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Abstract: We numerically demonstrate an optical waveguide structure
for the coherent tunnelling adiabatic passage of photons. An alternative
coupling scheme is used compared to earlier work. We show that a three
rib optical waveguide structure is robust to material loss in the intermediate
waveguide and variations to the waveguide parameters. We also present a
five rib optical waveguide structure that represents a new class of octave
spanning power divider.
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1. Introduction

Opticalwaveguide systems have been connected to a variety of coherent quantum effects that
occur in atomic, molecular and condensed matter systems such as: adiabatic stabilisation [1],
coherent population transfer [2–6], Bloch oscillations [7,8] and Zener tunnelling [9]. These co-
herent quantum effects are often difficult to explore in atomic, molecular and condensed matter
systems because of effects such as many-body interactions, decoherence and the presence of
time-dependent/non-linear terms in the Schrödinger equation. In the realm of guided-wave op-
tics, one is able to obtain a direct realisation of the dynamics of a coherent quantum system,
described by a tailored Hamiltonian, by mimicking laser and matter interactions with geomet-
rical bending of the optical waveguide structure [10].

Another example of a coherent quantum effect is STImulated RAman Adiabatic Passage
(STIRAP) [11,12], which is the coherent transport of population within an atomic or molecular
system. The spatial analogue to STIRAP is known as Coherent Tunnelling Adiabatic Passage
(CTAP) [13]. Applying CTAP methods to optical waveguides provides a new set of tools for
the design of photonic devices, and this is the main theme of the present work.

CTAP has been proposed in the condensed matter regime for the transportin space of elec-
trons between quantum dots [13], neutral atoms within optical traps [14] and Bose-Einstein
condensates [15]. Research in optical waveguide CTAP devices has steadily increased due to
the relative ease of engineering optical structures compared to solid state systems [10]. A com-
parison between the Schrödinger equation (quantum) and Helmholtz equation (guided-wave
optics) reveals an analogy between the quantised energy levels and discretised guided modes of
an optical waveguide [16, 17]. The ideas of adiabatic passage of photons using optical waveg-
uides have been theoretically proposed in three-core [2, 4], multiple arrays [3, 6] and experi-
mentally realised for a three-waveguide system [5]. Optical waveguide CTAP structures offer
broadband beam splitting [18, 19]. The experimental realisation of optical waveguide CTAP
enables exploration of the parameter space of condensed matter CTAP systems using appro-
priate mappings between both regimes. This mapping accurately allows us to implement other
adiabatic quantum processes to optical waveguide systems.

We introduce a three optical waveguide structure that demonstrates CTAP for photons, us-
ing a different coupling scheme from previous work utilising Gaussian profiles [2, 5, 6]. The
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background theory and methodology in the design process can be found in Sec. 2. Our scheme
resultsin a length reduction of one order of magnitude compared with previous work, making
our approach more useful for practical devices. The propagation behaviour for this structure can
be found in Sec. 3.1. The three waveguide structure shows remarkable robustness in the trans-
port of light when material loss (i.e. imaginary refractive index) is introduced to the central
waveguide and when the rib heights of constituent waveguides are changed from the optimised
system, the results can be found in sections 3.2 and 3.3 respectively. The transmission response
from the variation of the rib heights produced qualitative agreement with previous work done
in related approaches (cf. [12,13]).

Extending on the ideas of the three waveguide structure, we also introduce a new class
of power divider consisting of five waveguides, based on Multiple Recipient Adiabatic Pas-
sage [20–22] (MRAP) with the propagation results found in Sec. 3.4. This five waveguide
structure has a very broadband spectral response and is shown in Sec. 3.5. The robust nature of
the power divider allows for applications that include coupling power between different mate-
rials systems, across interfaces, taking advantage of the low field strength in the intermediate
waveguides.

2. Theory and method

The archetypal CTAP system consists of 3 basis position eigenstates of|1〉,|2〉,|3〉, where the
goal of CTAP is to have robust population transfer from an initial state|1〉 to final state|3〉
and a consequence of this transport method is the minimal occupation of the intermediate
state|2〉 [13]. The basis states represent spatial wavefunctions in the quantum realm and are
analogous to optical modes that exist in waveguides for guided-wave optics. These modes are
characterised by propagation constants,β . The propagation constant is analogous to the en-
ergy when mapping between the Helmholtz and Schrödinger equations [16]. The Hamiltonian
that governs the CTAP system is a 3×3 matrix with off-diagonal terms that correspond to the
coherent tunnelling rates, between adjacent site pairs of|1〉, |2〉 and|2〉, |3〉. The coupled differ-
ential equation and coupling coefficient matrix for a three-waveguide implementation of CTAP
is [4,5]:

−i
d
dz

A(z) = C(z)A(z), C(z) =





0 −κ12(z) 0
−κ12(z) −∆21 −κ23(z)

0 −κ23(z) −∆31



 , (1)

wherez is the propagation direction,A(z) = [a1(z),a2(z),a3(z)]T is a vector representing field
amplitudes of waveguides|1〉, |2〉, |3〉 respectively.C(z) is the overall coupling coefficient ma-
trix. κab are the coupling coefficients between adjacent waveguides.∆ab = βa −βb is the effec-
tive detuning, or equivalently the mode mismatch between waveguidesa andb. Diagonalising
C(z) leads to the identification of three supermodes. When∆31 = 0, one of these is the equiva-
lent of the dark state in STIRAP [12] and null state for CTAP [13]. We denote this supermode
E(z) and it is a superposition solely of modes|1〉 and|3〉:

E(z) = −
κ23(z)

√

κ12(z)2 +κ23(z)2
E1 +0×E2 +

κ12(z)
√

κ12(z)2 +κ23(z)2
E3. (2)

whereE = A(z)exp[i(β z−ωt)] is the electric field. Maintaining the system in this supermode
achieves coherent and complete population transfer from|1〉 to |3〉 by adiabatic variation of the
tunnelling rates through the counter-intuitive sequence [12]. For the counter-intuitive sequence,
initially the coupling between the unpopulated states is much greater than that connecting the
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populated state. In the optical waveguide setting, the tunnelling rates are the coupling coeffi-
cientsbetween adjacent waveguides [2,5,24].

We choose rib waveguides (see Fig. 1(a)) because large evanescent fields can exist between
waveguides to facilitate coupling. The refractive index of the surround region is the same as the
rib region. For single mode operation we have chosen the rib, surround heights and core width
to be 1.8,1.0 and 2.36 µm respectively, using the effective index method [25].

The refractive indices that constitute the rib waveguide are:ns = 1.45 (SiO2 substrate),
n f = 1.56 (polymer film) andnc = 1.0 (air cover). Polymer is chosen as the guiding index due
to the relative ease to fabricate rib waveguides from this material. The basic rib waveguide is
designed to operate atλ = 1.55µm using standard beam propagation software (BeamPROP 8.2
by RSoft Design Group, Inc.). Using this basic rib waveguide, we designed 3- and 5-waveguide
(CTAP and MRAP respectively) structures based on the following coupling coefficients be-
tween adjacent waveguides (labelled|n〉, wheren is the waveguide number, see Fig. 1(b,c)).

κ12(z) = (κmax−κmin)sin2
(πz

2L

)

+κmin, κ23(z) = (κmax−κmin)cos2
(πz

2L

)

+κmin, (3)

whereκmax/κmin is maximum/minimum coupling coefficient [26],L is the total length. There
is considerable flexibility in the coupling scheme provided that the chosen functions satisfy the
adiabaticity criterion [11,12,27]. Previous work was done with Gaussian coupling [5].

The geometry of the CTAP and MRAP waveguide structures (see Fig. 1(b) and (c) respec-
tively) is determined by calculating the propagation constants of the supermodes of a two op-
tical waveguide system, i.e. a directional coupler. Theseβs are then used to calculate the cou-
pling coefficientsκ as a function of the gap between the two waveguides [23], which has the
following form κ = (β+ −β−)/2; whereβ± are the propagation constants of the symmetric
and antisymmetric supermodes respectively of the directional coupler. To design the full CTAP
structures,κ is set to the CTAP protocol of Eqs. (3) to generate the geometry of the structures
in thexz-plane (top view). In the results that follow, a scalar beam propagation method is used,
i.e., without polarisation of the optical fields.

Fig. 1. (a) The basic rib waveguide (transverse slice,xy-plane) used to construct the CTAP
and MRAP structures; whereh, f , andw represent the rib, surround heights and core width
respectively.nc,n f andns represent the refractive indices of the cladding, core and substrate
respectively. (b) The CTAP optical structure (top view,xz-plane) and (c) MRAP optical
structure (top view,xz-plane), with coupling coefficients of Eqs. (3) shown.
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3. Results

3.1. 3-waveguide CTAP - propagation

For the CTAP structure we excite waveguide|1〉 at z = 0 (see Fig. 1(b)), which results in a
counter-intuitive coupling sequence, with the fundamental mode of the basic waveguide. Figure
2(a) shows the top view (i.e.xz-plane) of the propagation of light through the CTAP structure.
Figure 2(b) shows the power evolution through constituent waveguides of the CTAP structure.
The length,L, is chosen such that light in waveguide|2〉 at any point along the structure is kept
to a minimum.

Fig. 2. Light propagation (using BeamPROP 8.2 by RSoft Design Group, Inc.) through the
CTAP structure based on the coupling coefficients of the CTAP protocol, where (a) is the
top view (xz-plane) of the structure and the black outlines represent the side walls of the
individual waveguides. The grey scale represents the intensity of light, peak is normalised
to 1. (b) The evolution of the power in each individual waveguide for the CTAP structure.
The power in waveguide|2〉 has been multiplied by 100 to make it visible on this scale.
Here we have setκmax = 2 ×10−2 µm−1, κmin = 2 ×10−5 µm−1 and the total length to
L = 4 mm.

Figure 2 indicates that light is coupled across the structure from waveguide|1〉 to waveguide
|3〉with minimal excitation of waveguide|2〉, showing that light is adiabatically transported via
the CTAP process. These results confirm previous work with three optical waveguide CTAP
that used a Gaussian coupling scheme [5], which also showed that light primarily exists in the
outer waveguides of the three waveguide CTAP system. The structure is one order of magnitude
shorter, in length, with respect to previous work [5].

3.2. 3-waveguide CTAP - material loss in waveguide |2〉

Ordinarily, one might expect that large loss in any of the three waveguides might lead to a com-
mensurate loss in performance for the entire device. However, the CTAP protocol minimises
the power in waveguide|2〉, despite the light demonstrably travelling from|1〉 to |3〉 via |2〉,
CTAP is incredibly insensitive to loss in|2〉.

We demonstrate this robustness by the introduction of an imaginary refractive index,ni, for
waveguide|2〉. Figure 3 shows the optical power loss as function ofni for waveguide|3〉 in the
CTAP structure (solid line) and waveguide|2〉 only (dash-dot line).

At ni = 1× 10−3, the power loss in waveguide|2〉 only is α|2〉 = −93.2 dB and for the
whole CTAP structure isαCTAP =−0.71 dB. These results indicate an approximate 10 order of
magnitude difference in power loss when CTAP is used. Also atni = 0.01, the power loss for
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Fig. 3. Power loss (α in decibels) as a function ofni for the transmission of power through
the CTAP structure (solid line) and waveguide|2〉 only (dash-dot line). The core width of
waveguides|1〉, |2〉 and |3〉 arew = 2.36 µm. The arrows for each scenario represent the
input (bottom) and output (top) of the optical field.

the CTAP structure isαCTAP = −6.70 dB which represents a relatively low loss given a high
material loss index. These small losses can be understood because the CTAP process minimises
the power fraction in|2〉 (see Fig. 2(b)), reducing effective material loss from the 3 waveguide
CTAP structure.

3.3. 3-waveguide CTAP - variation in rib heights of waveguides |2〉 and |3〉

We now turn to the issue of non-identical waveguides by exploring the role of detuning in
the three waveguide model. As mentioned above, the propagation constant is analogous to
energy in the CTAP Hamiltonian, and hence variations inβ between waveguides plays the
same role as detuning. The propagation constant is set by the physical waveguide parameters;
refractive index, core width, and rib height. Although variation of the core width would be
easiest to realise in practice, the constraint of the mode cutoff and the waveguide separation,
does not allow significant detuning. Varying the rib height, although challenging in practice,
allows the clearest demonstration of the CTAP method. Hence without loss of generality, we
model variations inβ by changing rib height. The basic rib height ofh = 1.8 µm (see Fig.
1(a)) is the optimised height for these CTAP structures with lengths aboveL = 4 mm achieving
adiabatic propagation of light. Figure 4 shows the transmission of the CTAP structure as a
function of detunings∆21 and∆31.

In Fig. 4 it can be seen that the CTAP structure can still operate (power fraction≥ 0.9) even
when rib height of waveguides|2〉 and |3〉 are changed asymmetrically. In particular we find
that the system is more robust to∆21 than∆31, given that the range of operation is greater for
∆21 than for∆31, which means the rib height of waveguide|2〉can be changed to a greater extent
than waveguide|3〉 can for operation. Qualitatively Fig. 4 gives the same detuning behaviour
as the equivalent scenarios in previous work done for STIRAP (cf. Fig. 10 of [12]), with an
asymmetry in the plot occurring along the∆31 axis between -0.02 to 0.03, and for the CTAP of
electrons between quantum dots (cf. Fig. 5 of [13]).

3.4. 5-waveguide MRAP - propagation

Here we show the results of a new class of 5-waveguide power divider based on MRAP [20,21].
The propagation of light through the MRAP structure (see Fig. 1(c)) is explored by exciting
waveguide|3〉 with the fundamental mode of the basic waveguide. Figure 5(a) shows the top
view (xz-plane) of the propagation of light through the MRAP structure. The optical power in
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Fig. 4. Power fraction in waveguide|3〉 at L = 4 mm (i.e. end of structure) of the CTAP
structure as a function of detunings∆21 and∆31. Note,∆ = 0 represents no change in the
rib height of waveguides|2〉 and|3〉. The colour bar shows the final power fraction in|3〉.

the constituent waveguides as a function of propagation distancez is shown in Fig. 5(b).

Fig. 5. Light propagation (using BeamPROP 8.2 by RSoft Design Group, Inc.) through
the MRAP structure, where (a) shows the top view of the structure and the black out-
lines represent the side walls of the individual waveguides. The grey scale represents
the intensity of light, peak is normalised to 1. (b) Power in individual waveguides of
|1〉 (blue line),|2〉 (red line),|3〉 (black line),|4〉 (black dash) and|5〉 (cyan dash). The frac-
tional powers of waveguides|2〉and|4〉are multiplied by 100 to make it visible on the scale.
Here we have setκmax = 1.0×10−2 µm−1, κmin = 1.0×10−5 µm−1 andL = 4 mm.

Figure 5 indicates that light is coupled from the central waveguide of|3〉 to the outer waveg-
uides of|1〉 and |5〉 with minimal excitation of the intermediate waveguides of|2〉 and |4〉,
showing that light is adiabatically transported via the MRAP process. The power fraction, at
the end of the structure, of waveguides|1〉 and|5〉 is 0.50. This device represents a new class of
power dividers where the power division is robust, as it will be shown in Sec. 3.5, at the level of
the ratio of the inter-waveguide couplings, rather than the device length as is the case for usual
directional couplers.
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Fig. 6. Spectral response of the MRAP structure, optimised to operate at a wavelength of
λ = 1.55 µm . The solid-dot line represents the summation of the maximum power that
occurs in waveguides|2〉 and|4〉. The red square-solid (blue triangle-dash) line represents
the final power fraction (L= 4 mm, i.e., end of structure) of waveguide|1〉 (|5〉).

3.5. Spectral study of 5-waveguide MRAP structure

The MRAP structure shown in Sec. 3.4 is optimised for an operation wavelength ofλ =
1.55 µm. To explore the spectral response of the MRAP structure, the wavelength of the input
mode in waveguide|3〉 is swept from 0.4 µm < λ < 3.0 µm. The quantities of interest are
the powers in the individual waveguides. Figure 6 shows the power fraction as a function of
input wavelength into the MRAP structure for: the summation of maximum fractional power
that occurs in waveguides|2〉 and|4〉 (solid-dot line) and final powers occuring atL = 4 mm
in waveguides|1〉 (red square-solid line) and|5〉 (blue triangle-dash line). In the following
spectral study of the MRAP structure, material dispersion is not considered. The beam propa-
gation method calculations take into account coupling to higher order modes. Our analysis of
the spectral response monitors the power transmitted to the fundamental mode.

Figure 6 shows that the summation of the maximum power that occurs in waveguides|2〉
and|4〉 is at a minimum within the range of 1.5 < λ < 2.5 µm (solid-dot line). For waveguides
|1〉 and |5〉, the output powers atL = 4 mm have a 0.5 power fraction within the range of
1.2 < λ < 2.8 µm.

A directional coupler using the same single mode rib waveguides withκmax = 0.01 µm−1

would permit aπ/2 phase shift between the supermodes in a length of∼ 80 µm, to yield 50%
splitting. This is considerably shorter than our device, but with a restricted 1 dB bandwidth of
0.26 µm exhibits an asymmetric splitting ratio away from the centre wavelength. Our device
exhibits a 1 dB bandwidth greater than 2µm with symmetric splitting.

The MRAP structure is an alternative mechanism to achieve a broadband response from
an adiabatic passage device, previous work by [18] has also shown an octave spanning 50:50
beamsplitting with a Gaussian coupling scheme via a fractional approach. In each case the
robustness of the splitting is due to the fact that it is the ratio of the inter-waveguide coupling
rates that is important (providing adiabaticity is satisfied), rather than the absolute value of the
coupling, as is the case with directional couplers. This shows that despite the MRAP structure’s
length, it represents a promising implementation of an ultra-broadband power divider.
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4. Conclusion

It has been demonstrated that by using an alternative coupling scheme, the length of a pho-
tonic CTAP structure is improved by one order of magnitude compared to previous work. The
transmission characteristics of the CTAP structure are robust to perturbations imposed to the
optimised system. These included the introduction of material loss and rib height detunings.
Even with a high material loss imposed onto waveguide|2〉, considerable power is transferred
through the CTAP structure. The variation in the rib heights introduces an effective detuning
to the optimised system. The transmission response as a function of the detunings produced
a qualitative equivalence to previous work done in condensed matter CTAP. This qualitative
similarity indicates that an analogy can be drawn between optical waveguide and condensed
matter CTAP. Extending the ideas from CTAP, the MRAP structure is shown to be a new class
of power divider. The MRAP structure exhibits an octave spanning broadband response.
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