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Abstract: We investigate the properties of a soft glass dual-core photonic crystal fiber for
application in multicore waveguiding with balanced gain and loss. Its base material is a phosphate
glass in a P2O5-Al2O3-Yb2O3-BaO-ZnO-MgO-Na2O oxide system. The separated gain and
loss cores are realized with two cores with ytterbium and copper doping of the base phosphate
glass. The ytterbium-doped core supports a laser (gain) activity under excitation with a pump
at 1000 nm wavelength, while the CuO-doped is responsible for strong attenuation at the same
wavelength. We establish conditions for an exact balance between gain and loss and investigate
pulse propagation by solving a system of coupled generalized nonlinear Schrödinger equations.
We predict two states of light under excitation with hyperbolic secant pulses centered at 1000 nm:
1) linear oscillation of the pulse energy between gain and loss core (PT -symmetry state), with
strong power attenuation; 2) retention of the pulse in the excited gain core (broken PT -symmetry),
with very modest attenuation. The optimal pulse energy levels were identified to be 100 pJ (first
state) and 430 pJ (second state).
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1. Introduction

PT -symmetry is a theoretical concept elaborated by Bender et al. in 1998 [1]. It is based on
the possibility of treating a Hermitian quantum system as a combination of two non-Hermitian
non-isolated subsystems [2]. Both of them are characterized by a nonzero flux of probability,
positive and negative respectively, across their boundaries; however, the non-isolated combined
system has no net flux of probability, i.e. it could exhibit real spectra or equivalently real
eigenvalues [3]. It was shown that the condition for PT -symmetry is that the complex potential
V involved satisfies the requirement V(x) = V∗(−x). This concept finds application in several
fields of science, such as atomic systems [4], mechanics [5] and electronics [6].

In the field of optics and the paraxial propagation regime, the condition on complex potential
translates into the one on the real and imaginary part of the refractive index, which should be
symmetric and anti-symmetric, respectively [7], i.e.

n(x, y) = n∗(−x, y) (1)
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This means that the two refractive index profiles should be symmetric with respect to the
central symmetry point and should have the same absolute values [8,9] If this condition is not
satisfied, the eigenvalues of the system cease to be real and the parity-time symmetry breaks down
(it is referred as PT -symmetry breaking), leading to complex spectra [10]. Theoretical works
predicted such scenario in several optical systems [7,11,12], and also experimental verifications
were achieved in periodic structures [13], photonics lattices [14], semiconductor-based dual
microring laser resonators [15], plasmonic systems [16] and - recently - in high power large-area
lasers [17].

One of the simplest realizations of PT -symmetric optical system is a coupled waveguide,
with one subjected to gain (active waveguide) and the other one to loss (dissipative waveguide)
[18,19] Moreover, it is possible to benefit the optical properties of gain/loss waveguides even
in the nonlinear regime, i.e. studying PT -symmetry in nonlinear directional couplers [20]. In
these systems, the non-Hermitian eigenvectors formally maintain the same structural form of the
corresponding linear one [8,21,22] It has been demonstrated that such systems are beneficial
for all-optical switching in the nonlinear regime because of the possibility to lower the required
switching power [23], achieve faster transition [24] and support stable switching states due to the
possibility to support solitons [25,26] The exact analytical formalism describing the switching
dynamics in nonlinear PT -symmetric couplers has been presented in [27]. In the last decades,
dual-core [28,29] and multicore optical fibers [30], which are one of the possible implementations
of the nonlinear directional coupler, have attracted significant interest in the implementation of
nonlinear PT -symmetric systems due to their possible application in all-optical signal processing.
In particular, dual-core fibers (DCFs) consist of two parallel cores throughout their whole length:
one of the cores should provide gain for the guided light along propagation (gain core), while the
other one should cause losses to the propagating light (loss core). To satisfy Eq. (1), the amount
of provided gain and loss should be equal.

In this manuscript we present a proof of concept, a possible implementation of a PT -symmetric
optical system in the form of a DC photonic crystal fiber (PCF). The crucial features of such
systems are two regions of dynamics (stable and unstable) separated by the so-called exceptional
point. It is the area around the exceptional point that seems to be the most interesting, and we can
tune it by changing the system parameters, e.g. the intensity of the incident pulse.

The base material of the fiber is phosphate glass in a P2O5-Al2O3-Yb2O3-BaO-ZnO-MgO-
Na2O oxide system [31]. The gain and loss cores are implemented by ytterbium-based and
copper-based doping, respectively. The fiber is suitable for fabrication by the stack-and-draw
method [32]. We present the numerical studies of nonlinear phenomena in such PT -symmetric
optical systems, first evaluating the effective parameters and then showing the predictions of
pulse propagation in such systems using a simple model. These considerations can also be seen
as an interesting perspective for all-optical switching using fiber-based devices.

2. Materials and design

The implementation of PT -symmetric DC PCF requires first of all the gain core. We propose
to take advantage of the Yb-doped phosphate glass photonic crystal fiber laser fabricated by
our group [33]. The core material is phosphate glass doped with 6% mol of Yb2O3 (15.69 ·

1020 Yb3+ cm−3). In the frame of this study, a laser generation is demonstrated at the central
wavelength of approximately 1 µm with more than 400 dB · m−1 of pump absorption and the
highest generation power of 150 W · m−1. The pump is a laser diode with a wavelength of 973.5
nm and 3 nm bandwidth. The threshold power for laser activity is 8.7 W, while the maximum
pump power could reach the value of 35 W. The maximum output laser power in the continous
wave (CW) regime is 9 W. The slope efficiency, which indicates the power conversion between
the pump and the laser beam – i.e. power pump/laser gain– could be as high as 36.2%. For our
purpose, we consider this value as the target value of gain.
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Next, we focus on the loss core. In order to respect the balance between gain and loss, we need
to use in the loss core a glass that realizes a 36.2% power attenuation – or equivalently 63.8%
transmission – at 1 µm and the same length of 6 cm. In order to estimate the loss coefficient
for the loss core α, we use the standard Beer-Lambert law, P(z) = P0e−αz, where P0 is the input
power and z is the propagation distance. Considering that P(z = 6 cm)/P0 should be ≈ 63.8%,
the absorption coefficient resulted in the value of α = 7.49 m−1. Here we propose CuO-doped
glass for the loss core. As the phosphate glass has a much higher attenuation than silica (0.46 vs
0.001 m−1) [31], the estimated required percentage of copper doping should be rather low, at the
level of 0.015% CuO.

Figure 1(a) reports the refractive index profile of the phosphate glass (blue curve) and Yb-doped
one (red curve) in the spectral range 430-1490 nm, while Fig. 1(b) shows the difference between
the two refractive indices in the same spectral range. The difference between the refractive
indices is rather low, reaching a maximum value of approximately 1.4 · 10−3 at 1490 nm. At
1000 nm, the difference is 1.04 · 10−3. The nonlinear refractive index n2 of phosphate glass is
0.99 · 10−19 m2 · W−1 at 1064 nm [34], approximately 4 times higher than the fused silica one
(0.246 · 10−19 m2 · W−1 [35]).

Fig. 1. (a) Refractive index profiles of the undoped phosphate glass (blue curve) and
Yb-doped one (red curve) in the spectral range 430-1490 nm. (b) Difference of the refractive
indices between undoped and Yb-doped phosphate glasses in the same spectral range.

3. Finding optical properties

For the particular design of the fiber (including geometry and the material), we can find the
optical properties of the setup using numerical tools, for instant commercial Lumerical software.
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We started with the design shown in Fig. 2(a) (schematic plot of the proposed fiber). This
seemed to be a natural choice. Notice that due to the small refractive index difference between
Yb-doped and undoped phosphate glass (see Fig. 1(b)), we need to introduce a photonic lattice
of air holes in the undoped phosphate glass in order to support the fundamental modes and
improve the coupling efficiency between the cores [36]. In a courteous manner, we would like
to convey that as of now, no study or fabrication has been conducted on CuO-doped phosphate
glass with such expected low doping (0.015%) in our institute. Consequently, to simulate the
optical properties of such fiber-based PT -symmetric system, we opted to replace the CuO-doped
loss core with a ytterbium-doped one. This substitution is based on the anticipation of a very
low concentration of CuO-doping (0.015% mol of CuO compared to 6% mol of Yb2O3 for loss
and gain cores, respectively) and the expected minimal difference in refractive indices between
CuO-doped and undoped phosphate glass, similarly as reported in Fig. 1 between Yb-doped
and undoped phosphate glass. Therefore, further studies are required to get more experience
with CuO-doped phosphate glass. Hence, at the moment, we limit our investigation to a PCF
with two Yb-doped phosphate glass, as reported in Fig. 2(b), where the gain core has a negative
absorption coefficient value (α = −7.49 m−1), and the loss core a positive one (α = 7.49 m−1), in
order to preserve PT -symmetry [1,3]. The comprehensive study of the complete PT-symmetric
fiber-based system proposed in Fig. 2(a) will be deferred until we conduct thorough theoretical
and experimental examinations of CuO-doped phosphate glass.

Fig. 2. (a) Structure of the designed DC PCF laser: Yb-doped phosphate glass for the gain
core, Cu-doped one for the loss core, and undoped phosphate glass for the cladding. An
extra photonic lattice of air holes is introduced to support the coupling between the cores.
(b) Fiber structure used for the simulation phase: the material of the loss core has been
substituted from Cu-doped phosphate glass to Yb-doped phosphate glass.

Here we consider the structure in Fig. 2(b), where we replace the Cu-doped core with another
Yb-doped one. The cores diameter d (same for both cores) and the lattice pitch Λ (marked with
violet lines in Fig. 2(b)) were the same as the optimized soft glass DCF presented in [37]. We
used the same structure with d = 1.85 µm and Λ = 1.6 µm and added an extra photonic lattice of
air holes with diameter dA = 1.4 µm surrounding the two Yb-doped cores. The distance between
centers of the cores is then 2Λ = 3.2 µm, as in the fiber structure in [38].
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Subsequently, the new structure was characterized in the context of optical field propagation
in the linear regime. The commercial Mode Solution software from Lumerical was used to
calculate the spectral dependences of the field mode profile, the corresponding effective index,
and the waveguide losses for each fundamental mode. All the relevant quantities were acquired
in the spectral window between 500 and 2400 nm, which sufficiently covers the wavelength of
our interest (1000 nm).

Figure 3 shows the dispersion profiles of the fundamental supermodes, with horizontal
polarization direction (along X-axis) and dual-core symmetric state. The dispersion is normal
(D<0) in the wavelength range of 800-1200 nm. We calculated another important linear parameter,
the coupling length Lc. From the theory of nonlinear directional couplers, we know that, in the
DCFs, the input radiation coupled in one of the two cores experiences (in the linear regime)
periodic oscillations between cores with a period equal to Lc, defined as

Lc =
π

|βS − βA |
, (2)

where βS and βA are the propagation constants of symmetric and antisymmetric supermodes of
the fiber, respectively [38,39].

Fig. 3. Simulated dispersion curves of the fundamental Symmetric-X supermode of the
dual-core structure in Fig. 2(b). The fiber shows normal dispersion in the whole range of
800-1200 nm.

Figure 4 reports the coupling length characteristics of the two fundamental supermodes, with
horizontal and vertical polarization direction (X- and Y-polarization, respectively) in the same
wavelength range of Fig. 3 (800-1200 nm). At 1000 nm, the values of Lc are 4.7 and 7.3 cm,
respectively.

We calculated other linear and nonlinear parameters at the wavelength of interest i.e. 1000 nm,
which were used for the numerical simulations. They include the effective refractive indices of
the cores neff , the propagation constants β0, β1, β2, the coupling coefficient κ and the nonlinear
parameter γ. All the values except κ were calculated for a single core structure, that was obtained
by filling one of the cores with undoped phosphate glass with diameter d = 1.85 µm and including
one air hole with diameter dA = 1.4 µm. We calculate the dispersion profile of the single-core
fibers (left and right core separately) using Mode Solution software from Lumerical, including
also the spectral dependences of the field mode profile, the corresponding effective index, and
the waveguide losses for each fundamental mode. We also calculated the coupling coefficient κ
between the two single-core modes based on the overlap integrals [39].
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Fig. 4. Simulated coupling length Lc spectral characteristics for fundamental X- and
Y-polarized modes of the DC PCF in Fig. 2(b). The values are calculated using Eq. (2).

4. Numerical simulations of pulse propagation: method and results

In this section, we develop numerical methods to study the PT -symmetric dynamics in our
system. The goal of this part of the investigation is twofold. First, we identify the most important
parameters (eliminating the others) and then we study the role of chromatic dispersion of the
crucial characteristics: pulse dispersion, inter-core coupling, and gain/loss coefficient.

4.1. Generalized Nonlinear Schrodinger Equation

In order to have a complete view of the system dynamics, the coupled generalized nonlinear
Schrödinger equations (CGNSE) were solved numerically, including effects like coupling
coefficient dispersion, self-steepening nonlinearity, and its spectral dependence, stimulated
Raman contribution, cross-phase modulation, and waveguide losses. The resulting mathematical
model is a system of two equations expressed in the following set of equations (r = 1, 2)

∂A(r)(z, t)
∂z

= (−1)r+1
(︃
−iδ0A(r)(z, t) − δ1
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∂t
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(3)

where r = 1, 2 denotes the number of the core (1 – gain core, 2 – loss core), Ar is the corresponding
electric field amplitude and quantities δ0 = (β

(r)
0 − β

(3−r)
0 ) and δ1 = (β

(r)
1 − β

(3−r)
1 ) represent the

difference between the phase and group velocities respectively. Furthermore, α(r)k , β(r)k and κ(r)k
are the k-th order of Taylor expansion coefficients around the central frequency of gain/loss
coefficient, propagation constant (dispersion) and coupling coefficient, respectively. Finally, γ(r)

is the nonlinear parameter, τ(r)shk is the characteristic time of shock wave formation, R is the Raman
response function and σ(r) is the overlap integral between the single core modes defining for the
cross-phase modulation effect in the r-th core. Both experimentally determined instantaneous
Kerr and delayed Raman response of the guiding PBG-08 glass are included in the material
nonlinear response function.
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To solve the equation, we used the single core fiber parameters and the identified coupling
coefficients retrieved from Lumerical and presented in the previous section. Moreover, we
introduced the gain and loss coefficient in the CGNLSE by modeling the function of the loss
coefficient α(r)(λ). We modeled α(r)(λ) to have a Gaussian-like profile in the wavelength domain
as follows:

α(r)(λ) = (−1)rαp · exp

[︄
(λ − λ0)

2

2σ2
λ

]︄
, (4)

where λ0 = 1000 nm, which corresponds to the frequency ω0 =
2πc
λ0
= 1.8837 · 1015 rad ·

s−1, σλ = 100 nm is the standard deviation of the Gaussian and αp = 7.49 m−1 is the peak
amplitude. The α coefficient profile for the gain core closely aligns with the experimental data
presented in [33]. In contrast, the profile for the loss core is artificially modelled. It exhibits a
positive peak αp = 7.49 m−1, along with identical σλ and λ0. Due to unavailability of fabricated
CuO-doped glass in our institute at the time of this study, we set the copper doping at 0.015%
and estimated, through simulation, that the glass should exhibit a similar profile to the Yb-doped
glass, albeit with a positive sign. As explained in the previous section, this is in accordance with
the PT -symmetric theory, where gain and loss should be balanced [1,3].

The CGNLSE in Eq. (3) was solved numerically by the Split-Step Fourier method with 160,000
steps [38]. After every 400 calculation steps, the field arrays were saved and then used to plot the
output propagation maps; this means that the whole propagation distance is divided into 400
intervals. This approach represents a good compromise between the calculation time and the
resolution of the propagation distance (fiber length). It is also the most common practice and the
simplest approach for simulations of ultrashort optical pulse dynamics in PCFs. We considered a
fiber length of 30 cm, which is 10 times larger than the estimated coupling length at 1000 nm
(see Fig. 4). Using the Split-Step method, we considered the whole spectral behavior of loss and
gain and applied them always at the frequency step. The input pulse shape was approximated by
the sech2 function, which is a good approximation for ultrafast oscillators. The power envelope
of the pulse is expressed as:

P(t) =
0.88E
TFWHM

sech2
(︃

1.763t
TFWHM

)︃
(5)

At each of the 400 propagation steps, we integrated the pulse envelopes in each core to observe
the trend of the energy transfer along propagation. Figure 5 shows the propagation maps in case
of 1000 nm wavelength, 1 ps pulse width hyperbolic secant pulse excitation with energy 100 pJ
(top row) and 430 pJ (bottom row). We selected these energies by looking at several propagation
maps and corresponding dynamics of the normalized integrated energies, and estimated that the
PT -symmetry breaking occurs at around 400 pJ. At 430 pJ, an energy increase through the fiber
length is predicted in the gain core, with some low-input features after 20 cm.

4.2. Simplified theoretical model

To simplify the model in Eq. (3), we set σ = 0 (no cross-phase modulation), tshk = 0 (no shock
wave formation), and

∫ ∞

−∞
R(τ)dτ = 1 (impulsive Raman response). Moreover, we limited the

dispersion terms to the second-order β(r)2 , and only linear coupling. Due to the sensitivity of
the system towards the change of gain and loss, we keep the gain/loss coefficient with the full
spectral dependence. We considered symmetric fiber structure, therefore κ(1,2)

0 = κ
(2,1)
0 = κ0,

β
(1)
2 = β

(2)
2 = β2 and γ(1) = γ(2) = γ. Set of Eqs. (3) takes the form as follows

∂A(r)(z, t)
∂z

= −
iβ2
2
∂2A(r)(z, t)

dt2
+ iκ0A(3−r)(z, t) +

(︂˜︃α(r) ∗ A(r)

)︂
(z, t) + iγ

|︁|︁A(r)(z, t)
|︁|︁2 A(r)(z, t) (6)
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Fig. 5. Time domain evolution of the field intensity in the excited (left) and non-excited
(right) core under excitation by 1000 nm central wavelength and 1 ps width pulses with 100
pJ (top) and 430 pJ (bottom) energies, in the case of gain core (left) excitation of a 30 cm
length fiber with structure as in Fig. 2(b).

where (r = 1, 2). Since the function α(r) is defined in the frequency domain (α(r) = α(r)(ω))
it is crucial to apply convolution according to the following property of Fourier transform:
˜︂(f · g)(t) = (f̃ ∗ g̃)(t). In our case, it is given by: ˜︂(α(r) · Ã(r))(z, t) = (˜︃α(r) ∗ A(r))(z, t).

For the simulation study with the simplified model, we used the optical parameters calculated
at 1000 nm central wavelength by Lumerical. All the parameters are the same for both cores.
The estimated value for the gain/loss coefficients (7.49 m−1) was included in the parameter α0: it
has a positive sign for loss, indicating power attenuation, and negative one for gain, indicating
power increase. The other parameters were β2 = 4.21 × 10−25 m · s−2, γ = 0.3 W−1 · m−1 and
κ0 = 33.74 m−1.

We generated, with our simplified model, 2D time-domain evolution plots with parameters
corresponding to those used in Fig. 5 and the difference was hard to notice. Therefore, in order
to trace subtle differences we looked at the pulse shapes in the time domain at 4 specific fiber
lengths for the two cases above. The result is shown in Fig. 6 for input energies 100 pJ and 430
pJ, respectively. Solid lines present the results of the simulation obtained using the full model
(red: unexcited, loss core; blue: excited, gain core), while dashed lines present the ones obtained
using the simplified model. We clearly see the effect of dispersion, as pulse broadening in time.
The small difference at the rising edge is due to the higher order nonlinearity associated with the
parameter τshk, responsible for the shock wave formation. In Fig. 7, we compare pulse shapes
generated by both methods; the four panels refer to lengths: (a) 8 cm, (b) 12 cm, (c) 21 cm, and
(d) 30 cm. We observed that there is a close correspondence between the two models in each
reported case. A small discrepancy between the models is observed only on the rising edge of
the pulse in the loss core at 21 and 30 cm (i.e. between solid and dashed red lines of Fig. 7(c)
and (d) for t in the range -1.0 to 1.0). In Fig. 8, which was calculated in the unstable regime,
the four panels refer to lengths: (a) 8 cm, (b) 10 cm, (c) 12 cm and (d) 14 cm. In this case, as
observed in Fig. 8(c) and (d), the two models give significantly different results after 12 cm and
14 cm. The solid and dashed curves differ much more from each other than in case of 8 cm and
10 cm of propagation distances. It is not a surprise that in an unstable regime, propagation is



Research Article Vol. 32, No. 2 / 15 Jan 2024 / Optics Express 1570

sensitive to the fiber parameters used in the extended and simplified models, which becomes
more visible with increasing propagation distance. However, the good news is, that the position
of the exceptional point, the border between stable and unstable regimes, in both models is very
similar. Hence, the simplified model can be used for finding critical intensity in the nonlinear
regime.

Fig. 6. Normalized integrated energies in the corresponding cores at the corresponding
energy levels of (a) 100 pJ and (b) 430 pJ for full (solid blue lines: gain core, solid red lines:
loss core) and simplified model (dashed blue lines: gain core, dashed red lines: loss core).

Fig. 7. Snapshot of 100pJ pulses corresponding cores simulated in full model (solid blue
lines: gain core, solid red lines: gain core) and simplified model (dashed blue lines: gain
core, dashed red lines: loss core) at different propagation distances: a) 8 cm, b) 12 cm, c) 21
cm and d) 30 cm.

4.3. Role of dispersion

In this section, we investigate the role of the dispersion on the stability of pulse propagation
in a waveguide with two coupled cores: inter-core coupling κ and gain/loss coefficient α. We
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Fig. 8. Snapshot of 430 pJ pulses corresponding cores simulated in full model (solid blue
lines-gain core, solid red lines-gain core) and simplified model (dashed blue lines: gain core,
dashed red lines: loss core) at different propagation distances: a) 8 cm, b) 10 cm, c) 12 cm
and d) 14 cm.

emphasize this aspect because, upon analyzing the outcomes of the simplified model, it stands out
as the most dominant phenomenon, primarily due to its association with the shapes of absorption
profiles. We restrict the analysis to the linear regime and study the dynamics described by the
equation

∂A(r)(z, t)
∂z

= −
iβ2
2
∂2A(r)(z, t)
∂t2

+ i
(︁˜︁κ ∗ A(3−r)

)︁
(z, t) +

(︁˜︁α ∗ A(r)
)︁
(z, t). (7)

Note that we have two terms on the right hand side of the Eq. (7) in the form of a convolution.
Each of the functions κ and α depend on the frequency ω. For the current study, we have
chosen Gaussian functions for all dispersion profiles and each of them is characterized by three
parameters: width σ, central frequency ω0 and maximums κ0 and α0 respectively. For example,
the inter-core coupling function will be defined as

κ(ω) = κ0 exp
[︃
(ω − ω0,κ)

2

σ2
κ

]︃
. (8)

The dispersion in the gain/loss coefficient α(ω) is introduced by analogy. We have checked that
our conclusions are the same if we use Lorenzian functions instead of Gaussians in the frequency
domain. In this formulation, the constant coefficient corresponds to the Gaussian function, which
is a very broad function of frequency (formally for σ → ∞). In each of the studies reported
below, we looked for the exceptional point that lies on the boundary between stable and unstable
propagation regions. Unstable propagation is characterized by the exponential growth of the
signal in the gain core, while in the lossy core the pulse decays rapidly to zero.

In the case of linear propagation considered here, it is sufficient to examine the maximal real
part of the eigenvalue ℜ(λ)max of the characteristic equation derived from Eq. (7). It is worth
noting, that this result remains consistent regardless of the shape of intensity of the input pulse.
In the nonlinear scenario, however, our approach becomes ineffective. Then, in order to predict
the dynamics of the system and to identify the specific exceptional points, we must resort to
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direct simulations. The ability to find these exceptional points depends on various parameters
associated with the cores, and this requires a different methodology compared to the linear case.

First, we considered the case where all coefficients are constant. In this case, the system
becomes unstable when the magnitude of α is greater than the inter-core coupling κ, regardless of
the value of the dispersion β2, which is a well-known result. Then, we introduced the dispersion
to κ and α in the manner described above. A summary of this study is shown in Fig. 9. We clearly
observed that, as long as the width of the coupling σκ is greater than the gain/loss profile given
by σα, we have a region of stable dynamics (while the maximums κ0>α0). In the opposite case,
when the width of the gain/loss function exceeds the width of the coupling function, ℜ(λ)max is
always positive and tends to linear growth (with increasing value of α0) as the gain/loss profiles
become more and more narrow. This gives us a clue about the possible components of our system.
If we include a small nonlinearity, we expect essentially the same characteristics, with the shift
of the exceptional point.

Fig. 9. Maximum value of the real part of the eigenvalues for different amplitudes of the
coupling coefficient. The width of the gain/loss coefficient is arbitrarily set equal to one,
and the widths of the coupling coefficients as a function of ω are given in the inset. Note
that in all cases where the width of the coupling is smaller than the width of the gain/loss
coefficient, we do not observe stable propagation.

Finally, we investigated, whether the center frequency for the gain/loss and coupling profiles
need not be the same. To do this, we introduced the shift ∆ = |ω0,α − ω0,κ | between the two
profiles and set the width of the inter-core coupling to be several times greater than the width
of the gain/loss parameter (σκ = 6 and σα = 1). As it can be seen in Fig. 10, as long as the
shift between the two profiles is smaller than the width of the coupling (note that we arbitrarily
choose the value of the gain/loss profile to be equal to one), an exceptional point appears. We
have carried out thorough studies, including various coupling widths and shifts, to establish
that the features shown in Fig. 10 are representative over a wide range of parameters, including
proposed configuration. Although, our conclusion is purely qualitative, it serves the purpose of
our pilot study. The main insight from our simulations is that, for practical implementation, we
should look for setups with consistent coupling and carefully study how the relative shifts of the
resonances, in both κ and α coefficients, vary with frequency.
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Fig. 10. Maximal real part from the set of eigenvalues in the case when gain/loss and
inter-core coefficients are centered at frequencies shifted by ∆, as indicated in the inset.
Other parameters are: β2 = 4, σα = 1, σκ = 6 and κ0 = 1.

5. Conclusion

We predicted PT -symmetry breaking in a DC PCF made of phosphate glasses synthesized
in-house. The fiber cores are made of phosphate glasses with 6% mol of Yb2O3 (gain core)
and 0.015% mol CuO doping (loss cores) and have the following structural parameters: core
diameters of 1.85 µm, lattice pitch of 1.6 µm, and extra photonic lattice of air holes with diameter
of 1.4 µm. The fiber exhibits normal dispersion of the fundamental supermodes in the range of
500-2000 nm and coupling length in the order of 5 cm at 1000 nm. We investigated the stability
of the PT -symmetric DC PCF system by simulating the propagation of hyperbolic secant pulses
with a width of 10 ps and 1 ps: the system is stable considering both temporal widths and
values of gain/loss and coupling coefficients ratio being α/κ ≤ 0.25. The designed fiber resulted
in a α/κ value of 0.22. Then, we solved the system of CGNLSE with the Split-Step method,
considering excitation pulses with a wavelength of 1000 nm and width of 1 ps. We predicted
two regimes of light propagation through the designed fiber: 1) linear oscillations of the pulse
energy between the gain and loss core (PT -symmetry state); 2) unstable dynamics with strong
enhancement in both cores (broken PT -symmetry). Initial input energies were 100 pJ and 430
pJ, respectively. The same scenarios were predicted considering pulses with the same input
energy and using a simplified theoretical model, which only includes second-order dispersion
term, linear coupling, first-order nonlinearity, and dispersive gain/loss coefficient. We carried out
an extensive investigation of the influence of dispersion on both the gain/loss and the coupling.
Our investigation led us to understand that stable dynamics prevails when the coupling width
(σκ) exceeds the gain/loss profile width (σκ>σα), while a linear growth of intensity is predicted
in the opposite case. These predictions hold even when the relative frequency shift between
the gain/loss and coupling profiles is taken into account. The results presented here represent a
very promising prediction of PT -symmetric breaking using a manufacturable dual-core optical
fiber. This breakthrough has significant potential for several applications, including all-optical
switching and the development of robust high-power lasers.
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