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The invention of scalable schemes for the implementation of some of the
information processing algorithms proves to be a highly challeng
ingenious schemes have been suggested involving microscopic quantum
scalability still remains a challenge due to interaction with the
are promising due to their highly not interacting nature but an e
ating strong nonlinear phase shifts remains to be found. We suggest t
crystals integrated with highly e cient waveguides formed from lin
as they provide the ideal environment for the manipulation of ph
extremely high transmission rates and low dissipation, combined wit
photon phase shifts originating from the interaction with doped a
allow for the creation of a highly e cient, micrometer size, integrable in
device. This can generate e cient one and two-qubit quantum gates on pro
photons and be part scalable optical quantum computing network. T
feasibility combined with the integrability of this device with cur
should contribute greatly towards the realization of scalable opti

tion processing networks

The discovery that the laws of quantum physics,
fundamentally a ect the way we do computation led
to the birth of one of the most exciting areas of
research[1l]. Quantum algorithms have been invented
which could solve practically intractable problems in clas-
sical computing[2]. Within two last two decades these
ideas combined with the equally amazing advances in
the electronics and photonics technologies in the micro
initially and more recently in the nano regime, created
an explosion of scienti ¢ interest and generated the new
eld of quantum information processing. Several mi-
croscopic systems exhibiting the required quantum be-
haviour have been suggested as possible quantum com-
puting devices. They range from ions trapped in electro-
magnetic traps[3], to photons in high nesse cavities[4].
From spins of atoms in molecules diluted in liquid so-
lutions using NMR techniques][5], to spins in solid state
devices[6]. From neutral atoms trapped in laser beams
to microscopic currents in superconductors[7]. Although
great progress has been achieved in all the above, it ap-
pears to be particularly di cult to built a scalable device.
The fragile quantum states inside the processor unavoid-
ably always interact with the environment leading the
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ities are created through the interaction with atoms suit-
ably driven by other external laser elds[9]. Although
promising the former su er from being only probabilisti-
cally successful, and the latter from complicated atomic
schemes required for the nonlinearity to be established
which in any case under realistic condition still remains
small.

We suggest a new way where the natural, loss free and
scalable environment for photon manipulation, the pho-
tonic crystal, combined with ideas from Mach-Zehnder
interferometry and cavity quantum electrodynamics may
present a complete set of tools for scalable optical quan-
tum computation. More speci cally we propose to use
highly e cient waveguides formed from linear chains of
defects inside photonic crystals as the carrier of the pho-
tonic qubits. With extremely high transmission rates
and low dissipation, quantum superpositions of zero or
one photon propagate through these waveguides virtu-
ally free of decoherence. We rst show that by doping
atoms in these waveguides, a fully tunable, micrometer
size Mach-Zehnder Interferometer (MZI) can be realized.
We proceed by proving that this device can also gener-
ate strong nonlinear interaction between incident photon

device fast to decoherence. Photons have been proposed pulses and thus allow for the generation of both single

as possible qubits due to their resilience against decoher-
ence, result of their usually non-interacting nature. How-
ever, this very same nature makes it di cult to manip-
ulate photonic qubits. Several ideas have been proposed
to tackle this either through schemes where computation
is possible using only linear optics[8] or by employing
techniques from quantum optics where strong nonlinear-

and two qubit gates. The simplicity of the gate switch-
ing mechanism using global external electric elds, the
experimental feasibility of fabricating two dimensional

photonic crystal structures and integrability of this de-

vice with optoelectronics should contribute greatly to the
progress towards the scalability of optical quantum infor-
mation processing networks.
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FIG. 1: A usual, free space Mach-Zehnder interferometer and
the probability of detecting a photon in one of the output
ports as a function of the phase lag between the two arms

Interferometry and photonic crystals

A typical Mach-Zender Interferometer (MZI) consists
of two arms of equal length, joined by two beam splitters
[10]. In the simplest case, the introduction of a dielec-
tric material inside one of the arms of the MZI induces
a phase lag between the corresponding light paths which
can be detected as oscillations in the intensity of the out-
put ports after the second beam splitter. These oscilla-
tions are usually a harmonic function of the phase lag and
result from the interference of the output light signals in
the beam splitters(Fig. 1)

The MZI we have in mind is based on two-dimensional
(2D) photonic crystals. Photonic crystals are known as
the semiconductors for light and consist of ordered inho-
mogeneous dielectric media with a spatially periodic di-
electric constant. It has been shown that there exist crys-
tal geometries where the multiple internal scattering of
incident light on the structure, may lead through destruc-
tive interference to complete cancellation of a whole band
of travelling light modes inside the crystal[11, 12]. This
creates a photonic band gap, a forbidden frequency re-
gion in all in-plane directions and both polarizations(see
Fig. 2). The size and periodicity of these structures are
of the same order of magnitude as the wavelength of the
light under investigation. A typical photonic crystal ex-
hibiting gaps in optical frequencies should be periodic in
the micrometer scale for example. In 2D crystals light is
localized only in the plane and the refractive index is pe-
riodic in two dimensions and homogeneous in the third.
An example of a 2D photonic crystal similar to the one
we use for our MZI device with an absolute band gap in
2D is the triangular lattice of air columns[16] in GaAs or
Si shown in Fig 3. Photonic crystals as their electronic
counterparts may also contain defects. One of the many
ways to introduce a defect inside a photonic crystal as
the triangular one mentioned above, is to Il one of the

FIG. 2: One of the rst structures predicted to exhibit a
large and robust 3D PBG forecasted by John designed by
Yablonovitch [12]. It consists of an overlapping array of air
spheres arranged in a diamond lattice. It was created by
drilling an array of criss-crossing cylindrical holes into a bulk
dielectric of refractive index n = 3:6 where band gaps of the
order of 20% where demonstrated. (Computer generated im-
pression courtesy of the Prof. John's, University of Toronto

group)

FIG. 3: Macroporous silicon forming a 2-dimensional triangu-
lar lattice taken using scanning electron techniques [16]. (a)
A porous silicon bar of width 200 m and height 75m . (b) A
tenfold magni cation of the inset shown in (a). (c) A tenfold
magni cation of the inset shown in (b). The lattice constant
is of the macropore array is 2.3m , the pore diameter 2.13m ,
and the thinnest parts of the pore walls 170nm.

air holes with a dielectric material which has a di erent
refractive index from that of the material surrounding
the air holes, or to simply subtract a hole and replace it
with the background material. A single defect introduces
a bound state of the EM eld within the photonic band
gap. This defect can act as a high-Q cavity since the EM
state is highly localized within the defect area and decays
exponentially away from it in all directions.

When many defects are brought together so as to form
a linear chain, the states of neighboring defects interact
with each other giving rise to a band of allowed modes
within the absolute gap, allowing for light propagation
solely along the direction of the chain. These chains
are known as coupled-cavity waveguides (CCW) [19{22].
Due to the weak coupling between the cavities light does
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FIG. 4: Snapshot of a pulse propagating inside a CCW. The
eld intensity is mostly concentrated inside the defects of the
CCW. The spheres denote the positions of the defects of the
CCw.

not propagate freely along the CCW as in conventional
dielectric waveguides but through a hopping mechanism
between neighboring cavities. This mechanism allows for
essentially lossless guiding, bending and splitting of light
as well as for very small values of the group velocity [23].
When an EM pulse is injected inside a CCW, it propa-
gates almost undistorted with the same group velocity as
long as the frequency width of the pulse is shorter than
the width of the CCW band. As can be seen from Fig. 4,
the intensity of the pulse is appreciable inside the defects
of the CCW whilst vanishing in the space between them.
The intensity of the eld inside a CCW is higher than
that of the input pulse in free space due to the reduced
group velocity and the spatial compression of the pulse.
This spatial compression of the pulse is to our benet
since it facilitates the use of the quantum optical scheme
we propose later in order to control the proposed photon
qubit.

A tunable micrometer size, photonic crystal MZI

In the photonic crystal MZI presented here, each of
the two arms is a CCW along which light is allowed to
propagate. At the region of close proximity of the two
arms/CCWs (one lattice constact apart) light can tunnel
from one to the other enabling the splitting (or coupling)
of light modes propagating in the arms. As can be seen
at the lower part of Fig. 5 our MZI has two input and
two output ports. Assuming that only one of the two
inputs, say input 1, is active, it can been shown [24] that
the power transfer function has the same form as that of
a conventional MZI [10]. Namely,

T =sin?( )
T =cos?( )

@)

where T represents the power transfer function from
input i to output j and is the phase lag between the
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two output signals. Note that for the case of CCW-based
MZls [24] as well as for other photonic crystal-based MZIs
[25], no active control over the phase lag- between the
two arms has been suggested. For di erent values of the
phase lag, new structures with a di erent ratio of arms
length needed to be constructed in each individual case.
This could be avoided if a medium with tunable refractive
index is placed in one of the arms. For example, one
could use optically birefringent nematic liquid crystals
in Itrated inside one or more defects [26].

In this work, we suggest to use quantum optical means
to change the index of refraction of CCWs. This is pos-
sible by doping the defects in the arms of the interfer-
ometer with selections of atoms and controlling, with ex-
ternal electric elds, the quantum mechanical interaction
between those doped atoms and the travelling photons.
The controlling mechanism is based on the Stark shift
of the electronic levels of the doped atoms. The basic
idea, commonly used in quantum optical experiments, is
to use the energy shifts induced by the external eld as
switches to tune the interaction between the atoms and
the propagating photons.

Assume a photon is inserted in the structure from the
left, and starts hopping its way to the right-Fig. 4. The
atomic transition of the doped atoms! 4y, is initially far
o resonant with those of the hopping photon ! , and the
defects! 4, while the latter two are in resonance with each
other: ! g4 >>1 , = I 4. The photon hops freely and un-
changed from one defect to the other and the CCW sup-
ports the propagating mode(Fig. 4). In contrast to elec-
tron propagation in the corresponding solid state struc-
tures, there is no spreading of the photon pulse which
continues its propagation with a smaller group velocity-
10 3c- and a small length contraction[19{22]. As soon as
the photon reaches the arms area the switching eld is
applied in one of these arms(this could be up to the full
length of the structure), bringing the atomic frequencies
of these dopants close but still 0 resonance to that of
the hopping photon. This generates what is commonly
known as a near-resonant dispersive interaction. Here
the detuning , between an atomic transition frequency
I gn and the frequency! , of the incoming light eld, is
smaller than each of those frequencies individually while,
at the same time, it remains much bigger than the cou-
pling constant between the atom and the light eld:
Pgn;!'p>> = lgn !'p>> . In this case the com-
bined system eigenstates undergoe the well known AC-
stark shift and acquire a phase proportional to ( =) T,
where T is the tunable interaction time. This translates
to the amplitude of the photon being in one of the CCWs
to experience a phase shift in respect to the other one and
thus solves the tunability problem.

We note the simplicity of the shifting mechanism which
originates from the fact that knowledge for the exact lo-
cation of the photon is not essential. The photon will
interact only with the atoms in the speci c defect that



it happened to reside in at the time of the eld shift.
Due to the physics of the hopping mechanism (tunnel-
ing) and the strong localization of the photon within only
one defect each time, the photon spends most of its life
in defects rather than between them[19{22]. This allows
for the scheme to work e ciently as the switching of the
external eld always \catches" the photon inside some
defect rather in between them(see analytical discussion
at the end on relevant time scales and coupling strengths)

Once the required shift is applied, the photon needs
to be \released" to continue its forward propagation to-
wards the second beamsplitter. First note that the ap-
plication of the switching eld inducing the phase shift
causes the resonance frequenciés of the neighboring
empty defects to change, a phenomenon known in Cav-
ity QED as frequency pulling. This shift of the defects'
frequencies means they don't support the photon mode
anymore and they actually re ect(the CCW channel has
closed). Selectively turning o the external eld to the
right of the defect where the phase shift was induced
(supposing left to right propagation) opens half of the
channel and forces the photon to leak to the right and
continue propagating in the proper direction (Fig. 5). A
rough estimate of the photon ying time inside the struc-
ture su ces in this case to estimate where the external
eld should be turned o (see discussion at the end on
relevant timescales)

We note again the applicability of the above mecha-
nism, characteristic of the \global" addressing of the ex-
ternal eld through the full extend of the structure. This
idea will also be the main tool for the implementation
of non-local quantum gates between pairs of travelling
photons as discussed next.

Strong photon-photon interaction and e cient
optical quantum computing

The qubits to be manipulated are encoded in the
dual rail representation. Each logical qubit consists of
two modes of light carrying a single photon between
them. The rst logical qubit will be characterized by
jOLi1 = j10i; where the photon travels in the lower mode
of the pair and j1_ i, = j10i; when it travels on the upper
one. Similarly the corresponding states for qubit 2 will
bejO_ i, = j10i,, j1_ i, = jOlix(see upper part of Fig. 5)

In our device each of the above physical photon modes
will be realized by a CCW. The beamsplitting opera-
tion is perfomed by bringing the corresponding modes
together in a beamsplitter (beam-coupler) fashion as de-
scribed in the previous section. The single qubit opera-
tion can be easily implemented using a beamsplitter and

ear phase-shifts between two incident photons.

Before elaborating on the dynamics of the atom-
photon interaction for the nonlinear phase shift, let us
recall that the sought action of our non-linear device
on two photons should be the following: jOOi ! j 0G0,
joai !'j o4, j16!'j 10, j1u!' j 1%. Here 0 and 1
correspond to the photon occupation numbers for each
input mode. In the specic case considered here, the
states before the arrows are the entries in the MZI de-
vice while the states after the arrows are its outcomes.
Note now that the evolution of two identical input pho-
tons in our MZI when no phase shift is applied is as
follows: jOOi 1 j 0Gi !j 00, jo1i t 2% 1) o1,
jaci v Oy o10i, jagit 2202 1) 130, where
the rst and second arrows denote the transformations
in the rst and second beam splitters of the MZI respec-
tively.

Assume now that there exists a nonlinear medium that
when inserted in the arms of our MZI does not a ect the
vacuum and 1-photon states, but rotates the two-photon
state j2i to j 2i. Consequently the statesjO0i, jO1i and
j10i do not change, while the statesj20i and j02i both
acquire the same phase . It's straightforward to see that
this exactly implements the controlled-phase gate.

Consider a scheme similar to the one we described
above for the case of the simple phase shift, where groups
of three-level atoms (levelsg, h and e) are placed inside
the defects forming the arms of the MZI and pairs of pho-
tons are inserted from the left. The electronic levels form
a cascade with similar transition frequencies! gn ! he
and they couple linearly to the hopping photons through
electro-dipole interactions, as shown in Fig. 6. In the ro-
tating wave approximation, the dynamics of this system
is described by the following Hamiltonian (~ = 1)

HO:!ana+!g ggt'leeet!nnnt

Oi( ghd’ + ng@)+ G2( hed’ + end) 2
which, written in the interaction picture, reads
Hint = 01 ghd’€ '+ g nede "2+ H:IC: (3)

1='o (n !g) 2=(e !'n) !'o. &, aarethe
creation and annihilation operators for a photon trapped
in a defect and j are the corresponding atom operators
with i;j = g;h;e g1;g are the corresponding coupling
constants for the two transitions.

The photons are injected to the MZI from the left
and the external eld is applied to the whole extent of
the MZI, shifting the atomic levels in all defects so that

= j 1) =] 2 > g1;0. This translates in having the
individual single photons transitions being equally de-

a phase as described above[13]. The controlled phase gate tuned from the corresponding atomic ones, whereas the

can also implemented in a similar way using this time an
extra atomic level of those dopants and the fact that the
photonic crystal can provide for extremely strong nonlin-

two photon jg2i!'j €0i one is resonant(Fig. 6).
In this case, using pertubation theory we nd that the
dynamics of this system can be e ciently described by
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FIG. 5: In the upper part of this gure, a part of an optical quantum circui t is shown where four modes of light carrying two
photons represent two qubits of information. This part of the circuit generates the control phase gate between the two qubits
with the help of the nonlinear interferometric photonic crystal dev ice shown in the centre. The proposed device is integrated
in a 2D, micrometer size photonic crystal. The two photons are inserte d from the left side and start propagating (hopping
from defect to defect) towards the right. The blue defect regions i n the arms between the beamsplitters are doped with atoms
providing for e cient implementation of both the MZI phase shift and  the non-linear two photon phase shift. The green and
red boxes stand for the external shifting gates producing the eld s used for the operations. The green colour corresponds to
the \ eld on, nonlinear phase inducing" operation(where all four gates are on ), whereas the half red half green one (the one
shown here) to the \afterwards release" and ending of the operation.

the following e ective Hamiltonian : the two photons are in resonance with thejgi ! j el tran-
sition, it is straightforward to see that the following table

2 2 2 for the evolution of the joint atom- eld state after a time
Hett = 9 gg(@’a)+ 9_2( ec@@)+ _91_92( ged + egaz) T is true[14]
4) C
Due to the second-order nature of this interaction, there ]g” Oq ' g'! OO_' T ®)
are energy corrections to both atomic states and g that jgijoL! e ' *jgijol; (6)
depend on the energy of the photons. The intensity of jgij10i! e ' *jgij10i; )
the applied external eld can be chosen in order correct igii 20! € [coskTjgij 20 +sin kTjeij 00 ]; (8)

this and tune the atoms back to resonance with the two
photon transition jgij2i ! j eijOi. This translates into

. 2 2 p_
adding the extra amount of 22 % to the energy of wherek = (@9 2 gnd , = @°T

most excited level. Notice that the e ective Rabi frequency of this transi-
Assume now that the atom is initially in level jgi. If tion is typically from a two-photon second order process.

jgij02i1 € [coskTjgij02 +sin kTjeij0o0i] (9)



FIG. 6: The atomic level structure of the doped atoms.
Each single photon is equally detuned from the corresponding
atomic transition whereas the two photon one is on resonance.
A simple e cient gating mechanism for the incident photons
can be implemented using ideas similar to those known in the
micromaser literature.

When kT = | the two-photon interaction completes a
full Rabi oscillation, acquiring a total phase + = +2 4,

where | = g—gzb—i If the ratio between coupling con-

stants is 3= = 2 2, then ; =2 which means that
the two-photon state acquires a minus sign while the re-
maining states are brought back to their originals. Under
these conditions, the time-evolution table showed above
reproducesF%aCtIy the nonlinear phase shift required.
If g1 6 g2 2, then small corrections in the energy of
state jgi are enough to assure the 2 dephasing of the
one-photon states and to implement the desired quantum
gate. For the experimental realization, we only need to
nd atoms having two similar frequency transitions which
couple to the eld according to the above ratio of coupling
strengths. Note here that obviously the contr% phase
gate can be also achieved for any ratigy=g = 2 2k=k°
wherek and k®are integers. We stress the fact that again
the initial and nal shifting, the rotation and the releas-
ing to the proper direction can be performed in the same
global fashion as the simple MZI phase shift mechanism
described above. For the non-local phase shift, it is ac-
tually even simpler than the former as the external elds
act in both arms of the MZI in the same way.

Experimental feasibility and range of parameters

The range of experimental parameters for the feasibil-
ity of above scheme is discussed next. The important
guantities are the relevant timescales of the operations
described above, compared to various decoherence times
for the photonic qubits. In our case there are almost zero
leaking losses from the CCW, the dielectric is highly non
absorptive and as always, photons don't interact with
each other at all except when we want them to. The
only source of decoherence is from the decay of the de-
fect cavity modes during the interaction with the doped
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atoms. This needs to be compared with the typical cou-
pling constants and the switching times of the external
elds.

Typical values of the above quantities for the defect-
doped atom couplings can be found in Ref. [27, 28].
Speci cally for the above case of air holes in a dielec-
tric where defects are formed by the absence of a hole
as described in section IV of Ref. 27, quality factors of
few thousand can be achieved. The cavity decay rate in
this case is roughly 16°Hz corresponding to a photon
lifetime of the order of Tqes = 1 ns. Both the MZI phase
shift operation and the two photon nonlinear phase shift
occur faster than that. The coupling constant g for the
individual atom-photon coupling for say the D2 atomic
transition (852nm) of a doped atom of133Cs in each mi-
crometer defect is equal to 3 10°Hz ., For the MZI phase
shift, the maximum induced phaseis Ng?=  Tge With
N the number of atoms. If 3 10'9Hz, a collection of
500 atoms results in a required operation time of 0.1ns,
which is more than su cient to induce any phase be-
tween 0 and before the photon leaks out. For the two
photon nonlineﬁr_phase shift, the two photon Rabi fre-
guency goes as Ngi1=. As ¢ is very close tog, and
both of the order of 3 10°Hz, with the same typical
value of we get similar operation time of 0.1ns. We see
that in both cases we are three orders of magnitude faster
than the defect cavity decay time. We note that these
can be improved even more by just adding more atoms
in the defects and making the coupling stronger. The
switching time of the gates will also depend on the pho-
ton crossing time of the device, which for a group velocity
of the order of 10 “c is of the order ns. All these mean
that the switching of the external electric elds need to
be operated in the ns to 10 ps regime which is within
the limits of current electronics. The other technological
requirement is to construct the crystal structure which
being 2D is within well within current photonic crystal
technology[29] and e ciently couple the input photons
from the incoming ber to the crystal.

Outlook

In this work we suggested to use highly e cient waveg-
uides formed from linear chains of defects inside 2D pho-
tonic crystals to built a micrometer size, tunable inter-
ferometer. We described the possible quantum optical
means for inducing phase shifts and thus adding tun-
ability to the integrable, micrometer size structure. We
showed that the loss free propagation of photonic qubits
in this device, combined with the possibility of induc-
ing strong nonlinear phase shifts through the interaction
with doped atoms in the structure, can provide for the
e cient implementation of any quantum gate. We also
elaborated on the additional advantages of this scheme
due to the \global" addressing/gating mechanisms and



the possible experimental challenges that should be eas-

ily tackled within current photonic and electronic tech-
nologies. We believe that this device will provide for the
opening of realistic prospects for scalable optical quan-
tum computing.
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