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Abstract

Highly e cient waveguides formed from linear chains of defects inside photonic crystals can
provide the ideal environment for the manipulation of photonic qubits. With extremely high
transmission rates, quantum superpositions of zero or onehpton propagate through these waveg-
uides virtually free of decoherence. Based on these wavegis, a fully tunable, micrometer size
Mach-Zehnder Interferometer (MZI) can be realized. Furthemore e cient quantum logical manip-
ulation of the photonic qubits can be implemented through the interaction with atoms doped in the
structure. These atoms can be easily manipulated using exteal EM elds and provide the nec-
essary tools to operate highly controllable one and two-quliiquantum gates on those propagating

photons.



NOTE FOR THE READER: This is a very provisional draft in progress. Spe-
cially on the reference section very little has be done. Any mments welcome at
d.angelakis@damtp.cam.ac.uk.

I. INTRODUCTION

Universal quantum computation requires some basic elements sueh decoherence free
gubit manipulation, protected memory and information ow, and scalability. Photons have
been proposed as possible qubits due to their resilience againstoherence, result of their
usually non-interacting nature. However, this very same nater makes it di cult to manip-
ulate photonic qubits. A new combination of propagation thragh photonic crystals waveg-
uides, Mach-Zehnder interferometry and cavity quantum elé@dynamics may present a

complete set of tools for scalable optical quantum computatio

Il.  PART I-TUNABLE MZ| IN A PHOTONIC CRYSTAL

A typical MZI consists of two arms of equal length, joined by twdbeam splitters [1].
In the simplest case, the introduction of a dielectric materiainside one of the arms of
the MZI induces a phase lag between the corresponding light &t which can be detected
as oscillations in the intensity of the output ports after the seond beam splitter. These
oscillations are usually a harmonic function of the phase lag dmesult from the interference
of the output light signals in the beam splitters( Fig. 1 here).

The MZI we have in mind is based on two-dimensional (2D) photoaoicrystals. The latter
are arti cial structures which consist of naturally occurring materials arranged so that the
refractive index is periodic in two dimensions and homogengnin the third dimension [2].
If the di erence between the indices of refraction of the matrials composing the photonic
crystal is high enough, a photonic band gap can emerge, i.e.aafidden frequency region in
all in-plane directions and both polarizations. The size andggiodicity of these structures
are of the same order of magnitude as the wavelength of the liglnder investigation. A
typical photonic crystal exhibiting gaps in optical frequegies should be periodic in the
micrometer scale for example. An example of a 2D photonic cry$taith an absolute band

gap is an hexagonal lattice of air columns in GaAs or Si [2].



One of the many ways to introduce a defect inside the above plootic crystal is to |l
one of the air holes with a dielectric material which has a derent refractive index from
that of the material surrounding the air holes. A single defectniroduces a bound state
of the EM eld within the photonic band gap. This defect can at as a high-Q cavity
since the EM state is highly localized within the defect area ahdecays exponentially away
from it in all directions. When many defects are brought togéter so as to form a linear
chain, the states of neighboring defects interact with eachtleer giving rise to a band of
modes within the absolute gap, allowing for light propagatio solely along the direction of
the chain. These chains are known as coupled-cavity wavegesd(CCW) [3{6]. Due to the
weak coupling between the cavities light does not propagafeeely along the CCW as in
conventional dielectric waveguides but through a hopping echanism between neighboring
cavities. This mechanism allows for essentially lossless guidinggnding and splitting of
light as well as for very small values of the group velocity [7]

In the MZI presented here, each of the two arms is a CCW along vdhi light is allowed
to propagate. At the region of close proximity of the two arms/@Ws light can tunnel from
one to the other enabling the splitting (or coupling) of lightmodes propagating in the arms.
As can be seen from Fig. 1 our MZI has two input and two output pog. Assuming that
only one of the two inputs, say input 1, is active, it can been shaw[8] that the power

transfer function has the same form as that of a conventional MZ1]. Namely,

Tll = Sinz( )

T, =cos’( ) 1)

where T;; represents the power transfer function from inpui to output j and is the
phase lag between the two output signals. Note that for the case ofC@V-based MZIs [8]
as well as for other photonic crystal-based MZIs [9, 10], no aa control over the phase
lag- between the two arms was suggested. For di erent phase laggw structures with a
di erent ratio of arms length were needed.

However this could be avoided if a medium with tunable refraste index is placed in
one of the arms. For example, one could use optically birefriegt nematic liquid crystals
in Itrated inside one or more defects [11]. In this work, we sugest to use quantum optical
means to change the index of refraction of CCWs. This is possilddy doping the defects

in the arms of the interferometer with selections of atoms andontrolling, with external
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classical elds, the quantum mechanical interaction betweenhbse doped atoms and the
travelling photons. The controlling mechanism is based on thet&8k shift of the electronic
levels of the doped atoms. The particular choice of the extealty applied eld depends on
the typical frequencies of the selected internal atomic stadeit can be a laser eld for optical
transitions or even a DC electric eld for microwave transitims. The basic idea, commonly
used in quantum optical experiments, is to use the energy shiftaduced by the external
eld as switches to tune the interaction between the atoms anthe propagating photons.

Assume a photon is inserted in the structure from the left, and stasthopping its way to
the right-Fig. 1. The atomic transition of the doped atoms! g, is initially far o resonant
with those of the hopping photon! , and the defectd 4, while the latter two are in resonance
with each other:! g, >>1! , =1 4. The photon hops freely and unchanged from one defect
to the other and the CCW supports the propagating mode. As soon dise photon reaches
the arms area the switching eld is applied in one of these arms(is could be up to the full
length of the structure), bringing the atomic frequencies afhese dopants close but still of
resonance to that of the hopping photon.

This generates what is commonly known as a near-resonance éigive interaction. Here
the detuning , between an atomic transition frequency! 4, and the frequency! , of the
incoming light eld, is smaller than each of those frequencieadividually while, at the same
time, it remains much bigger than the coupling constant between the atom and the light
eld: gn!p>> = g !p>> . Inthis case the combined system eigenstates undergoe
the well known AC-stark shift and acquire a phase proportionalat ( =) T, whereT is the
tunable interaction time. This translates to the amplitude d the photon being in one of the
CCWs to experience a phase shift in respect to the other one anduthsolves the tunability
problem.

We note the simplicity of the shifting mechanism which originags from the fact that
knowledge for the exact location of the photon is not essentialThe photon will interact
only with the atoms in the speci ¢ defect that it happened to rside in at the time of the eld
shift. Due to the physics of the hopping mechanism (tunneling)ral the strong localization
of the photon within only one defect each time, the photon spels most of its life in defects
rather than between them. This allows for the scheme to work eciently as the switching of
the external eld always \catches" the photon inside some defécather in between them(see

discussion at the end on relevant time scales)
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Once the required shift is applied, the photon needs to be \rehsed" to continue its
forward propagation towards the second beamsplitter. This idone as follows. First note
that the application of the switching eld inducing the phase skft causes the resonance
frequencies of the neighboring empty defects to change, agoiomenon known in Cavity
QED as frequency pulling[13]. This shift of the defects' freguncies means they don't support
the photon mode anymore and they actually re ect it. Selectiely turning o the external
eld to the right of the defect where the phase shift was inducedsupposing left to right
propagation), forces the photon to leak to the right and combhue propagating in the proper
direction. A rough estimate of the photon ying time inside thestructure su ces in this case
to estimate where the external eld should be turned o . We noteagain the simplicity of the
above mechanism, characteristic of the \global" addressing dfi¢ external eld through the
full extend of the structure. This idea will also be the main tobfor the implementation of
non-local quantum gates between pairs of travelling photsras discussed nexiMore research
needed on current literature re MZIs. Elaborate a bit more on EdL. Describe possible uses

in optical circuitry, integrated photonics. Add appropriate eference$

I1l.  PART II-EFFICIENT QUANTUM COMPUTING USING PHOTON NUM-
BER STATES

The qubits to be manipulated are the usuajOi and jli Fock states of the travelling
eld modes in the MZI. In order to achieve universal quantum cmputation, one needs to
operate two fundamental quantum gates in those qubits: the sifgyqubit rotation, and the
controlled (two qubit gate) phase shift. We show that three-lesl-atoms doped in the arms
of the interferometer allow for the e cient implementation of both gates.

Before elaborating on the dynamics of the atom-photon intection, let us recall the
action of a controlled-phase gate on two qubitsjo0i ! j 0G, jo1 !j 0L, jiG !'j 10,
j11 ! j  11i. In the specic case considered here, the states before the arsoare the
entries in the MZI while the states after the arrows are its outomes. Note also that the
evolution of the above photon states in an \phase free" MZI is dsllows: jOG !'j 00 !j 00,
jozi! A% on,jaor BROGoa0,j1ait E%22 1) 13, where the rst and
second arrows denote the transformations in the rst and seconcehm splitters of the MZI

respectively.



Assume now that there exists a nonlinear medium that when insertad one arm of our
MZI does not a ect the vacuum jOi and 1-photon statesjli, but rotates the two-photon
statej2i to j 2i. Consequently the state$00i, j0l andj10 do not change, while the states
j20 and j02 both acquire the same phase. It's straightforward to see that this exactly
implements the controlled-phase gate. The question is to ndhie proper nonlinear medium
that is sensitive to two-photon transitions but remains transpeent to the vacuum and to
single photons.

Consider a scheme similar to the one we described above for the cafsihe simple phase
shift, where groups of three-level atoms (levelg, h and €) are placed inside the defects
forming the arms of the MZI and pairs of photons are inserteddm the left. The electronic
levels form a cascade with similar transition frequenciésg, ! . and they couple linearly to
the hopping photons through electro-dipole interactions,sashown in Fig.2. In the rotating

wave approximation, the dynamics of this system is described bige following Hamiltonian

(~=1)

Ho="!o@a+ !y gg+!c et !'n m+

gl( ghay+ hga)+ 92( heay+ eha) (2)
which, written in the interaction picture, reads
Hin = &1 gn@’€' + @ ned’e ' + hic: (3)

=lo ('n 'g)=('e !'n) !o &, aarethe creation and annihilation operators for a
photon trapped in a defect and j are the corresponding atom operators witlitj = g;h;e
O1; @ are the corresponding coupling constants for the two transitis. This interaction
contains all the necessary elements for both one and two-quigiates.

Let us rst describe the implementation of the usually more ch#nging gate, the two-
qubit controlled phase one. The photons are injected to the MZrom the left and when
they are through the rst beam splitter, the external eld is applied to the whole extent
of the MZI, shifting the atomic levels in all defects so thaf ;j = | 5j >> g1;%. This
translates in having the individual single photons transitios being equally detuned from
the corresponding atomic ones, whereas the two photpgRi ! j €0i one is resonant(Fig. 2).

It's straightforward to see that in this case the dynamics of tts system can be e ciently



described by the following e ective Hamiltonian:

2 2
Hett = % gg(@’a) + %( ccad) + %( geayz"' egaz) (4)

Due to the o -resonant nature of the interaction there will bean energy shift of the atomic
levels from their initial positions which overall will amour to 29 % petween the ground
and the most excited state. We can correct this by displacing thenergy of levejei and tune
it back to resonance with the two photon transitionjg2i ! j e0i by means of an external
electric eld again. That translates to adding the extra amout of 2% & of energy to the
most excited level.

Assume, now, that the atom is initially in leveljgi. As the two photons are in resonance
with the jgi ! j e transition, it is easy to see the Hamiltonian in Eq. (4) leads to th

following evolution of the joint atom- eld state after time T:

joijoa!j gijoai; (5)
igiozit e " Dijgijox: (6)
g0t & ' Djgij10i: @)
jgij 20! coskTjgij2i +sin kTjeij0i; (8)
igij02 ! coskTjgij 02 + sin kTjeij O (9)

wherek = @22

Notice that the e ective Rabi frequency of this transition di ers from the normal one by
a P 2 factor. This is due to the two-photon, second order nature dghe process occurring.
This extra factor is of much importance as wheg, =g = 2(p 2) the time it takes for states
jgij 01l and jgij 101 to gain a 2 phase @], is exactly the same time it takes for states
jgij 20 and jgij 02 to perform a Rabi oscillation! For this speci ¢ interaction time, the
medium while doing nothing to single photon states, adds the deable minus sign to the
two photon one, thus fully implementing the quantum phase gat we were interested in.

Indeed, p_ D_
(g 2T) _ (% 22) _ |

i1 .
For the experimental realization, we only need to nd atoms &aving two similar frequency

KT = (10)

transitions which couple to the eld according to the above rao of coupling strengths. Note
here that obviously the control phase gate can be also achieved &ny ratio g,=¢ = 2 P 2k=K°

wherek and k° are integers but this is the simplest one.
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The same atomic system can be used to implement a one-qubit rotati. The only
di erence is that in this case single atoms rather than colleains of them, need to be used
as mediators for the interaction. These could reside in any ohé defects before the rst
beamsplitter and they will be manipulated in a similar fashion a for the control-phase gate.
Two internal levels of the dopant ¢ and h, for example) will be used for the main part while
the third level helps controlling the interaction. The gateworks in three basic steps. First,
the photonic qubit is mapped onto the atom in the defect in a caty QED manner. Then,
the atomic state is rotated by an external eld and the rotatedatomic state is mapped back
to the hopping photonic qubit. At the rst mapping, the electronic levels are rst shifted
so that the transition g ! h is put into resonance (while transitionh ! e is left far o
resonance). The atom is initially in its ground stateg, and the interaction time T is tuned
so that the atom fully absorbs the cavity photon, through a comigte resonant rotation:
T = =g:. This operation takes statejgi( jOi + j1i) into state ( jgi + jei)j0i. In the
second step, a classical eld rotates the atom to the new desired &4 Ygi + Jei)j0i and
then another complete rotation maps back the atomic state into the photon in the cavy
mode,jgi( 0i + 91i).

The initial and nal shifting, the rotation and the releasing to the proper direction is
done exactly as in the two qubit gate. The only di erence is fothe photon to still reside
in the area of the single atom doped defects before the rst beaplitter during the above
operations(this can also be arranged by proper timing of the #tnal manipulations). No
need for the exact location is again essential.

The range of experimental parameters for the feasibility ofteve scheme is discussed
next.

The important quantities are the relevant timescales of the merations described above,
compared to various decoherence times for the photonic gtgi In our case there are almost
zero leaking losses from the CCW, the dielectric is highly norbsorptive and as always,
photons don't interact with each other at all. The only sourceof decoherence is from the
decay of the defect cavity modes during the interaction withhe doped atoms. The latter
needs to be compared with the typical coupling constants andé switching times of the
external elds. To evaluate the coupling strength and the defs decay time we need following
guantities: The modal volumeV,0q4e Of a defect cavity and the critical atom and photon

numbersmg = (i)z, No = Zg—zf = 4!—5 is the cavity decay rate (Q is the quality factor



and! 4 the resonance frequency),; is the atomic dipole decay rate (2,6 MHz for Cesium)
and g is the coupling constant

Typical values of the above quantities can be found in Ref. 12Speci cally, the cavity
described in section IV of Ref. 12 has a quality factor d® = 10%, while Np = 6 103
andmg =1:4 107, resulting to = 10'°. On the other hand, the coupling constang is
equal to 3 10°, which means that for the single qubit gate where a single atora used, we
are a bit less than one order of magnitude short of what is needéat the device proposed
here. This of course doesn't hold for the two qubit gate where setions of atoms can be
used and thus the coupling can be much stronger. Still for the dmer, an improvement of
one order of magnitude in the quality factor of the cavity redces the decay constant by the
same amount which is enough for the scheme to work. We note thdti$ in this example we
present calculations for optical frequencies in 2D structuse It is possible that by using 3D
photonic crystals where much better defect quality factorsam be found, the above problem
could be easily tackled(we note that the latter although morehallenging are not impossible
to fabricate within current technology). A di erent option would be to use 2D structures
operating in the microwave regime. There the stronger strengtof the interaction between
light and highly excited Rydberg atoms would provide the canling needed to make the
above scheme operationaflrther more detailed discussion is needed in the last paragh.

Also add all the appropriate references in the whole sectjon

IV. CONCLUSIONS

In conclusion we suggested to use highly e cient waveguides foed from linear chains
of defects inside 2D photonic crystals to built a micrometer stz tunable interferometer.
We described the possible quantum optical means for inducing gée shifts and thus adding
tunability to the integrated, micrometer sized structure. We showed that the loss free
propagation of photonic qubits in this device, combined wit the possibility of inducing
strong nonlinear phase shifts through the interaction with dopd atoms in the structure, can
provide for the e cient implementation of the both the fundamental quantum gates. We also
elaborated on the additional advantages of this scheme duettee \global" addressing/gating
mechanisms and the possible experimental challenges that stibblke easily tackled within

current or near future photonic crystal fabrication technabgies.
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FIG. 1: The proposed MZI is integrated in a 2D, micrometer siz photonic crystal(view from the
top). Pairs of photons are inserted from the left side and stat propagating (hopping) towards
the right. The defect microcavities situated before the lef beam-splitter (or beamcoupler) are
doped with single atoms. The defects in between the beamspiers can be doped with macroscopic
numbers of them providing for e cient implementation of the two qubit gate. The solid and dotted
lines stand for the external shifting elds used for the phas, single qubit and two-qubit operations.
The dotted one corresponds to the \ eld on, phase inducing" geration, whereas the solid one to

the \afterwards release" ending of the operation(see text)
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FIG. 2: The atomic level structure of the doped atoms. Each angle photon is equally detuned from
the corresponding atomic transition whereas the two photonone is on resonance. A simple e cient
gating mechanism for the incident photons can be implemente using ideas similar to those known

in the micromaser literature.
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FIG. 3: Another possible side view of the device suggesteducently under construction
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