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An N-stage three-waveguide system is proposed to improve the robustness and the fidelity of the resonant tunneling
passage. The analytic solutions to the tunneling dynamics at the output are derived. When the number of subsystems
increases, tunneling efficiency approaches to 100% in a large range and resonant tunneling is robust against variations in

the phase mismatch and peak tunneling rate.

Keywords: amplitude control, resonant tunneling passage, robustness

PACS: 42.82.Et, 42.65.Ky, 32.80.Qk

1. Introduction

High population efficiency and inherent robustness are
important for some quantum gates used in quantum informa-
tion processing (QIP). For a reliable QIP, the population trans-
fer error needs to be reduced below 10~# in order to achieve
very high fidelity.

Adiabatic passage (AP) is a popular technique for manip-
ulating the state of a quantum system. It was used first in nu-
clear magnetic resonance technique.!!! Then, various AP tech-
niques have been presented, such as Stark-chirped rapid adi-
abatic passage,!>3 superadiabatic passage,*! and stimulated
Raman adiabatic passage (STIRAP),~7! to name a few. Gen-
erally, the population transfer efficiencies of all AP schemes
are close to (but less than) unity. The fidelity of 90%—-95% suf-
fices the most traditional applications. However, such a fidelity
is insufficient for QIP. Therefore several optimized schemes,
including Davis—Dykhne—Pechukas (DDP) method,!®'%! par-

11,12

allel adiabatic passage (PLAP) technique,[!"-'?! piecewise adi-

13,14]

abatic passage (PAP) technique,| shortcuts to adiabaticity

(STA),!1>:16] hon-Hermitian shortcut to adiabatic passage,!”)
composite adiabatic passage (CAP),!'81°1 composite STIRAP

scheme, [20-21]

etc., have been proposed to improve the fidelity
and robustness of AP.

Similarities between adiabatic passage in atomic system
and molecular system, and the tunneling dynamics in waveg-
uides systems have attracted a great deal of attention in the-

5.12] The optimized schemes

oretical and experimental studie
for quantum systems are robust against small variations in ex-
perimental parameters and hence some schemes have been
used to design the waveguide coupler. For example, to im-
prove the tunneling efficiency of waveguides systems, STI-
RAP scheme,?! DDP technique,>3! STA scheme, 42! and
non-Hermitian shortcut to AP scheme!?”! are extended to the

designing of waveguides couplers. It is noted that the opti-
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mized techniques mentioned above are all adiabatic. During
the population transfer passage, the system follows one or two
adiabatic states.!?=3% In this paper, the tunneling dynamics in
each subsystem is based on non-eigenstate, and the tunneling
passage is nonadiabatic.3!]

The STIRAP scheme was used to design the waveguide
couplers with high tunneling efficiency.”®! No matter whether
the amplitudes and widths of the tunneling rates or the dis-
tance between two peak tunneling rates changes, the nonadi-
abatic tunneling exists and the fidelity of the STIRAP is near
the benchmark 10~* of QIP.[?3! Then non-Hermitian shortcut
to AP scheme, an optimization scheme based on STIRAP, in-
troduces a non-Hermitian term to cancel nonadiabatic tunnel-
ing. The fidelity of AP is increased, and tunneling distance
is shortened. Like the scenario in the STIRAP technique, the
adiabatic condition also requires a large tunneling rate area
and hence the length of coupler is not shortened. However, the
channel width is constant, which makes it easy to fabricate. (271
The DDP optimized technique suppresses the tunneling point
by choosing an appropriate tunneling rate distribution. Al-
though the fidelity is further improved, the length of coupler is
still long.[?3] The STA technique, based on transitionless quan-
tum driving algorithm, introduces an unfeasible relative phase
and has been exploited to shorten the length of waveguides
coupler. > The total length of coupler is about 1/6 of the one
designed by traditional schemes, however the disadvantage of
STA scheme is that the channel width changes continuously
along the coupler, hence such a structure is difficult for prac-
tical implementations and stays mainly in the stage of theo-
retical research.[24261 We use the amplitude control method,
unlike the phase control scheme, to improve the tunneling ef-
ficiency and fidelity of the resonant tunneling passage. By ad-
justing the ratio between the tunneling rate amplitudes of each
three-waveguide subsystem, the fidelity of the resonant pas-
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sage is reduced below the benchmark 10~* without changing
the channel width. This structure is easy to fabricate and can
be exploited to design robust quantum gates. For instance,
the diffused structure with the same channel width has been
demonstrated in theory and experiment.[>>33] The STA tech-
nique and the STIRAP technique have been used to design
single-qubit gates, such as Not- and Hadamard gates. >3-4
Owing to the robustness of the resonant tunneling passage,
a train of N-stage three-waveguide systems has the potential
to design a high-fidelity Hadamard gate, which is one of the
fundamental gates in QIP.

Traditional PAP technique usually needs additional
phases. Shapiro et al. have developed a particular PAP scheme
without considering the additional phases. They used a se-
ries of femtosecond pulses turned suddenly on and off repeat-
edly to execute a robust adiabatic passage. The amplitudes of
the femtosecond pulses coincide with those of the counterin-
tuitive pulses in the STIRAP.I'3I Rangelov and Vitanov have
extended this technique to a three-state quantum system. They
used a series of N pairs of coincident pulses to fulfill com-
plete population transfer, and the envelope of coincident pump
and Stokes pulses also match the counterintuitive pulses used
in the STIRAP.?3 Inspired by these two schemes, we design
an N-stage three-waveguide couplers with the same channel
width to improve the fidelity of resonant tunneling transfer.
The rest of this paper is organized as follows. In Section 2
the propagator for a single three-waveguide subsystem is pre-
sented. In Section 3 are shown the analytic solutions to beam
power at the output and the maximum transient beam power
trapped in central waveguide for an N-stage three-waveguide
system. In Section 4 the fractional tunneling passage is dis-
cussed. In Section 5 are presented the similarities and differ-
ences between this resonant scheme and the STIRAP and also
analyzed the fidelity and robustness of the resonant passage.

2. Single three-waveguide subsystem

The light amplitudes C;(z) (i =L,C,R) of a single three-
waveguide subsystem are governed by the corresponding
STIRAP-like equation?%-3?]

.d
i—C(z) = H(z)C(2), (1)

dz
where C(z) = [CL(z),Cc(z),Cr(z)]T are the amplitudes of the
fundamental modes, L, C, and R are the subscripts that repre-
sent the left, middle, and right waveguide, respectively. The

Hamiltonian of a single waveguide subsystem takes the form

0 —.QL(Z) 0
—2(z) —A(R) —R(2) |, 2)
0 —Qr(2) 0
where A(z) = Bc — Bu, (n =L,R) is the phase mismatch, B,
Bc, and PR are the propagation constants of three channels. In

H(z)=

a single three-waveguide subsystem, the tunneling rates 2y (z)
and Qg (z) sharing the identical distance function f(z) change
with the distance between waveguides L <+ C and R < C, and
expressed as

QL(z) =ALf(z), Qr(z) =ArS(2). 3)

On the dark-bright basis, the STIRAP-like equation (1) is

[36

solved analytically and simply.!*®! The corresponding propa-

gator for the nonadiabatic tunneling passage in a single three-

waveguide system reads(3!]
U(6,A)
1 —2sin? 0 sin® %‘ —isin@sinA —sin20sin® %
= —isin6sinA COSA —icos@sinA ,(4)
—sin26 sin’ % —icos@sinA 1—2cos?sin’ %

where the mixing angle is defined by 6 = arctan(Qy /Qg) =
AL/AR, and A = [Z/QF(2) +Q3(z)dZ is the root mean
square (RMS) tunneling rate area. In the area integral, z; de-
notes the initial position. Using the propagator (4), we can
obtain the exact analytic solution to the tunneling dynamics
for a three-waveguide system.

A single three-waveguide system discussed in Section 5
includes three 8-mm-long coplanar waveguides as shown in
Fig. 1(a). We choose the Gaussian distributions Qy (z) =
Qosin @ e~ (21)?*/B> and Qr(z) = Qocos 0, e (%1)* /B
where 6) = /8 and Qy = \/7/B, 2B =2 mm is the tunneling
rate width, z. = 4 mm is the central position of waveguides
coupler. In Fig. 1(a),

1 (VEsind\ (z—z)?

—ap— -1
alz) = o 7“( BQ ) I
1 /T cos (z—z01)?

—ap—-1
(e a0~ n (YR £k

are the distances between two outer waveguides and the
central waveguide, respectively.’!l Q' = 1.789 mm~!, y =
0.7759 um~!, and agp = 9 pum are determined experiment-

1321 The refractive index profile ny(x,y) of each channel

ally.
fabricated by ion exchange technique®’! is expressed as fol-

lows (see Fig. 1(b)):

erf((x+w)/Dy) —erf((x —w)/Dy)
2erf(w/Dy)

(3]

where D = 4.6 um and Dy = 4.1 um are the diffusion lengths

ny(x,y) = ns—i—An{

along x and y directions respectively, 2w = 5 um is the chan-
nel width, ng = 1.522 is the substrate refractive index, and
An = 0.014 is the peak index change. These waveguide struc-
ture parameters are selected according to Ref. [32].
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Fig. 1. (a) Coupler structure and (b) refractive index distribution ny (x,y) of
each channel for single three-waveguide system.

3. Complete tunneling transfer in a three-
waveguide system

In an N-stage three-waveguide system (N is the number
of three-waveguide subsystems), each subsystem has mixing
angle 6; and RMS tunneling rate area A;. In analogy with the
beam propagation in cascaded slab system,[*8! the total prop-
agator reads

UN = U(6y,AN)U(6y_1,Ax_1)---U(6,,4;) - --
U(6,,A2)U(61,A). (6)
Next we consider the two cases.

Casel C(z) =
uide L, the beam power evolves in three waveguides in which

1,0, O]T, light is introduced from waveg-

the corresponding power expressions are given by

—|UNP?, (7a)

2 A1 .

Pe= UM, (7b)
— U} (70

Case2 C(z;) =

uide R, the beam power expressions Scorresponding to the

[0,0,1]", light is introduced from waveg-

three channels are presented as follows:

— Uk, (8a)
Po = [UKJ’, (8)
= U (8¢)

For each of three waveguide subsystems, the tunneling rate

takes the same form

Qo sin 6; e~ (a2)?/B? ,

Qycos e~ (%)’ /B

Qr (Z) =
Qr(z) =

where the two parameters €2y and B are the same as those used
in Section 2. The central position z.; and the mixing angle 6;
for each of three waveguide subsystems are variable param-
eters. Particularly, the parameter 6; is responsible for beam

splitting ratio.

3.1. An example: two-stage three-waveguide system

For N-stage waveguides system, we first consider the sim-
plest coupler system N = 2. Using Eqgs. (7) and (8), we obtain
the exact solutions to the whole tunneling dynamics for the

two cases.

2
A A A A
sin® 71 sin® 72 sin26; sin26, + (2 sin’ 71 sin® 0, — 1) (2 sin’ 72 sin” 6, — 1) —sinAj sinA; sin 6y sin 62] , (9a)

A 2
cosAj sinAj sin 6; + sinA, sin 6, — 2 sin’ 71 sinA; sin 0; cos(6; — 62)} , (9b)

A A A 2
Pr(z) = |4sin > sin 72 sin 6 cos 0, cos(0; — 6;) — sin? 71 $in26; — sin® 72 sin26, — sinA; sinA; sin 6 cos 62} . (9

[ LA A A A 2
P.(z)= 4sin® 71 sin® 72 cos 6 sin 0, cos(0; — 6;) — sin? 71 sin260; — sin® 72 sin26, — sinAj sinA, cos 0; sin 92] , (10a)

Ay

P(z) = _sinz 5

A 2
cos Ay sinAj cos 0 + sinA; cos 8, — 2sin® 7] sinA; cos 0; cos(0; — 02)] ,

(10b)

2
A A A
sin® 72 sin20; sin26; + (2 sin’ 71 cos’ 0, — 1) (2 sin? 72 cos’ 6, — 1) —sinAj sinAj cos 61 cos 92] , (10c)
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where

z 4 —
A :/ ,/Qf(z’)—i—.Ql%(z’)dz’:;rerfc(Z‘]z Z),
2

T 2 — 2
Ay = —erf
2 2erc( 5 ),

0, =n/8, 0, =37/8, 7.y =4 mm, and z,, = 12 mm.

The exact analytic solutions Egs. (9) and (10) for the
whole tunneling dynamics are shown in Fig. 2. The maxi-
mum beam power in central waveguide decreases when light
is injected into waveguide L (Fig. 2(b)), this suppression is

due to the destructive interference of the consecutive coher-
ent tunneling. As opposed to the previous case, the maximum
beam power in central waveguide increases when light is in-
jected into the waveguide R (Fig. 2(c)), This enhancement re-
sults from the constructive interference.

For an N-stage waveguide system (N > 3), the analytic
solutions to the whole tunneling dynamics are more cumber-
some than those to Egs. (9) and (10), but the exact analytic
solutions to the beam power at the output port and the maxi-
mum beam power in central channel have simple forms.

1.0

0.5

Normalized power

1.8 . . ; 1.0
(a)
o o}

8
~ g
712t a
: E

) S 050
~ ]
: g
S 061 £
z.

o4 % 1z 16 %

z (mm) z (mm)

0 4 8 12 16
z (mm)

Fig. 2. (a) Tunneling rates of two-stage three-waveguide system for complete tunneling transfer scheme and ((b), (c)) evolutions of beam power

trapped in waveguides L, C, and R versus propagation distance z.

3.2. Exact analytic solution to beam power at output ports

For a single three-waveguide subsystem, the beam power
in channel C vanishes at the output when A; = .13 If we con-
sider an N-stage three-waveguide system and substitute A; =
into Egs. (4) and (6)—(8), the analytic solutions to the final
beam power at the output port read as follows.

For Case 1
2n+1 2n
PL,ﬁnal:COS2 |:2< Z 9;‘29,‘)], (11a)
i=1 i=2
P final = 0, (11b)
r 2n+1 2n 1
PR final = sin’ 2( Z 6, — Z 91') . (11¢)
L \i=1 =2 /]
For Case 2
r 2n+1 2n 7
P final = sin’ 2( Z 0; — Z 9;') , (12a)
L\ i=1 =2 /]
Fc final = 0, (12b)
2n+1 2n
PR final = COS’ [2< Yo-) 91-)} ; (12¢)
i=1 i=2

where 2n+ 1 and 2n € N. The values of mixing angle 6; for
different three-waveguide subsystems cannot be the same, be-
cause the identical angle only increases the total length of the
coupler while the tunneling passage in a three-waveguide sys-
tem is only a simple repetition of the tunneling passage in
a subsystem. Solving Egs. (11) and (12) in the two cases,
we find that there are many schemes to choose the mix-
ing angle 6;, the simplest angle relation takes the form 6; =

(2i —1)m/4N, where (i = 1,2,3,...,N). For Case 1, the fi-
nal beam power at the output ports P _fna= Pc_final = 0 and
PR_final = 1, and for Case 2, P finat = 1, Pc_final = PR_final = 0.

Equation (11c) is identical to Eq. (12a), indicating that
complete tunneling transfer is also achieved in the Case 2.
Tunneling efficiency reaches 100%, provided tunneling rate
area for each of three waveguide subsystems A; = 7. In a
three-state A atomic system, the Case 2 should be avoided,
because intermediate-state excited in the Case 2 is a radiative
state. Decay from the atomic system through intermediate-
state results in the transfer loss and the decrease of the ef-
ficiency of population transfer. This is a serious defect for
preparing coherent quantum state. In a three-waveguide sys-
tem, beam power also flows into waveguide C in the Case 2,
but it will not leak from waveguide C, and the tunneling effi-
ciency still reaches 100%. Therefore the Case 2 can still be
used to prepare some useful optical quantum states.

3.3. Exact analytic solution to maximum beam power in
central channel

The angle relation 6; = (2i — 1)7/4N produces the dif-
ferent values of maximum beam power in central waveguide
in different cases as shown in Fig. 2. To obtain analytic solu-
tion for maximum beam power in the middle of the coupler,
first, we analyze a two-stage waveguide system, and then ex-
tend the results to an N-stage system. From Fig. 2, we find
that the maximum value of Pc(z) is small when light is in-
jected into waveguide L. On the contrary, the maximum value

024202-4
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of Pc(z) increases if light is injected into waveguide R. Light
power in the central waveguide reaches the maxima at the po-
sitions z.; = 4 mm and z., = 12 mm. To obtain the exact an-
alytic solution to beam power in central waveguide, the sim-
plest scheme is to choose Aj = m/2 and Ay = 0. According
to Fig. 3, we obtain the maximal value P2 . = sin®(7/8)
for Case 1 and PN = cos?(7/8) for Case 2. For the N-
stage waveguides system, the maximum beam power values
are readily obtained from Egs. (4) and (6)—(8) as follows.
For Case 1

, T
PE% 410 = sin® (4N> : (13)

For Case 2

. T
PO e = €08> (= ). (14)

4N

For the Case 1, equation (13) demonstrates that the maximum
beam power in the central waveguide decreases as 1 /N2 when
the number of three-waveguide subsystems, N, turns larger.
For the Case 2, whereas, equation (14) indicates that the max-
imum beam power in central waveguide approaches to unity
when N tends to infinity. These results are in accordance with
those of Fig. 2.

s =
B

< . 1
g =y
—
3 :
3 1
: !
o /2 !
= /
= .
=t N
: 1
z 1
H 7

O ’/

12 16

Fig. 3. Tunneling rate area of each subsystem in a two-stage waveguides
system versus propagation distance z, where A;(z) = [/ QZ (z) + QF (z)dz
(i=1,2).

4. Fractional tunneling transfer in a three-
waveguide system

Arbitrary fractional tunneling ratio between two outer
channels is controlled by changing the mixing angle 6;. When
6; = (2i— 1)m/8N, the analytic solutions (11a), (11c¢), (12a),
and (12c) indicate that final beam power A_fina] = PR _final =
1/2 for Cases 1 and 2, the equal tunneling transfer is achieved
and this device can be used as a beam splitter. For Case 1, the
analytic solution to maximum beam power in central waveg-

uide reads PP ... = sin’(7/8N). As N tends to approach
to infinity, PM 1. = (7/8N ). For equal tunneling scheme,

we find that the maximum value of the beam power in cen-
tral channel is a quarter of the one for the complete tunneling

scheme.

5. Discussion

In waveguide optics, the STA technique introduces an
unfeasible relative phase.>>! To satisfy this phase condition,
the width of waveguide needs to be changed continuously.
It is difficult to connect different couplers due to the differ-
ent waveguide widths. However, the present scheme controls
the amplitude ratio of the tunneling rate for each of the three
waveguide subsystems. The distance between two adjacent
waveguides determines the tunneling rate. The total tunnel-
ing rate distribution is governed by the curvature radius of the
curved waveguide. It is easier to control a fixed curvature
radius than the variable width of each channel. The present
scheme is feasible in practical application.

The main differences between the STIRAP and the reso-
nant tunneling passage in the three-waveguide system are dis-
cussed as follows. First, the STIRAP in a waveguide system
uses counterintuitive tunneling rate distribution. When light is
injected into waveguide L, the Qg precedes p. Stimulated
Raman passage is adiabatic due to the appropriate counterin-
tuitive tunneling rate. In the present technique, two tunnel-
ing rates share the same modulation function f(z), only the
amplitudes (Ar and Ar) of two tunneling rates are different.
Such tunneling rates leads the beam power to depend on the
tunneling rate area A as shown in Eqgs. (4) and (6)—(8), there-
fore the tunneling passage is resonant. Second, the STIRAP
is based on dark state which is the eigenstate of Hamiltonian
of waveguides system. However, the tunneling transfer dis-
cussed in this paper depends on the non-eigenstate analyzed
in Ref. [31]. In quantum mechanics, if a system evolves on
its eigenstates, such an evolution is adiabatic. Hence the tun-
neling passage in each of three waveguide subsystems is non-
adiabatic. Third, in the STIRAP, beam power tunnels into
waveguide R if light is injected into waveguide L, only a tiny
amount of energy remains in waveguide C. Here, the resonant
tunneling passage occurs with the aid of waveguide C. When
light is injected into waveguide L, equation (13) shows the
maximum beam power
turns bigger, when N — oo, PE% . — 0. When light is in-

max :
PO 1dle in channel C decreases as N

troduced from waveguide R, equation (14) indicates the maxi-

max
F C_middle

creases, when N — oo, PE4% . — 1. The beam power tunnels
into the target channel through waveguide C. In the resonant

mum beam power in waveguide C increases as N in-

scheme, waveguide C is an important auxiliary channel and
there is no energy loss in channel C. However, in the STIRAP
scheme, tiny beam power stays in channel C, this energy loss
which is due to the nonadiabatic tunneling reduces the tun-
neling efficiency. By carefully choosing the counterintuitive
tunneling rate, the energy loss can be reduced.

The final beam power depends only on RMS tunnel-
ing rate area according to Eqs. (4) and (6)—(8), there-
fore different tunneling rate distributions are also practica-
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ble. Before designing an N-stage waveguides system, first,
we need to carefully determine the total length of one-
stage three-waveguide subsystem. To achieve 100% tunnel-
ing efficiency, only one condition need to be met, namely
the integral A; = [,/ QP (z) + Qg (z)dz= 7, where z and
zr are the positions of input port and output port, respec-
tively. We analyze the length of a single waveguides sub-
system designed under two tunneling rate schemes: one is
Gaussian shape Q (z) = (1/7/B) sin e~ (%l /B Qp(z) =
(v/7/B) cos gie~(c%)?/B* and the other is hyperbolic-
secant shape Q2 (z) = (1/B)sin6;sech[(z—z.)/B], Qr(z) =
(1/B)cos6;sech[(z—z)/B]. For a single three-waveguide
subsystem, we choose initial position z; = 0 mm, final po-
sition zr = 8 mm, the central position z. = 4 mm, and the
parameter B = 1 mm that dominates the widths of tunneling
rates.
A1 = 3.14159, therefore total length 8 mm can satisfy the
area condition A; = & and the tunneling efficiency reaches

The numerical integration for Gaussian shape reads

100%. Whereas, using the same calculation parameters, the
result of the numerical integration for hyperbolic-secant shape
is A = 3.06834. Compared with the standard value 7, the rel-
ative error is about 2.33%. For the hyperbolic-secant shape, if
we choose z. = 14 mm, zf = 28 mm, the RMS tunneling rate
area A1 = 3.14159, then the area condition A; = 7 is met until
the total length reaches 28 mm. Under the same width param-
eter B, the length of coupler designed by hyperbolic-secant
shape is longer than the one designed by Gaussian shape. Dif-
ferent tunneling rates lead to different device lengths, and we
need to carefully determine the length of coupler in order to
guarantee 100% tunneling efficiency. Theoretically, the longer
length leads to the better integral area and hence the higher
tunneling efficiency, but we need to choose an optimal length
from the perspective of device integration.

The envelope functions of the tunneling rates for com-
plete tunneling transfer take the form Ap = ysin6; and
AR = Qpcos 6;, where the mixing angle 6; = (2i — 1) /4N,
(i=1,2,...,N). In the limit N >> 1, the variation of adjacent
angle A@ = 6;;| — 6; is so small that 6; becomes nearly con-
tinuous, the initial angle 6, = /4N — 0 and the final angle
Oy = 2N —1)n/4N — m/2. When light is injected initially
into waveguide L, the resonant tunneling passage resembles
the optimized STIRAP in the three-waveguide system.?*! The
First, the STIRAP in a
waveguide system is realized by using counterintuitive tun-

analyses are described as follows.

neling rate distributions, here, the envelope function Ag(z)
dominates over AL (z) at the early stage while Ap(z) domi-
nates in the end, these two envelope functions correspond to
counterintuitive tunneling rates as shown in Figs. 4(a) and
4(b). Second, the maximum beam power in central waveg-
uide decreases with the increase of the number of the subsys-
tems. ‘“More subsystems” means that the total coupling area

is very large and corresponds to the global adiabatic condition
in STIRAP.P! Figures 4(c) and 4(d) indicate that the resonant
tunneling transferring from waveguide L to R is similar to adi-
abatic passage due to the envelope modulation functions. For
the equal tunneling passage, more waveguide subsystems re-
duce the maximum beam power in central channel as shown
in Figs. 4(e) and 4(f).
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Fig. 4. ((a), (b)) Tunneling rates and ((c), (d)) evolutions of beam power
trapped in waveguides L, C, and R versus propagation distance z for N-
stage waveguide system. Left column: N = 6, right column: N =9. Light is
injected into left channel. Second row: complete tunneling transfer. Third
row: equal tunneling transfer.

We note that the analytic solutions to Eqs. (11) and (12)
are satisfied only under the condition A; = 7. Figure 5 shows
the curves of final beam power Pr trapped in waveguide R
versus phase mismatch A and peak tunneling rate € for
some N-stage three-waveguide systems (N = 1, 3, 15, and
30). Light is injected into waveguide L. The first row of Fig. 5
shows the curve of Pr versus phase mismatch and tunneling
rate. For N = 1, P reaches a maximum value only at the peak
tunneling rate Qy=+/7/B (B =1 mm) as shown by Eq. (11).
For N = 15 and N = 30, the corresponding values of Pr tend
to unity in a large region. To indicate the benchmark value
104, the values of Px range from 0.9990 to 1. The second row
shows the curve of Pr versus phase mismatch when Qg = /7.
The third row displays the curve of PR versus tunneling rate
when phase mismatch A = 0.
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Fig. 5. Curves of final beam power Pr of N-stage three-waveguide system versus phase mismatch A and peak tunneling rate €.
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Fig. 6. Fidelity 1 — P of N-stage three-waveguide system versus peak tun-
neling rate £y when phase mismatch A = 0. Horizontal dotted line indi-
cates the benchmark level 10~ in QIP. Resonant tunneling passage occurs
at the horizontal coordinate ) = /7/B, where B =1 mm.

The present scheme is a resonant technique, therefore
we discuss the fidelity and robustness near the resonant point
Qo = /% Figure 6 shows the fidelity of an N-stage three-
waveguide system versus peak tunneling rate. The fidelity
is defined as 1 — Pr. The results show that the fidelity is
improved as N increases. At the resonant tunneling point
Qo = /7, the analytic solution (11) indicates PR = 1 when
light is injected into waveguide L, hence 1 — PR = 0 and
log;o (1 —Pr) — —oo. Theoretically, as the peak tunneling
rate approaches to the resonant point £y = /7, the fidelity
on a logarithmic scale should tend to negative infinity. In
Figs. 6 and 7, because the step size of numerical calculation

is 0.0001, the fidelity on a logarithmic scale only tends to —8
when N =30. Near the resonant point Qy = /7, figure 6 in-
dicates that the fidelity can be kept below the benchmark level
10~* as N increases and the resonant passage is robust against
variation of peak tunneling rate in the region from £y = 1.5 to
Q) =2. The peak tunneling rate depends on the incident wave-
length and the distance between two adjacent waveguides, and
the variation of temperature changes this distance, therefore
the resonant passage is robust with respect to variations of
wavelength and temperature.

Figure 7 indicates that when N = 30 the fidelity is re-

I to

duced below 107* in the region from B = —0.4 mm™
B = 0.4 mm~'. It indicates that the resonant passage is ro-
bust against variation in the phase mismatch. The phase mis-
match is dependent on the waveguide width and hence the am-
bient temperature. Figures 6 and 7 show that the resonant
tunneling passage is robust against variations of temperature
and incident wavelength as N increases. For a single three-
waveguide system N = 1, the fidelity is below 10~* only at
the point £ = /7 due to the resonant tunneling transfer. As
N increases, the envelope of the tunneling rate coincides with
the counterintuitive distribution used in STIRAP and the total
tunneling rate area becomes larger, the resonant passage in an
N-stage three-waveguide system is similar to that in the STI-
RAP, therefore fidelity and robustness are both improved in a
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large region.
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Fig. 7. Fidelity 1 — Pg versus phase mismatch Af} when peak tunneling rate
Qy ~ 1.7725.
Solving the Schrodinger-like paraxial equation (15) by
the finite-difference beam propagation method (FD-BPM)*!

255 = VL y+ V(v as)
S

and assuming V (x,y,z) = [nf —n? (x,¥,2)]/2ns =~ ng—n(x,y,z)

for the triple-well potential, we realize the equal light splitting
with a 15-stage three-waveguide system as shown in Fig. §,
where £ = A/2n, A = 980 nm is the incident wavelength.
We design n(x,y,z) = nw(x + ai(z),y) + nw(x,y) + ny(x —
air(z),y) for the refractive index distribution, with subscript
i denoting the i-stage waveguide subsystem. The distances

B 1. (VEsing\  (z—z)?
onte) == (Vg )+ S

B 1 /Tt cos 6; (z—zi)?
air(z) —ao—yln( B0 )+ /B

for each of three waveguide subsystems vary with propagation
distance z. For equal tunneling transfer 6; = (2i —1)x/8N,
other calculation parameters ng, ag, ¥, B, nw(x,y), and Q'
have been introduced in Section 2. The |y|* predicted by
a numerical solution of Eq. (15) describes the light transfer
in an N-stage three-waveguide system. The simulated results
are in good agreement with the exact analytic solutions from
Eq. (11).

For a 15-stage three-waveguide system, 2 =
1.967 mm~! and Q, = 1.578 m~! are the boundaries of the
high-fidelity region as shown in Fig. 6. The (2; — Q)/Qo x
100% = 11% and (20 — 22) /R0 x 100% ~ 11% are the max-
imum permissible errors between the boundary and the peak
tunneling rate. When fabricating this three-waveguide struc-
ture, 0.24-um deviation between the centers of two adjacent
waveguides is allowed. This is beneficial to coupler fabrica-
tion. Considering Fig. 6 and the length of waveguides coupler,
N = 15 is recommended for practical application.

The classical light field evolving in a 15-stage three-
waveguide system is shown in Fig. 8. Whereas, this coupler

can also come into effect at a single-photon level. For the equal
tunneling passage, when a single-photon is introduced into
waveguide L (R), it encodes a logical 0 (1). At the output of
the waveguide system, the initial state |L) is transformed into
a coherent superposition state (|L) — |R))/2 = (|0) —[1))/2
which corresponds to the Hadamard gate.

~60
—30 !1.0
R Bo0-5
H | |
30 N,

Fig. 8. Beam intensity evolution |y(x,0,z)|? in a 15-stage three-waveguide
system for equal tunneling transfer, with white solid lines denoting waveg-
uides L, C, and R.

6. Conclusions and perspectives

Arbitrary splitting ratio of beam power between two outer
waveguides is realized by an N-stage three-waveguide system.
In each three-waveguide subsystem, the tunneling transfer is a
resonant passage. In the limit N > 1, the envelopes of tunnel-
ing rates coincide with the counterintuitive scheme used in the
STIRAP, the resonant tunneling passage resembles the STI-
RAP. The scheme discussed in this paper connects the resonant
tunneling passage with the STIRAP. In atomic physics, reso-
nant excitation is dependent on exact pulse areas, and its ro-
bustness is sensitive to the variation of amplitude and duration
of the laser field. However, the results show that the resonant
tunneling passage in an N-stage three-waveguide system is ro-
bust with respect to variation of peak tunneling rate and phase
mismatch, and hence the temperature and incident wavelength.
The robustness and fidelity of the resonant tunneling passage
can be improved by increasing the number of three-waveguide
subsystems. Compared with the phase control technique, the
present technique is an amplitude control method. By us-
ing the structure parameters designed in Ref. [31], this three-
waveguide system can be easily realized. Owing to the high
fidelity and robustness, the scheme introduced in this paper
has the potential in designing one- and two-photon quantum

gates.[3440]

Acknowledgement

Project supported by the Natural Science Basic Research
Plan in Shaanxi Province, China (Grant No. 2018JM6064).

References
[1]1 Bloch F 1946 Phys. Rev. 70 460

024202-8


http://dx.doi.org/10.1103/PhysRev.70.460

Chin. Phys. B 31, 024202 (2022)

[2]
[3]
(4]
(3]
(6]
(7]
(8]
[91
[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]
[18]

[19]
[20]

Yatsenko L P, Shore B W, Halfmann T, Bergmann K and Vardi A 1999
Phys. Rev. A 60 R4237

Rickes T, Yatsenko L P, Steuerwald S, Halfmann T, Shore B W, Vitanov
NV and Bergmann K 2000 J. Chem. Phys. 113 534

Vitanov N V, Yatsenko L P and Bergmann K 2003 Phys. Rev. A 68
043401

Vitanov N V, Rangelov A A, Shore B W and Bergmann K 2017 Rev.
Mod. Phys. 89 015006

ShiJ, MaR Q, Duan Z L, Liang M, Chai B Y and Dong J 2017 Chin.
Phys. B 26 124214

Liu Y X and Zhao B 2020 Chin. Phys. B 29 023103

Dykhne A M 1962 Sov. Phys. JETP 14 941

Davis J P and Pechukas P 1976 J. Chem. Phys. 64 3129

Vasilev G S, Kuhn A and Vitanov N V 2009 Phys. Rev. A 80 013417
Guérin S, Hakobyan V and Jauslin HR 2011 Phys. Rev. A 84 013423
Dridi G, Guérin S, Hakobyan V, Jauslin H R and Eleuch H 2009 Phys.
Rev. A 80 043408

Shapiro E A, Milner V, Menzel-Jones C and Shapiro M 2007 Phys. Rev.
Lett. 99 033002

Shapiro E A, Milner V and Shapiro M 2009 Phys. Rev. A 79 023422
Guéry-Odelin D, Ruschhaupt A, Kiely A, Torrontegui E, Martinez-
Garaot S and Muga J G 2019 Rev. Mod. Phys. 91 045001

YuL, XulJ, WuJL andJi X 2017 Chin. Phys. B 26 060306

Torosov B T, Della Valle G and Longhi S 2013 Phys. Rev. A 87 052502
Torosov B T, Guérin S and Vitanov N V 2011 Phys. Rev. Lett. 106
233001

Dou F Q, Cao H, Liu J and Fu L B 2016 Phys. Rev. A 93 043419
Torosov B T and Vitanov N V 2013 Phys. Rev. A 87 043418

[21]

[22]
[23]

[24]
[25]
[26]
[27]
(28]

[29]
[30]

(31]
[32]

[33]
[34]
[35]
[36]
[37]

[38]
[39]
[40]

024202-9

Bruns A, Genov G T, Hain M, Vitanov N V and Halfmann T 2018 Phys.
Rev. A 98 053413

Longhi S 2009 Laser Photon. Rev. 3 243

MaR Q, Chai B Y, Liang M, Duan Z L, Zhang W W, Dong J and Shi J
2019 Opt. Commun. 430 1

Tseng S'Y 2014 Opt. Lett. 39 6600

Paul K and Sarma A K 2015 Phys. Rev. A 91 053406

Chen X, Wen R D, Shi J L and Tseng S 'Y 2018 J. Opt. 20 045804
Torosov B T, Della Valle G and Longhi S 2014 Phys. Rev. A 89 063412
Hristova H S, Rangelov A A, Montemezzani G and Vitanov N V 2016
Phys. Rev. A 93 033802

Paspalakis E 2006 Opt. Commun. 258 30

Grigoryan G G, Nikoghosyan G V, Halfmann T, Pashayan-Leroy Y T,
Leroy C and Guérin S 2009 Phys. Rev. A 80 033402

Shi J, Ma R Q and Liu L 2020 J. Phys. Soc. Jpn. 89 064006

Longhi S, Della Valle G, Ornigotti M and Laporta P 2007 Phys. Rev. B
76 201101

Popescu V A and Puscas N N 2005 Opt. Commun. 254 197

Liu H and Wei L F 2017 J. Lightwave Technol. 35 166

Rangelov A A and Vitanov N V 2012 Phys. Rev. A 85 043407

Vitanov N V 1998 J. Phys. B 31 709

Della Valle G, Taccheo S, Laporta P, Sorbello G, Cianci E and Foglietti
V 2006 Electron. Lett. 42 632

Zhou J, Luo H, Wen S and Zeng Y 2009 Opt. Commun. 282 2670

Liu C X, Shen X L, Li W N and Wei W 2017 Chin. Phys. B 26 034207
Hope A P, Nguyen T G, Mitchell A and Greentree A D 2015 J. Phys. B
48 055503


http://dx.doi.org/10.1103/PhysRevA.60.R4237
http://dx.doi.org/10.1103/PhysRevA.60.R4237
http://dx.doi.org/10.1063/1.481829
http://dx.doi.org/10.1103/PhysRevA.68.043401
http://dx.doi.org/10.1103/PhysRevA.68.043401
http://dx.doi.org/10.1103/RevModPhys.89.015006
http://dx.doi.org/10.1103/RevModPhys.89.015006
http://dx.doi.org/10.1088/1674-1056/26/12/124214
http://dx.doi.org/10.1088/1674-1056/26/12/124214
http://dx.doi.org/10.1088/1674-1056/ab6314
http://www.jetp.ras.ru/cgi-bin/e/index/e/14/4/p941?a=list
http://dx.doi.org/10.1063/1.432648
http://dx.doi.org/10.1103/PhysRevA.80.013417
http://dx.doi.org/10.1103/PhysRevA.84.013423
http://dx.doi.org/10.1103/PhysRevA.80.043408
http://dx.doi.org/10.1103/PhysRevA.80.043408
http://dx.doi.org/10.1103/PhysRevLett.99.033002
http://dx.doi.org/10.1103/PhysRevLett.99.033002
http://dx.doi.org/10.1103/PhysRevA.79.023422
http://dx.doi.org/10.1103/RevModPhys.91.045001
http://dx.doi.org/10.1088/1674-1056/26/6/060306
http://dx.doi.org/10.1103/PhysRevA.87.052502
http://dx.doi.org/10.1103/PhysRevLett.106.233001
http://dx.doi.org/10.1103/PhysRevLett.106.233001
http://dx.doi.org/10.1103/PhysRevA.93.043419
http://dx.doi.org/10.1103/PhysRevA.87.043418
http://dx.doi.org/10.1103/PhysRevA.98.053413
http://dx.doi.org/10.1103/PhysRevA.98.053413
http://dx.doi.org/10.1002/lpor.v3:3
http://dx.doi.org/10.1016/j.optcom.2018.08.027
http://dx.doi.org/10.1364/OL.39.006600
http://dx.doi.org/10.1103/PhysRevA.91.053406
http://dx.doi.org/10.1088/2040-8986/aab02c
http://dx.doi.org/10.1103/PhysRevA.89.063412
http://dx.doi.org/10.1103/PhysRevA.93.033802
http://dx.doi.org/10.1103/PhysRevA.93.033802
http://dx.doi.org/10.1016/j.optcom.2005.07.060
http://dx.doi.org/10.1103/PhysRevA.80.033402
http://dx.doi.org/10.7566/JPSJ.89.064006
http://dx.doi.org/10.1103/PhysRevB.76.201101
http://dx.doi.org/10.1103/PhysRevB.76.201101
http://dx.doi.org/10.1016/j.optcom.2005.05.032
http://dx.doi.org/10.1109/JLT.2016.2637572
http://dx.doi.org/10.1103/PhysRevA.85.043407
http://dx.doi.org/10.1088/0953-4075/31/4/019
http://dx.doi.org/10.1049/el:20060555
http://dx.doi.org/10.1016/j.optcom.2009.03.082
http://dx.doi.org/10.1088/1674-1056/26/3/034207
http://dx.doi.org/10.1088/0953-4075/48/5/055503
http://dx.doi.org/10.1088/0953-4075/48/5/055503

	1. Introduction
	2. Single three-waveguide subsystem
	3. Complete tunneling transfer in a three-waveguide system 
	3.1. An example: two-stage three-waveguide system
	3.2. Exact analytic solution to beam power at output ports
	3.3. Exact analytic solution to maximum beam power in central channel

	4. Fractional tunneling transfer in a three-waveguide system
	5. Discussion
	6. Conclusions and perspectives 
	References

