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Abstract: We present a comprehensive systematic framework for optimizing adiabaticity
in photonic lanterns. The framework considers the effects of both the cross-sectional and
longitudinal device parameters on adiabaticity. Photonic lanterns are adiabatic photonic
devices and are therefore known to have large device lengths. A Shortcuts-to-adiabaticity
(STA) protocol is employed to optimize the adiabatic taper profile in all-fibre photonic
lanterns. The method tailors adiabatic propagation of light in the system by appropriately
correcting the local slope of the taper profile. A quantifiable measure of adiabaticity is
established, based on the adiabaticity criterion. This measure relates inversely to the device
length and is a useful parameter in taper optimization. We apply the protocol to reported
photonic lantern devices to obtain optimal adiabatic taper profiles having shorter device
lengths. The optimized taper profile refers to that taper profile which corresponds to the
minimum local inter-modal coupling at every point along the quasi-adiabatic transition for a
given device length. While optimizing the adiabatic transition by minimizing inter-modal cou-
pling is the basic aim of this work, length optimization is an extremely useful by-product. This
procedure can be used to either reduce the device length or to reduce the mode-coupling
losses or both. This study analyses reported three and six-core mode selective photonic
lanterns as examples. We also discuss ways to make the optimum profiles practically
realizable.

Index Terms: Adiabatic coupler, photonic lantern.

1. Introduction
The adiabatic theorem was introduced in 1928 by Born and Fock [1], ever since it is extensively
used to study controlled evolution in physical systems [2]–[4]. Adiabaticity is exploited heavily in
areas like quantum control, quantum computation and other areas of quantum mechanics probably
because it adds determinism and control to probabilistic systems [5], [6]. The wave-guiding struc-
tures in optics and photonics have found similarities to quantum systems, for example, a simple
waveguide mimics a quantum well [7], [8]. Time evolution in quantum mechanics is analogous
to electromagnetic propagation in optical systems. We may further extend the discussion by
applying the ideas of adiabatic evolution to guided wave systems [9]. Adiabatic variations in guided
wave systems are generally associated with tapering of the structures [10]. Tapering could be
a reduction in the dimensions of the composite waveguide as a whole or the reduction of gaps
between waveguides. The renewed interest in adiabaticity in the field of photonics is responsible
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for the design of novel photonic devices like the Y-splitter, photonic lantern and other adiabatic
converters [11]–[13].

Initially designed to solve an astro-photonic problem of OH suppression [14], the photonic lantern
has come a long way. It is today considered as a useful tool in the solution of the imminent
bandwidth issue [15]. Newer degrees of freedom like spatial and modal multiplicity have paved
the way for Space Division Multiplexing (SDM) and Mode Division Multiplexing (MDM) which are
envisaged as the plausible solutions for increasing the information-carrying capacity of optical
network systems [16]. These emerging frontiers of SDM, MDM, and also the generation of orbital
angular momentum modes in waveguides are some of the areas where photonic lantern devices
have proved to be useful [17]–[20].

A photonic lantern is essentially a three-dimensional coupler having N single-mode fibres which
are adiabatically tapered down to a few-mode fibre (FMF) with N modes. Though there are many
methods of fabricating such devices, they can be realized by the adiabatic taper of a bunch of
single-mode fibres within a low index capillary, in such a way that N such fibres are tapered together
to a final multimode structure which can support N modes [21]. The working of the device and its
salient features discussed in this paper will not be significantly affected by any specific fabrication
technique. The study presenting the optimization of the taper profile is generic and independent of
the different fabrication techniques for photonic lanterns.

Adiabaticity allows for a low loss transition from a known mode of a simple structure to a known
mode of a more complicated structure [22]. An adiabatic transition must be sufficiently gradual,
which usually means that the device length would be substantial. Defining the slowness criteria,
also called the adiabaticity criterion, has been a subject of many papers [10], [23]–[25]. While this
field is well developed in reference to quantum mechanics [26], [27] there have been significant
contributions in extending the same to the context of photonic devices [10], [22]. A criterion for
adiabaticity in fibre tapers was previously reported, where the maximum adiabatic taper angle is
related to the beat length [10]. For the case where the system consists of two modes, the maximum
taper angle for adiabaticity is defined as [10]

�(z) = ρ(z)(β1(z) − β2(z))
2π

(1)

where β1,2(z) represent the propagation constants of the two modes and ρ(z) denotes the radius
of the inner cladding. While this angle is not a clear delineating criterion, it marks a length scale for
the device. The actual angle must be far smaller compared to the maximum taper angle defined
above. Extending the same to the multiplicity of modes, we categorize the modes into degenerate
mode groups, and the maximum taper angle would then be dictated by the least beat length with
respect to distinct mode groups at all points along the transition. This length scale criterion was
further improved considering the effects of the mode profile, the effective index and other waveguide
parameters for special cases [28], [29].

The adiabatic theorem mathematically defines the slowness in terms of the eigenvalues and
eigenfunctions [30]. In the context of photonic devices, this may be written as

∣∣∣∣∣
〈
a
∣∣ḃ〉

(βa − βb)

∣∣∣∣∣ � 1 (2)

where the dot denotes derivative with respect to the propagation distance z and βa,b are the
propagation constants associated with the modes |a〉 and |b〉 of the transverse cross-sectional
refractive index profile, respectively. A controlled evolution of the field could be achieved by
forcing a slow variation of the modes along the propagation direction. Consequently, the length
of the device is large in adiabatic devices, analogous to large time scales in adiabatic quantum
processes. Adiabatic devices, in turn, tend to be robust in terms of broadband operations and
contribute towards good fabrication tolerances [30]. Optimization of this trade-off between large
device lengths and adiabatic control has led to the development of a class of techniques used to
accelerate the adiabatic process optimally, called Shortcuts-To-Adiabaticity (STA) [31]. One of the
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Fig. 1. Schematic of a photonic lantern.

STA protocols, fast quasi-adiabatic dynamics (FAQUAD) was applied successfully to an asymmetric
Y-junction mode sorter [30]. Using a similar analysis, we present a method to optimize the photonic
lantern device length by tailoring adiabaticity. The next section outlines the protocol. Further, we
demonstrate its application on structures that have been well analysed and reported in literature.
The effect of the measure of quasi-adiabaticity on the propagation and retention of power in a
certain mode has also been discussed.

2. Optimization Protocol
This protocol is applicable to systems with a single adiabaticity control parameter. The control
parameter could be the gap between components of the device, the radius of a certain waveguide
or as in our case the dimension of the composite structure. A photonic lantern merely tapers along
the propagation direction; hence, its adiabatic evolution is governed by a single control parameter
defining the transverse size. The optimization protocol homogenizes adiabaticity over the adiabatic
evolution. The measure of adiabaticity is indicative of the measure of coupling between modes.
This measure varies along the transition and can be defined for a two mode system as [30]∣∣∣∣∣

〈
a| ∂

∂z |b
〉

(βa − βb)

∣∣∣∣∣ = ε(z) (3)

where ε(z) represents the magnitude of mode coupling along the propagation axis. Since, the entire
structures tapers uniformly, it suffices to consider one parameter as a control parameter. In the case
of photonic lanterns, as shown schematically in Fig. 1, we consider the radius of the inner cladding
r (z) as this parameter. As the structure tapers, this parameter assumes the role of the radius of the
core at the tapered FMF end. We, can now rewrite eqn.(3) as∣∣∣∣∣

dr
dz

〈
a| ∂

∂r |b
〉

(βa − βb)

∣∣∣∣∣ = ε(z) (4)

The term in the left hand side (LHS) of eqn.(4) can be considered as a product of two factors,
where we immediately observe that the second factor depends only on r . The first factor in this
product term gives the relation between r and z; r (z) thus defines the taper profile. We may now
define the second factor on the LHS which is a function of r alone, as

G(r ) =
∣∣∣∣∣

〈
a| ∂

∂r |b
〉

(βa − βb)

∣∣∣∣∣ (5)

The structure tapers along the propagation direction and r (z) can be safely considered to be
monotonically decreasing, i.e., it has the same sign throughout. Therefore, we may now write
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eqn.(4) as

−G(r )
dr
dz

= ε(z) (6)

Here, G(r ) and ε(z) represent measures of mode coupling as a function of r and z respectively,
while r (z) denotes the taper profile. For a given profile, G(r ) would have an implicit dependence on
z through r (z). However, G(r ) does not depend on the profile r (z) as it is a function of r alone. It
depends on the characteristics of the two modes and their variation as a function of r . Thus G(r )
remains unchanged if the profile r (z) between two given values of r is changed. On the other hand
ε(z) would certainly change if r (z) is changed. This relation is governed by eqn.(6).

Let the taper be such that r changes from r1 to r2 over a length L. We may integrate eqn.(6) to get
∫ r2

r1

−G(r )dr =
∫ L

0
ε(z)dz (7)

For a given two-mode system on any arbitrary monotonically reducing taper profile r (z) between r1
and r2, the LHS is constant. Thus,

∫ L

0
ε(z)dz = const ant (8)

This shows that irrespective of the taper profile, the area under the ε(z) curve would remain
unchanged for a given modal system, between r1 and r2. Therefore, for a desired variation of ε(z)
we can solve eqn.(6) to obtain a corresponding r (z). For a transition to be adiabatic or strictly
quasi-adiabatic, we must have |ε(z)| << 1. Since, the area under ε(z) is a constant [eqn.(8)], the
best case would be when ε(z) has a constant of value much less than 1, as a lower value of ε(z)
would necessarily require a higher value at some other z to keep the area under the curve ε(z)
constant. This immediately gives a relation between the length of the device, L, and the constant
value εc.

εc = 1
L

∫ r2

r1

−G(r )dr (9)

Thus, for a given modal system with r1 and r2 as limiting sizes, one may choose a large value
of L to keep εc sufficiently small. For any chosen value of L one can obtain the value of εc and the
corresponding optimal taper profile r (z) by solving eqn.(6). However, the extent of quasi-adiabaticity
of the profile would be dictated by the value of εc.

This protocol can be directly extended to systems with more than two modes. In this study, we
have considered photonic lanterns systems with a multiplicity of modes and degeneracy in some
modes. For an N core photonic lantern, the calculation of G(r ) becomes, G(r ) = max[Gi j ]i, j ( �= i ) refer
to modes or mode groups in case of degeneracy and Gi j is the value of G(r ) between the i t h and the
j t h mode/mode groups. In a sense, for every value of r we are trying to find the pair of modes where
the coupling or the damage to adiabaticity is maximum. Therefore, all other mode pairs are more
quasi-adiabatic than that pair at that specific position. Thus, the variation G(r ) contains the worst
case of quasi-adiabaticity, implying that satisfying the same would automatically take care of the
other mode pairs at that value of r . Using this G(r ), we then obtain at the most appropriate variation
r (z) for chosen values of εc and L. The computed optimal variation of r (z) could further be fitted to
a polynomial or a known function to obtain a smoother functional form. This fitting would, however,
be such that the fitted curve is always slightly more or equal to the actual G(r ), so that the obtained
values of G(r ) for any value of r represent a case which is slightly less adiabatic. This would result
in a taper profile which would have better adiabaticity than that dictated by the actual G(r ).

In this study, a five-point central difference scheme was used for calculation of the numerical
derivative. The G(r ) thus obtained was fit to a certain functional form with respect to r . This fit would
differ from case to case and for ease of calculation a small overestimation wherever necessary of its
value at various r would help achieve a smoother and easy to compute quasi-adiabatic profile. The
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Fig. 2. Measure of coupling in units of the linear slope.

resulting profile obtained using the described method may not be easy for fabrication, especially
on a conventional taper rig. We will address this issue in sec.4.

3. Three and Six Core Photonic Lantern
We demonstrate the applicability of the protocol described above in the context of photonic lantern
devices. The protocol has been used to optimize the taper profile by reducing the device length
while improving or maintaining adiabaticity. To this end, we have considered two different mode
selective photonic lanterns, with three and six cores, respectively.

3.1 Three Core Photonic Lantern

We consider a three core photonic lantern, previously reported in [32] and also analyzed by [33],
[34] with a device length of 20 mm. In general, the length of the photonic lantern scales quadratically
with the number of cores [35]. The three-core device consists of 3 SMFs arranged as vertices
of an equilateral triangle; the core diameters at the SMF end are 11, 8.8 and 7 microns which
selectively excite LP01, LP11a and LP11b modes of the delivery FMF end, respectively. An untapered
125 microns inner cladding tapers linearly into a 14 μm core which supports exactly three modes
at a wavelength of 1.55μm. The structure has two mode groups, the fundamental mode {a} and a
degenerate pair {b, c} of the first higher-order mode. The measure of adiabaticity for this system
could be computed as G(r ) = max[Gab(r ), Gac (r )], the sampled data points are then fitted to a well-
behaved function by overestimating the values wherever required as discussed in the previous
section. The evaluation of the function G(r ) at a sampled point requires the computation of the
modal fields and the propagation constants at that sampled value of r . The modal field profiles
|a〉, |b〉 and the respective propagation constants βa and βb may be computed using any standard
method like finite element method [36], finite difference method [37] etc. However, we have used
the collocation method, in which we convert the Helmholtz equation into an eigenvalue equation
using a semi-analytical formalism. This method was also used in our earlier work and more details
are given in [33]. The sampled G(r ) for different mode pairs, net sampled G(r ) and a three-Gaussian
functional fit of G(r ) are plotted in Fig. 2.

It can be observed that the curve G(r ) has low values initially, increases with taper, and finally
reduces again towards the end. This can be understood by observing that initially the individual
cores of the SMFs are far apart making coupling very weak, but as the system tapers, the cores
begin to interact and the device as a whole transitions to circular symmetry. The cores begin to
loose their individual identity and the super-modes reshape themselves into orthogonal modes of
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Fig. 3. Measure of adiabaticity for linear and optimized taper. The area under the curve is same
for all the ε(z) variations. The measure of adiabaticity for the reduced length in the optimized case
εopt (z)[0.95cm] is nearly equal to the most lossy value of ε(z) in the linearly tapered device.

the FMF. After this transition, the value of coupling reduces again. Using equation (8), we compute
the integral constant representing the area under ε(z).

In Fig. 3 the area under the curves of optimized εc and εL (ε for a conventional linearly tapered
device) for the lengths of 2 cm and 0.95 cm are same, since these correspond to the same fiber
system and the area under the G(r ) curve as defined in eqn(7) remains the same. The figure
shows that for the same length of 2 cm, an optimized taper profile would give a lower εc value
resulting in less mode coupling and better mode purity. However, it can also been seen that for a
relaxed tolerance on the acceptable values of ε(z), as the variation of a practical linear taper design
suggests (εL(z)[2cm]), an optimized taper of nearly half the device length (with εc (z)[0.95cm]) can
be designed.

In order to compute the optimum taper profile, we first fix the required device length and the
acceptable value of εc using this relation in equation (9). The relation suggests that εc and L
vary inversely, implying that a shorter device length would compromise adiabatic propagation and
increase coupling losses. After having fixed the desired length and having obtained the constant
homogenized measure of coupling εc, it is but left to solve the differential equation (6) under the
boundary conditions governing the value of inner radius r (z = 0) = 62.5μm for the three-core
structure. The obtained optimized variation of r (z) for less than half the linear device length for
the three-core device is plotted in Fig. 4. The optimized variation though mathematically accurate
may not immediately seem suitable for fabrication. Thus, a procedure to obtain more practically
realisable variations for r (z) is outlined in the next section.

Taper optimization is primarily focused on reducing the power loss due to inter-modal coupling
during propagation, thus maintaining modal purity. A study on the difference in fractional power
retention by the fundamental mode and the first higher order mode during propagation in a linearly
tapered device in comparison to the same through a device with optimized taper is plotted in Fig. 5.
The plot shows the total power lost within the computational window as a function of propagation
distance. The computational window is truncated by a layer of a gradually absorbing boundary, the
specifications of which are indicated below.

It was observed that the power retention is much better in the optimized case compared to
the case of linear taper of the same length. For both the modes, the fractional loss is less than
half in the optimized device compared to the linear taper device. The graph in Fig. 5 cannot be
directly juxtaposed and compared with Fig. 2, because the energy that is absorbed into the gABC
layer which in effect is the energy lost out of the device, reaches the boundary layer only after a
considerable propagation distance. Therefore, it is in a sense a delayed response, between the
power coupled out at a certain point along the propagation and the plot in Fig. 5. The study
clearly emphasises the importance of taper optimization for adiabatic propagation and optimum
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Fig. 4. Computed optimized quasi-adiabatic profile of the inner radius for a much shorter device length
compared to linear taper profile.

Fig. 5. The taper profile effects the fractional power retention in the device. The optimized taper shows
a reduction of more than 50% in the power lost during propagation for both the distinct modes in the
three-core device.

power retention. The total coupling loss is largely determined by the loss at most lossy point
along the taper transition. Therefore, a uniformly quasi-adiabatic transition provides a robust check
on this loss all along the transition. The reduction in length is also a useful by-product of the
optimization process as discussed above. Other ways to reduce the taper length in linear devices
is by considering graded-index SMFs. We have analyzed such devices and have found that these
devices have a better G(r ) variation, thus allowing for more efficient devices at shorter device
lengths. This aspect has been illustrated further for the case of six-core photonic lanterns later.

The simulation was performed using the a collocation method based beam propagation
scheme [38] where the iterations are computed using the fourth-order Runge-Kutta method. The
step size for numerical propagation was taken as 0.04μm, since the propagation is unaffected
by further reduction in the step size. A gradually absorbing boundary condition (gABC) was
implemented, which has been shown to be comparable to PML [39]. The gABC strength for a
width of 40% was taken to be 0.89 with a sin2 profile [39]. The gABC parameters are optimized and
its effect on the propagation can be considered to be similar for both the cases.

3.2 Six Core Photonic Lantern

A variety of six-core photonic lanterns have reportedly been analysed in literature [40], [41], [42]–
[44]. Variations being with geometries of circular [42] and elliptical core [43] and index distributions
like graded [44] and step [41]. In tapering photonic lanterns with elliptical cores, such as the
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Fig. 6. The measure of coupling for the six-core photonic lantern. For the conventional case it is eight
times higher than that with the optimized case for a 10% reduction in device length.

EC-MSPL described in [43], the ellipticity is maintained as both the major and minor axes taper
proportionately. In such a case, the length of either axis maybe considered as the control parameter.
The method is thus generic and can be applied to the elliptical core photonic lantern as well.
However, in this work, we have considered the circular core mode selective photonic lanterns.
Here, we have analysed, step index profiles reported in [33], [40], [43]. The six-core device has a
low index capillary initially with a diameter of 280 microns. The six SMF cores that map onto six
modes LP01, LP11a, LP11b, LP21a, LP21b, LP02 of the FMF have diameters of 17μm, 15μm, 14μm, 13μm,
12.4μm and 10μm, respectively. An inner cladding of undoped silica is considered, while the outer
cladding is considered to be fluorine doped with an index difference of −6 × 10−3 at a wavelength
of 1.55μm. The doped SMF cores have a higher index of 1.45. Such structures work as MIMO
free devices [45], [46] because of the one to one correspondence between an input individual
SMF mode and a super-mode of the tapered structure. The structure has six modes over four
mode groups. We may label them as a to f , with a and f corresponding to the LP01 mode and LP02

mode respectively. The degenerate pairs addressed as {b, c} and {d , e}. The measure of coupling
for this system could be computed as G(r ) = max[Gi j ], where i, j ( �= i ) = a, b, c, d , e, f . The same is
then substituted in eqn.(6) to compute ε(z). For, this structure, the curve of εL(z) in Fig. 6 shows
that initially at the untapered end, the coupling is very low. As discussed earlier, this is due to the
SMF modes being well guided in the respective cores which are well separated from each other.
As the structure tapers, the modes spread out of the high index cores and begin to interact. The
modes of the system slowly move out of the individual core and evolve into the orthogonal modes
of the composite structure with the inner cladding taking the role as the new wave-guiding core.
Homogenization of ε(z) would require to contain the slope of r (z) in such a way as to compensate
for the high values of G(r ).

The optimized r (z) for the six-core case with a slight reduction (10%) in the device length is
shown in Fig. 7. The value of integral in equation (9) limits the quasi-adiabatic device length in this
system. While the reduction in the device length is not significant, the adiabaticity in the system is
homogenized and the coupling is contained considerably along the entire length of the device. The
discussion on six-core structures presented in [42] indicate that the adiabaticity of the device is not
optimal and improves with a graded index profile. Similarly, in [43] the authors argue that an elliptical
design reduces the modal cross-talk in the device, which in essence improves the adiabaticity. We
note that the device under a linear taper transition is inherently not very adiabatic. While the linear
device does provide the expected I/O characteristics, it is intuitive that a homogeneously adiabatic
profile provides greater control and robustness to the device under the adiabatic transition. The
fabrication of such complex taper profiles may seem unreasonable, however, we could approximate
the optimized profile with a suitable smooth function that can be fabricated with relative ease.
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Fig. 7. The slope of r (z) in the optimal taper ensures that the coupling is minimal at every position along
the transition.

Fig. 8. Effect of a graded index profile on the coupling parameter. Here a, b, c, d , e, and f refer to LP01,
LP11a, LP11b, LP21a, LP21b and LP02 respectively.

Intuitively, a linear profile may seem to be optimal because the slope at any point is constant, in
the case of any other profile, a slowly varying non-linear part at any point will be compensated by a
rapidly varying part which could compromise adiabaticity. The argument is since the slope at each
point represents the rate of taper; thus, a faster rate of taper would imply more coupling. However,
this clearly is not the case. The measure of adiabaticity, at any point along the taper is dependent
not just on the slope of taper, but also on the mode coupling characteristics which in turn depend
on the cross-sectional index distribution, field profiles and propagation constants.

3.3 Graded Index SMFs

It has been shown that graded index SMFs can be used to obtain shorter device lengths in photonic
lanterns [42]. The authors have shown a reduction in device length by a factor of 2, mode purities
were shown to be preserved at 4 cm[42]. The effect of the same can be observed in the analysis of
adiabaticity in such structures. We performed the STA analysis as discussed above on the graded
index profile to understand the effect of using graded index SMFs. The graded index fibers based
PL also has six cores and supports four mode groups of LP01, LP11, LP21 and LP02. The core indices
used in this case are same as the case of the step index fiber based PL discussed above and
a parabolic-index profile has been considered. Variations of G(r ) for different mode pairs and the
final variation of G(r ) for a graded-index six-core case have been plotted in the Fig. 8. It has been
compared with the step-index profile discussed above. It can be seen that the maximum value of
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Fig. 9. Tailoring of the ε(z) for the optimized taper profile to reduce the profile slopes at the two extreme
ends.

G(r ) (which in-turn effects ε(z)) and the area under the curve (integral constant affecting length
reduction) are much less in the case of graded-index fibers compared to the case of step-index
fibers. In this comparison, the area under the G(r ) curve for the step-index case is about 2.5 times
larger than the area under the G(r ) curve for the graded index curve, indicating that a shorter
device length could be used under the same linear taper profile. Here, we have calculated the
integral in eqn.(7) for both the cases and compared them considering both the cases to be having
a linear taper profile. Thus, the usage of graded index SMFs leads to a more adiabatic propagation,
which reduces inter-modal coupling and retains modal purity. The modifications in geometric and
material parameters of the structure translates into the mathematical quantities of G(r ) and the
integral constant. This method is therefore generic and could be used for optimizing adiabaticity by
tweaking different device parameters.

4. Practical Configurations
The optimized profile mathematically obtained and presented in Fig. 4 and Fig. 7 may not be
amenable to easy fabrication due to rapid slopes in the beginning and towards the end of the
device. In these regions, the mode coupling is low and the values of G(r ) are very small. In order to
obtain the required value of εc, eqn.(6) requires large dr

dz . This may be modified to more practically
realisable configurations with relative ease. As an example, we consider the three-core case and
the optimal profile presented in Fig. 4. Initially the radius tapers rapidly, since the value of G(r )
is low due to non-interacting and well confined modes in the individual SMFs. Mathematically,
this reflects in G(r ) and thus in ε(z). To tailor the required optimal variation of r (z), we need to
appropriately reduce ε(z) in the region of low G(r ). We begin by relaxing the constant ε condition.
Instead we design ε(z) suitably while limiting its maximum value to ensure adiabaticity. This affects
the desired length of the device and the straight forward inverse variation given in eqn.(9), no longer
holds. In Fig. 9 a tangent hyperbolic like variation (ε′

opt (z)) is considered to appropriately contain the
rapid variation in ropt (z) at the untapered end. This affects the length of the device, which is then
calculated using eqn.(7).

To compute the revised optimal taper profile, we simply consider the newly defined variation
of ε(z) in eqn.(6).The computed profile is plotted in Fig. 10. The most optimal ε(z) would be a
constant and any changes to that would result in compromising the device length or adiabaticity.
In the example discussed, an initial slow variation of ε(z) eventually leading on to the constant
value of εc results in a larger device length. Similarly, the rapid variation at the tapered end is also
contained by a suitably designed ε′′

opt (z) resulting in an optimal r (z) given as r ′′
opt (z) in Fig. 10. In both

the cases we see a penalty of device length incurred. This could be compensated by a compromise
in adiabaticity by suitably raising the value of ε(z), if possible. For example, in the 3-core device
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Fig. 10. Optimized taper profiles r ′opt (z) and r ′′opt (z) corresponding to ε′
opt (z) and ε′′

opt (z) show that tailoring
of εopt (z) can moderate the rapid variations in ropt (z) with a penalty on the device length.

example, the maximum value of εc is about 0.04 which is still very small compared to unity. In this
case, one could increase the maximum value of εc to reduce the device length. However, in the
6-core device, εc is already close to unity and hence there is not much room for further relaxation.
This is due to the limitation of the device in terms of the fiber sizes, indices, index profile, etc. and
may require redesign as discussed in [43].

This simple procedure to appropriately tweak ε(z) would be extremely useful in designing
optimally quasi-adiabatic and experimentally feasible taper profiles.

5. Summary and Conclusion
Adiabaticity is critical for the performance of photonic lanterns and it is affected by various construc-
tion parameters of the device. We have presented a procedure to optimize adiabaticity by tailoring
the taper profile. Optimization can improve the device adiabaticity or reduce the device length or
both. The method is based on a shortcuts-to-adiabaticity (STA) protocol and it has been used to
optimize the adiabatic taper profile in all-fiber photonic lanterns. The effect of cross-sectional device
parameters on adiabaticity was also discussed. The adiabaticity criterion is used to the quantify
inter-modal coupling which shows an inverse dependence on the device length. The protocol is
successfully applied to reported three-core and six-core photonic lantern devices. Taper profiles
with improved adiabaticity and shorter device lengths have been obtained. This method may be
extended to optimize the design parameters of other adiabatic photonic devices. The method
promises to be an invaluable tool towards miniaturization in photonics.
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