality and
the pulse energy loss in filter B AE on the bandwidth of
this filter A, (figure 4). The bandwidth of filter A is kept
fixed A; =24 nm within the range of optimal compres-
sion. The bandwidth of filter B varies within the range of
A, = (0.7..14) nm divided into three conventional domains.
Within the first domain, the filter B bandwidth is quite nar-
row and the energy losses caused by the filter are high enough
(inset (a)). These losses depend not only on the filter B band-
width but also on the filter A bandwidth A;. Decrease of A;
is accompanied by distortions during the SC and, hence, an
increase of optical losses in filter B. The compression qual-
ity depends significantly on the filter B bandwidth Av;,. The
filter B with extremely narrow bandwidth A, = 0.7 nm tran-
sits only small part of the pulse energy into the active fiber.
As aresult, the acquired pulse chirp is significantly lower than

>
1050 1085 1120 980 1015 1050 1085 1120
A.nm A, nm
20 20
I — AE l
AE) nJ [} [} A/A comp
! comp !
[}
[}
16
— narrow filter
— A=14nm
— A=24 nm 12 1
8 -
4 -
15

A,, nm

Figure 4. Red line: the dependence of the pulse energy loss in
narrowband filter B on the bandwidth A,. Blue line: the dependence
of the pulse compression quality on A,.

the asymptotic value typical for parabolic similariton [27], i.e.
due to insufficient spectrum broadening during the amplifica-
tion the compression quality is low. One can see that even
a small increase of A, can significantly increase the pulse
spectrum broadening and compression degree. With a further
increase of A,, the energy losses also decrease, but within the
second domain the optical loss level just slightly depends on
the filter B bandwidth (inset (b)). The best degree of SC close
to 20 is achieved (at A, ~ 5.5 nm) in this domain.

A further increase of the filter B bandwidth leads to sig-
nificant spectral distortions and appearance of parasitic side-
bands. In the third domain A; > 9 nm, the laser system starts
to operate multi-pulses. The corresponding spectrum exhibit-
ing a characteristic fringe structure is shown in figure 2(c).
This regime is characterized by significant deterioration of the
compression quality and growth of energy losses in filter B.
This can be explained by the following mechanism. During
the pulse amplification the pulse spectrum width increases
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Figure 5. Dependence of energy losses in filter B on its width for
laser configurations with (red line) and without (brown line) SC.

Insets show the pulse spectra (brown) obtained at the filter B input
for A; = 24 nm in comparison with the filter B spectrum (black).

due to SPM up to values exceeding the limited width of the
gain line thus providing a negative feedback. The pulses with
higher energy suffer stronger losses and generation of extra
pulses inside the cavity is energetically reasonable. Therefore,
the narrowband filter B, a key element in amplifier similariton
laser configuration, is also very important for the laser system
employing nonlinear SC. The optimal bandwidth of the filter
should belong to the range of 3.5 nm < A, < 5.5 nm provid-
ing a relatively high degree of compression in combination
with low energy losses.

To analyze the energy efficiency of the considered con-
figuration, we evaluate the optical losses in the laser con-
figuration without spectral compression. The broadband filter
A bandwidth is fixed at A; =24 nm. Figure 5 shows the
dependences of the energy losses in filter B AE on this filter
bandwidth in the system with (red curve) and without (brown
line) the SC element.

One can see that SC reduces energy losses by several (2-3)
times thereby increasing the efficiency of the similariton
generation. The maximal laser efficiency is achieved for the
filter B bandwidth that corresponds to the best compression
quality (at A, = 5.5 nm). Noteworthy, in the absence of SC,
a stable single-pulse generation regime is obtained for low
A, < 1.75 nm only. For larger bandwidths, generation of two
pulses of low energy is energetically more reasonable in the
laser without SC leading to multi-pulsing. Therefore, we can
conclude that the nonlinear SC element used in a similariton
laser configuration causes not only reduction of optical losses
but also increases the maximal output pulse energy.

Further, let us analyze the effect of saturable absorber
characteristics (GVD and nonlinearity in the twin fiber) on
the laser generation. The bandwidths of the filters are fixed

20 A
nJ A/A

out> comp

4 1 1

0 10 20 30
B2 sa 2 psz/km

Figure 6. Dependence of the output pulse energy (red line) and SC
quality (blue line) on the saturable absorber GVD.

at Ay =24.5 nm and A, = 0.9 nm. Figure 6 demonstrates
the dependence of the compression quality and the output
pulse energy on the GVD in the saturable absorber. The pulse
energy just weakly depends on this parameter. However, the
SC quality, in contrast, strongly depends on the saturable
absorber dispersion. Therefore, for better spectrum com-
pression the GVD has to be minimized. These effects are
explained by dispersive spreading of the pulse during its
propagation in the saturable absorber that causes approaching
of the pulse envelope to the Gaussian shape resulting in an
increase of its duration and peak power decrease. Deviation
of the envelope from the optimal shape leads to a decrease
of the SC quality. Dispersion effects in saturable absorber do
not change the pulse spectrum width. Therefore, the pulse
energy is maintained as the pulse passes through the filters
and spectral compressor.

The effect of the saturable absorber nonlinearity on char-
acteristics of the generated pulses is shown in figure 7. The
nonlinearity significantly affects the compression quality that
degrades linearly with an increase of ~s4. Noteworthy, the satu-
rable absorber nonlinearity limits the peak power of the gen-
erated pulses. The nonlinear phase shift ~ ~ga |A|215A at the
saturable absorber transmission maximum is fixed. Getting
the maximum, the saturable absorber transmission coefficient
keeps high value during the induced increase of nonlinearity
only if the peak power of a single pulse decreases. As a result,
the pulse energy decreases and the optical losses are released
through the coupled fiber (domain (a) in figure 7 corresponds to
low nonlinearities ys4 = (2..8) (W - km) ™).

With an increase of nonlinearity and phase shift up to a
certain threshold, the appearance of a new pulse in the cavity
becomes energetically preferable, i.e. like in previous cases,
the losses of two pulses passing through the cavity are lower
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Figure 7. Dependence of the output pulse energy (red line) and
degree of SC (blue line) on the saturable absorber nonlinearity.

Insets: the temporal pulse shapes obtained for ys4 = 4 (W - km)fl
(@), ysa = 10 (W - km) ™" (b) m ysa = 22 (W - km) ™" ().

10.0 [ E_.nJ
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75 F
A
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2.5
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Figure 8. Dependence of the output pulse energy on the gain
saturation energy E,. The insets show the spectra before (brown) and
after compression (green) at the value of E, = (0.2, 0.6, 2.0 nJ).

than those observed for one pulse of higher energy. After trans-
ition processes including gain competition, the energies and
powers of pulses are equalized. Thus, nonlinearity increase
causes transition of the laser to generation of two (domain (b))
and three (domain (c)) pulses inside the cavity. Decrease of
the SC quality can be attributed to the decrease of the maximal
pulse bandwidth in the cavity.

A, nm

Figure 9. Pulse spectrum evolution inside the cavity. The filter
bandwidths are A; = 24 nm, A, = 5nm, E, = 0.8 nJ. A-amplifier,
SA-saturable absorber, SC-spectrum compressor.

Finally, we consider the dependence of the output pulse
energy on the gain in the active fiber. For this purpose, we
fix the filter bandwidths as Ay = 24 nm A, = 5 nm, values
of the other parameters are the same as in modeling of fig-
ures 2-5 (table 1). The gain value is changed by varying the
gain saturation energy E, = (0.2..2) nJ with constant law
signal gain go. The simulation results presented in figure 8
show the dependence of the output pulse energy on E,. The
insets show the pulse spectra before and after compression for
the selected value of the gain saturation energy. One can see
that the gain value affects the pulse shape and its spectrum. At
small E,, undesired sidebands are generated in the pulse spec-
trum after distortion caused by SC. With increasing gain, the
spectrum approaches the parabolic shape providing destruc-
tion of these sidebands but the increase in output pulse energy
is reduced due to filtering. At high values of E,, the pulse
energy is nearly independent of the gain due to strong filter-
ing. So one can conclude that the optimal laser efficiency is
reached in the range of E, = (0.5..1) nJ. The pulse spectrum
evolution for E, = 0.8 nJ is shown in figure 9.

4. Conclusion

In this paper, we have presented extended numerical
simulations of an amplifier similariton fiber laser employing
nonlinear SC. It is shown that the high energy output pulses
demonstrate high degree of SC for a wide range of filter band-
widths. Tuning of the filter bandwidth allows to increase the
energy efficiency of pulse generation in the laser and to obtain
the output pulses of much higher energy than in the system
without SC. The output pulses of high spectral density are
attractive not only due to their multiple nonlinear optics appli-
cations but also due to their suitability for further amplifica-
tion. Indeed, the limited gain line width of optical systems is
one of the main limiting factors in generation of high energy
pulses. The use of the proposed laser as a source of high-
power spectrally dense pulses could enable a drastic increase
of the output pulse maximal energy and generation efficiency
in high-power laser systems. Additionally, we should note
that novel optical processing technologies enabling pulse
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formation with the given envelope profile and frequency
modulation are considered as a way to increase the laser
efficiency and decrease losses during the pulse generation.
Programmable liquid crystal phase masks and acousto-optical
filters are among such advanced elements [28-30]. Therefore,
the results on the pulse spectrum management described in
this paper could be considered in this context.

Also, we have applied the theory of a similariton generator
to the laser configuration employing mode-locking mechanism
based on tunnel-coupled nonlinear fibers. The effect of fiber
dispersion parameters and nonlinearity on characteristics of
the generated pulses has been studied. The analogy between
mode-locking mechanisms proposed in this paper and com-
monly used nonlinear polarization rotation mechanism allows
to apply the results obtained here for a wide range of fiber laser
configurations considered earlier (employing normal cav-
ity dispersion and nonlinear spectrum compression), thereby
extending the range of application of the discussed mechanism.
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