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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 bits isg52. The information is assigned to each photon pair using
a singleconjugate beam of the parametric down-conversion. This system also demonstrates a way to get apair
of disentangled polarized photons by handling justonephoton of an entangled pair.@S1050-2947~98!05010-0#

PACS number~s!: 03.67.Hk, 42.50.Dv, 89.70.1c
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Quantum communication concepts and derived exp
mental schemes have been developed with potential app
bility in areas such as cryptography, teleportation, and qu
tum computing. The concept of quantumdensecoding @1#
may increase a communication channel capacity and
been demonstrated recently in the laboratory by Mattleet al.
@2# using a basis of distinguishabletrit elements instead o
bits. The trit experiment@2# was achieved through the gen
eration of a basis of four orthogonal polarization states~en-
tangled Bell states! from a nonlinear crystal and the use of
detection scheme able to identify three distinct outcom
within the four elements of the basis. The coding density w
d52.

The densityd is here defined as thenumber of polariza-
tion states in the wave functiondivided by thenumber of
photons associated with the wave functionand depends only
on the quantum state of the light, regardless of the way
state was generated. The theoretical transmission gaing, de-
fined byg[n(bits)/m(trits), using the trit basis instead of
bit state wasg51.58, assuming identical information bein
transmitted: 2n53m. Five trits may then replace eight bits i
the representation of a given character.

The termdensecoding has been associated in the lite
ture with a specific communicationprotocol of Bennett and
Wiesner~BW! @1# in which onlyonephoton of a conjugated
pair travels between the communicating parts, Alice a
Bob. Alice prepares an Einstein-Podolsky-Rosen state
sends only one of the particles to Bob. He performs a unit
operation on this particle that, entangled with the parti
kept with Alice, places the two-particle system in one of t
so-called Bell states. After this, he sends his particle to Ali
who, having both particles, determines which operation B
applied.

Differently from BW’s procedure, in the scheme pr
sented in this workboth particles are simultaneously code
and sent from the emitter to the receptor system. In this w
classical-like quaternary bases~tetrats! are generated an
identified by photon detectors. Some fundamental diff
ences exist between this quaternary basis and a classica
The photon pair correlation created in the down-convers
processcannotbe generated by a classical field; photons
arbitrary polarization cannot be cloned@3#. Consequently,
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practical applications such as quantum cryptography us
quaternary bases can be easily implemented. A practical
ternary communication basis has the advantage, over B
scheme, of a better communication gain. However, the p
paid to have all four elements of this basis in use (g52) is a
reduction in the codedensity dand in the possibility to tele-
port information.

Basically, this work has a twofold motivation:~i! to de-
vise a quantum emitter able to achieve a maximum comm
nication gaing and~ii ! to demonstrate how to disentangle a
entangled photon pair. It is shown that the superposition
probability amplitudes for emission in two nonlinear crysta
undergoing type-II down-conversion makes possible the c
struction of a tetrat basis constituted of experimentallydis-
tinguishableelements at the average coding densityd51.5
and transmission gaing52. This quantum scheme@4# is dif-
ferent from the local dense coding scheme proposed by
@1# also because two photon sources are used to produc
basis elements. The constructedindistinguishability of the
photon sources makes possible the inhibition of certain em
sions of the two-crystal system and the generation of po
ized states, which is not possible with the single-crys
scheme and unitary transformations on a single trajector

A tetrat basis can easily be constructed with intense c
sical light beams. However, these bases will have a van
ingly small coding densityd because the number of photon
in each coded beam is very high. Decreasing the numbe
photons in each beam down to a few photons,no classical
source could produce the necessary time correlation betw
photons to achieve the potentiality presented by dow
conversion light sources that emit photon pairs. Phot
from a classical source have Mandel’s parameterQ>0,
while a twin photon source hasQ,0. This is a crucial point
that excludes arbitrarily weak classical sources as genera
of a tetrat basis made up of two photons.

Figure 1 shows theemitter setup together with a Hong
Ou-Mandel~HOM! quantum interferometer@6# aligned after
the emitter output. Two nonlinear crystals of susceptibil
x (2), 1 and 2, are pumped by the same single-mode lase
bandwidthDv!2pc/L, whereL is the separation distanc
between crystals@5#. The degenerate down-converted bea
are along the trajectoriesa andb. A controllable phase dif-
ferencef between the down-converted beams at the cry
positions can be set by a suitable displacer along ei
down-converted line between the two crystals; linea is then
3332 © 1998 The American Physical Society
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PRA 58 3333BRIEF REPORTS
chosen. This phase difference could also be introduced
displacer on the pump beam between crystal 1 and cryst
generating similar states.

First, both crystals are cut and oriented with respect to
pump beam according to Garuccio’s prescription@7# to gen-
erate an entangled photon state@8#, symmetric under polar-
ization and spatial transformations:

uC~1 !& j5
1

&
~ uH&auV&b1uV&auH&b) ~ j 51,2!. ~1!

The pump laser intensity is assumed to be weak in the s
that the probability of emission for more than one phot
pair from each crystal is low. As the down-conversion e
ciency is quite low, the probability forsimultaneousemis-
sion of a photon pair in both crystals is also very low. Th
stateuC (1)& is a phase-matched state defined at the cros
of the two emission cones@7#. The finite size of the illumi-
nated region in the crystal produces divergences on e
beam such that they overlap transversely in a finite reg
@9#.

Assuming a situation of indistinguishability of the photo
pair source in the detection process, the state generated
superpositionof each stateuc1& and uc2& produced by each
down-converter and transformed by the unitary transform
tions represented by the wave platesU1 ,U2 and the phase
displacerf. The two possible processes, exclusive in gen
ating photons,

uc1&5U2eifaU1auC~1 !&1 or uc2&5U2buC~1 !&2 ,
~2!

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

uz&5U2~eifaU1auC~1 !&11buC~1 !&2), ~3!

wherea andb are proportional to the laser intensity and t
efficiency of each crystal. Each sequence of unitary trans
mationsU2eifaU1 is equivalent to a single effective unitar
transformation.

Due to the negligible field intensities from crystal 1 wh
they are superposed on crystal 2, it should be understood
stimulated processes are to be neglected. Theindistinguish-
ability of the photon source is what produces interferen
effects between the two down-converters. In addition to th
the simultaneous presence oftwo photon pairs in crystal 2 is
neglected, either originating from the same crystal or on
pair from crystal 1 and the other pair from crystal 2.

FIG. 1. Emitter setup to generate a tetrat basis. Crystals 1 a
produce entangled polarization states that can be implemente
wave retardersU1 and U2 placed along the beama. The states
generated are transformed by the beam splitter~BS! and launched
into optical fibers along trajectoriesc andd.
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The emitter is then composed of thetwo crystals and
wave plates necessary to code the tetrat basis. The two c
tals can then be seen as an interferometer with an inte
structure that can be set by wave plates and the phase sh
These optical elements can be interpreted as boundary
ditions that define an electric field to which a photon p
belongs. A unitary transformation is performedoutsidethe
interferometer by the wave plateU2 . In this sense, this sys
tem is akin to a four-way routing Mach-Zehnder interferom
eter, where one of the internal arms contains a phase
placer and outside, at the input, a polarization rotator is
At the two Mach-Zehnder outputs, polarizing beam splitte
are followed by two detectors. Through manipulation of t
rotator and the phase shifter, a single photon can be sent
chosen one of the four detectors. For a given setting of
phase shifter, thesinglephoton output state is a single pola
ization state with ‘‘classical’’ code densityd51.

In order to ensure indistinguishability of the photo
source the photon pair trajectories after crystal 1 have
merge together in crystal 2. However, onecannotsay that
photons from crystal 1 are suffering transformations on cr
tal 2 because this crystal only acts as a passive med
when, eventually, a photon pair passes through it. Althou
similarities can be found with the Mach-Zehnder interfero
eter, some difference exists, for example,~a! the down-
converter system performs a ‘‘routing’’ operation on the e
tangled photonpair at once for each setting of the wav
plates;~b! the unitary transformationU2 , the last componen
of the emitter, is performedafter crystal 2 and acts only on
photonsa and when any emittedb photon already left crysta
2; and ~c! this coding is processed in anonlocal photon
source or by a ‘‘quantum’’ Bob ~Bob is equivalent to
sender!.

For uau5ubu and considering any phase difference ina
and b included in fa , the choicefa5f152np and a
5b, together withU15U251, leads to the first normalized
wave function or the first element of a possible basis

uz~1!&5
1

&
~ uH&auV&b1uV&auH&b). ~4!

With U2 being a half wave plate oriented with the optic ax
vertical to the plane defined by the horizontal trajectoriea
andb, U2(90°), a normalized state is established

uz~2!&5
1

&
~ uH&auV&b2uV&auH&b)[uC~2 !&. ~5!

Each of these two elementsuz (1)& and uz (2)& is coded with
density d52. When U25U2(45°) represents a half wav
plate with the optical axis at 45° from the vertical,fa5f3
52np, andU15U1(90°) one obtains the third normalize
element

uz~3!&5U2~45°!~U1uC~1 !&11uC~1 !&2)5u1V&au1V&b .
~6!

With U25U2(45°), U15U1(90°), and fa5f45(2n
11)p one obtains a fourth tetrat element
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uz~4!&5U2~45°!~eif4uC~2 !&11uC~1 !&2)5u1H&au1H&b .
~7!

Elementsuz (3)& and uz (4)&, however, are coded at a lowe
density d51 and therefore the average code density isd
5(2121111)/451.5 @10#.

These quantum superpositions resulted insuppressionof
certain crystal emissions, due to the establishment of fi
coherence between both crystals. Singly polarized states
not be constructed from unitary transformations applied
one output of a single type-II down-converter@1,2# and were
made possible in this scheme through this interference ef
This coherence between the crystals is an aspect of the
nomenon ‘‘induced coherence without stimulated emissio
@11#. A good enhancement and suppression of emissio
down-converters was experimentally demonstrated by H
zog et al. @12#. In the scheme presented here, this interf
ence resulted in the singly polarized statesuz (3)& and uz (4)&.
This also demonstrates a way to get apair of simultaneously
polarized photons by handling justone photon of an en-
tangled pair.

The states$uz ( j )&% with j 51 – 4 constitute a set of fou
orthogonal bosonic states or a workable tetrat basis wh
each element can be identified by the detection scheme.
‘‘receptor’’ system used in Ref.@2# is adequate for the task
The two down-converters and wave retarders constitute
emitter, whose output is transformed by the HOM interfe
ometer. Optical fibers that preserve polarization@13# can be
used to guide the photon pairs to thedetector system. The
beam splitter~BS! of the HOM interferometer is set in suc
a way that the phase difference between the optical pat
the two trajectoriesa and b, from the crystals to the BS, i
close to zero. The spatial operation performed on the w
function by the HOM interferometer will depend on the sym
metry of the spin part of the wave function. The stateuz (1)&,
symmetric in the exchange of the polarization or spin va
ables, will be transformed by the HOM interferometer lea
ing to

uz~1!&5
1

&
~ uH&auV&b1uV&auH&b)

⇒
HOM

1

&
~ uH&cuV&c2uV&duH&d), ~8!

whereâ, b̂, ĉ, and d̂ are annihilation operators for photon
along thea, b, c, andd trajectories and the basic transform
s.
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tion of the HOM interferometer may be described@14# by
â5t ĉ2rd̂ and b̂5rĉ1td̂, for an asymmetric beam splitte
real transmissivityt, and reflectivity r and such thatr 5t
51/&. Coincidence counts will then appear between any
the DH andDV detectors or any of theDH8 andDV8 detec-
tors. Similarly, the stateuz (2)& will be modified, under action
of the HOM interferometer, to

uz~2!&5
1

&
~ uH&cuV&d2uV&cuH&d), ~9!

giving coincidence counts between any of theDH and DV8
detectors or any of theDH8 and DV detectors. The state
uz (3)& anduz (4)& are both symmetric in the spin variables a
then also symmetric under the spatial operation introdu
by the HOM interferometer.uz (3)& transforms to

uz~3!&5
1

&
~ u2V&cu0V&d2u0V&cu2V&d), ~10!

generatingtwo photons at each trajectoryc andd that can be
detected by coincidences betweenDV1 andDV2 or DV81 and
DV82 . Analogously,uz (4)& transforms to

uz~4!&5
1

&
~ u2H&cu0H&d2u0H&cu2H&d), ~11!

which generates two photons at each trajectoryc andd that
can be identified by coincidences betweenDH1 andDH2 or
DH81 and DH82 . Two photon states in a given trajector
could be detected with a better efficiency using single de
tors able to identify two photons. These detectors, altho
existing in the experimental stage in the laboratory are
yet available commercially.

An experimentally identifiable set of four orthogon
states constituted of superpositions of singly polarized
entangled polarization states is then demonstrated at the
density d51.5 and gaing52. The use of four tetrat ele
ments, which cannot be cloned, to replace eight bits in
cryptographic system, for example, indicate a possible c
crete application for this quaternary emitter.
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