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Quantum communications: Tetrat coding
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This work shows that an orthogonal tetrat basis element made up of two photons can be generated with two
optical parametric down-converters and identified with a multiport detection system for coincidences. The
transmission gain over the usual coding in bitgis2. The information is assigned to each photon pair using
asingleconjugate beam of the parametric down-conversion. This system also demonstrates a wayptirget a
of disentangled polarized photons by handling jus¢ photon of an entangled pa[iS1050-2947®8)05010-0

PACS numbegps): 03.67.Hk, 42.50.Dv, 89.78.c

Quantum communication concepts and derived experipractical applications such as quantum cryptography using
mental schemes have been developed with potential applicguaternary bases can be easily implemented. A practical qua-
bility in areas such as cryptography, teleportation, and quarternary communication basis has the advantage, over BW’s
tum computing. The concept of quantuiensecoding[1]  scheme, of a better communication gain. However, the price
may increase a communication channel capacity and hgsaid to have all four elements of this basis in uge=@) is a
been demonstrated recently in the laboratory by Mattlal.  reduction in the coddensity dand in the possibility to tele-

[2] using a basis of distinguishabtdt elements instead of port information.

bits. The trit experimen{2] was achieved through the gen-  Basically, this work has a twofold motivatiofi) to de-
eration of a basis of four orthogonal polarization std@s  vise a quantum emitter able to achieve a maximum commu-
tangled Bell statgsfrom a nonlinear crystal and the use of a nication gaing and(ii) to demonstrate how to disentangle an
detection scheme able to identify three distinct outcomegntangled photon pair. It is shown that the superposition of
within the four elements of the basis. The coding density wagrobability amplitudes for emission in two nonlinear crystals
d=2. undergoing type-Il down-conversion makes possible the con-

The densityd is here defined as theumber of polariza- struction of a tetrat basis constituted of experimentdil-
tion states in the wave functiodivided by thenumber of tinguishableelements at the average coding density1.5
photons associated with the wave functaord depends only and transmission gaig= 2. This quantum schenid] is dif-
on the quantum state of the light, regardless of the way thigerent from the local dense coding scheme proposed by BW
state was generated. The theoretical transmissiongyale-  [1] also because two photon sources are used to produce the
fined byg=n(bits)/m(trits), using the trit basis instead of a basis elements. The constructilistinguishability of the
bit state wagg=1.58, assuming identical information being photon sources makes possible the inhibition of certain emis-
transmitted: 2=3™. Five trits may then replace eight bits in sions of the two-crystal system and the generation of polar-

the representation of a given character. ized states, which is not possible with the single-crystal
The termdensecoding has been associated in the litera-scheme and unitary transformations on a single trajectory.
ture with a specific communicatigorotocol of Bennett and A tetrat basis can easily be constructed with intense clas-

Wiesner(BW) [1] in which only onephoton of a conjugated sical light beams. However, these bases will have a vanish-
pair travels between the communicating parts, Alice andngly small coding densityl because the number of photons
Bob. Alice prepares an Einstein-Podolsky-Rosen state anith each coded beam is very high. Decreasing the number of
sends only one of the particles to Bob. He performs a unitarphotons in each beam down to a few photoms classical
operation on this particle that, entangled with the particlesource could produce the necessary time correlation between
kept with Alice, places the two-particle system in one of thephotons to achieve the potentiality presented by down-
so-called Bell states. After this, he sends his particle to Aliceconversion light sources that emit photon pairs. Photons
who, having both particles, determines which operation Bolfrom a classical source have Mandel's paramefex0,
applied. while a twin photon source ha3<0. This is a crucial point
Differently from BW'’s procedure, in the scheme pre- that excludes arbitrarily weak classical sources as generators
sented in this worlkboth particles are simultaneously coded of a tetrat basis made up of two photons.
and sent from the emitter to the receptor system. In this way, Figure 1 shows themitter setup together with a Hong-
classical-like quaternary basdtetratg are generated and Ou-Mandel(HOM) quantum interferometd6] aligned after
identified by photon detectors. Some fundamental differthe emitter output. Two nonlinear crystals of susceptibility
ences exist between this quaternary basis and a classical ong?), 1 and 2, are pumped by the same single-mode laser of
The photon pair correlation created in the down-conversiomhandwidthA w<2wc/L, wherelL is the separation distance
processcannotbe generated by a classical field; photons ofbetween crystalgs]. The degenerate down-converted beams
arbitrary polarization cannot be clong@]. Consequently, are along the trajectories andb. A controllable phase dif-
ference¢ between the down-converted beams at the crystal
positions can be set by a suitable displacer along either
*Electronic address: gbarbosa@fisica.ufmg.br down-converted line between the two crystals; lais then
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phase displacer  peom qumper The emitter is then composed of tieo crystalsand
m A wave plates necessary to code the tetrat basis. The two crys-
w tals can then be seen as an interferometer with an internal
Pane S structure that can be set by wave plates and the phase shifter.
beam These optical elements can be interpreted as boundary con-
ditions that define an electric field to which a photon pair
belongs. A unitary transformation is performedtsidethe
FIG. 1. Emitter setup to generate a tetrat basis. Crystals 1 and interferometer by the wave platé,. In this sense, this sys-
produce entangled polarization states that can be implemented gm is akin to a four-way routing Mach-Zehnder interferom-
wave retarderd); and U, placed along the beara. The states eter, where one of the internal arms contains a phase dis-
generated are transformed by the beam spli&3) and launched placer and outside, at the input, a polarization rotator is set.
into optical fibers along trajectoriesandd. At the two Mach-Zehnder outputs, polarizing beam splitters
are followed by two detectors. Through manipulation of the
chosen. This phase difference could also be introduced by mtator and the phase shifter, a single photon can be sent to a
displacer on the pump beam between crystal 1 and crystal 2hosen one of the four detectors. For a given setting of the

generating similar states. phase shifter, theinglephoton output state is a single polar-
First, both crystals are cut and oriented with respect to thgzation state with “classical” code density=1.

pump beam according to Garuccio’s prescripti@hto gen- In order to ensure indistinguishability of the photon

erate an entangled photon stf8d, symmetric under polar- source the photon pair trajectories after crystal 1 have to

ization and spatial transformations: merge together in crystal 2. However, ocannotsay that

photons from crystal 1 are suffering transformations on crys-
O 1 o tal 2 because this crystal only acts as a passive medium
A3 >j—5 (IH)alV)p+IV)alH)p)  (j=1.2. (1) when, eventually, a photon pair passes through it. Although
similarities can be found with the Mach-Zehnder interferom-
géer, some difference exists, for example) the down-
converter system performs a “routing” operation on the en-
tangled photonpair at once for each setting of the wave
plates;(b) the unitary transformatiobJ,, the last component
of the emitter, is performedofter crystal 2 and acts only on
hotonsa and when any emitted photon already left crystal

The pump laser intensity is assumed to be weak in the sen
that the probability of emission for more than one photon
pair from each crystal is low. As the down-conversion effi-
ciency is quite low, the probability fosimultaneousemis-
sion of a photon pair in both crystals is also very low. This
state| W (")) is a phase-matched state defined at the crossing. . T :

; and (c) this coding is processed in monlocal photon

of the two emission condgg]. The finite size of the illumi- ource or by a fuantumi Bob (Bob is equivalent to
nated region in the crystal produces divergences on eac%en der y a g q

beam such that they overlap transversely in a finite reg|or§ For |a|=|8| and considering any phase differencedin

[9]. ! . .
, N L o and B included in ¢,, the choice¢,=p,=2n7 and «
Assuming a situation of indistinguishability of the photon _aB' together withU, = U,— 1, leads to the first normalized

pair source in the detection process, the state generated is ¢ funci the first el t of ible basi
superpositionof each staté,) and|,) produced by each wave function or the Tirst element of a possibie basis
down-converter and transformed by the unitary transforma-

tions represented by the wave platds,U, and the phase (7 _ 1

displacere. The two possible processes, exclusive in gener- £%)= 5 (IH)al V)t V)alH)b)- 4)
ating photons,

With U, being a half wave plate oriented with the optic axis
vertical to the plane defined by the horizontal trajectoges
andb, U,(90°), a normalized state is established

have to be superposed and lead to the set of wave functions

|h1) =U,€'%aU | W ) or |gy)=U,B8/ W),

1
|0)=U(e%aU,a W)+ BlWH),), 3) [¢2)= — (IR V)= V) H) =T )

wherea and B are proportional to the laser intensity and the (1) @0 )

efficiency of each crystal. Each sequence of unitary transforEach of these two elements™) and ') is coded with

mationsU,e %aU, is equivalent to a single effective unitary density d=2. WhenU;=U5(45°%) represents a half wave

transformation. plate with the optical axis at 45° from the verticdl,= ¢
Due to the negligible field intensities from crystal 1 when =207, andU;=U,(90°) one obtains the third normalized

they are superposed on crystal 2, it should be understood th@tement

stimulated processes are to be neglected. imbistinguish-

ability of the photon source is what produces interference [{®)=U,(45°)(U4[W )+ [W),) =[1y)al 1y)p -

effects between the two down-converters. In addition to that, (6)

the simultaneous presencetafo photon pairs in crystal 2 is

neglected either originating from the same crystal or one With U,=U,(45°), U;=U,(90°), and ¢,=¢,=(2n

pair from crystal 1 and the other pair from crystal 2. + 1) one obtains a fourth tetrat element
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|§(4)>:U2(45°)(ei¢4|‘1’(_)>1+|‘I’(+)>z):|1H>a|1H>b- tion of the HOM interferometer may be describgi] by

(7) a=tc—rd andb=rc+td, for an asymmetric beam splitter,
real transmissivityt, and reflectivityr and such thar =t
=1#2. Coincidence counts will then appear between any of
the D, andD,, detectors or any of th®,,; andD,,, detec-

Elements|{®) and |{¥), however, are coded at a lower

densityd=1 and therefore the average code densityl is

=(2+2+1+1)/4=15[10]. _ , tors. Similarly, the staté(®) will be modified, under action
These quantum superpositions resultecgsuppressiorof ¢ the HOM interferometer, to

certain crystal emissions, due to the establishment of field

coherence between both crystals. Singly polarized states can-

not be constructed from unitary transformations applied on £y = i (IHYe[Vyg— Vel H)a) (9)

one output of a single type-Il down-converfdr2] and were ol cl/d clti/db

made possible in this scheme through this interference effect.

This coherence between the crystals is an aspect of the phgyying coincidence counts between any of g and Dy
nomenon “induced coherence without stimulated emission”qetectors or any of th®,, and Dy detectors. The states

[11]. A good enhancement gnd suppression of emission ij‘ug(s)> and|§(4)> are both symmetric in the spin variables and

down-converters was experimentally demonstrated by Heffen also symmetric under the spatial operation introduced

zog et al. [12]. In the scheme presented here, this m'[erferby the HOM interferometef §(3)> transforms to

ence resulted in the singly polarized staltgs)) and|¢¥). '

This also demonstrates a way to ggiar of simultaneously 1

polarized photons by handling jusine photon of an en- BN _

tangled pair. 1£%) v (12v)cl0v)a=10v)cl2v)a), (10
The stateg|¢(V)} with j=1-4 constitute a set of four

orthogonal bosonic states or a workable tetrat basis whergeneratingwo photons at each trajectocyandd that can be

each element can be identified by the detection scheme. Thfstected by coincidences betweg; andDy, or Dy, and

“receptor” system used in Ref2] is adequate for the task. Dy:,. Analogously,|{) transforms to

The two down-converters and wave retarders constitute the

emitter, whose output is transformed by the HOM interfer-

ometer. Optical fibers that preserve polarizati@B] can be |§<4)>:i (120)el Ok da— [0r)el 200 ) (11)

used to guide the photon pairs to ttetector systeniThe vz TRl TEH LR d 7y

beam splitteBS) of the HOM interferometer is set in such

a way that the phase difference between the optical path Qfhich generates two photons at each trajectoandd that

the two trajectories andb, from the crystals to the BS, is g pe identified by coincidences betwe®p, and D, or
close_ to zero. The spatial operation performed on the wavey . and Dy.,. Two photon states in a given trajectory
function by the HOM interferometer will depend on the sym- ¢y pe detected with a better efficiency using single detec-
metry of the spin part of the wave function. The sti€’),  tors able to identify two photons. These detectors, although

symmetric in the exchange of the polarization or spin vari-eyisting in the experimental stage in the laboratory are not
ables, will be transformed by the HOM interferometer lead-yet available commercially.

ing to An experimentally identifiable set of four orthogonal
1 states constituted of superpositions of singly polarized and
Wy= "~ (IH)IVDe+ IV H entangled polarization states is then demonstrated at the code
1) 7 ([H)alV)o+[V)a[H)) densityd=1.5 and gaing=2. The use of four tetrat ele-

ments, which cannot be cloned, to replace eight bits in a

1 cryptographic system, for example, indicate a possible con-

= 5 (|HY VY= Vgl H) ), (8)  crete application for this quaternary emitter.
HOM
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