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Directional photon transfer between two wires
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The directional transfer of a single photon from one wire to another, leaving all other neighbor states
unaffected, is of great importance. We present a simple coupling structure that makes such transfer possible, for
any given photon wavelength and linewidth. We give closed-form expressions for the parameters necessary to
build such a structure. An illustration of our analytic study is given for the directional transmission of a
telecommunication signal between two lines.
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The directional transfer of photons@1–3# between two
wires has been intensively investigated in the recent ye
Applications of such transfer processes are, in particular,
portant for wavelength multiplexing in communication d
vices.

In order to allow a directional transfer of one photon w
a given energy between two monomode wires, one ha
build an appropriate coupling structure to permit all inco
ing particles of different energies to continue to travel wi
out perturbation along the input wire and to transfer succe
fully one to the output wire in a given direction. The criter
for such transfers were given on the basis of symmetry a
ments and were illustrated by applications to structures
signed in photonic materials by rod removal and perturba
@2#. We proposed other structures@3# made of resonating
finite wires. All the above structures require very prec
definition of their parameters.

In this paper we propose a simpler structure and g
closed form expressions for all the parameters that are
essary for the device fabrication. Another advantage of
present structure is that it requires less tuning accuracy
the earlier ones.

Let us consider the system presented in Fig. 1. The
continua are the two infinite lines passing by, respectiv
points (1,2) and (3,4). The distanced0 between points 1 and
2 is the same as between points 3 and 4. Four iden
monomode structures are branched between points (1
(5,4), (2,6), and (6,3). These structures have one finite w
of lengthd2 branched in the middle of the lines of length 2d1
situated between the above-given points. The wave func
associated with the particles traveling in this structure is s
posed to vanish at the free end of the dangling wires. S
structures enable transmission gaps to be opened in the
sired frequency range in the same manner as in similar
structures@3#. Between points 5 and 6 is fixed a wavegui
of length 3d1 with two finite wires of lengthd2 in its middle,
which acts as a resonant cavity with a localized mode in
above-mentioned gap.

The reflection and transmission coefficients as a func
of wavelengthl associated with the particles traveling in th
monomode wires were found to be given by the followi
expressions:
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R5uz11z21z31z411u2, ~1a!

T125uz11z22z32z4u2, ~1b!

T135uz12z21z32z4u2, ~1c!

T145uz12z22z31z4u2, ~1d!

where

zn5
i

2
~yn2 i !21, n51,2,3,4, ~2!

y15y22
2B1

4

~2A11A2!2S 3A12
2B1

2

2A11A2
2

B1
2

2A11A21B1
D ,

~3a!

FIG. 1. The multiplexer design.
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y25tanS pd0

l D1A12
B1

2

2A11A2
, ~3b!

y352F tanS pd0

l D G21

1A12
B1

2

2A11A2
, ~3c!

y45y32
2B1

4

~2A11A2!2S 3A12
2B1

2

2A11A2
2

B1
2

2A11A22B1
D ,

~3d!

Ai52F tanS 2pdi

l D G21

, i 51 and 2, ~4a!

and

B15FsinS 2pd1

l D G21

. ~4b!

We then find that, in order to obtain a complete transfe
a particle with a propagating vectork052p/l0 from site 1
to site 3 ~namely,T1351 andR5T125T1450), the struc-
ture given in Fig. 1 must be such that, forl5l0,

y15y352
1

y2
52

1

y4
. ~5!

The above expressions provide the following solution:

d05~114n0!
l0

4
, ~6a!

d15~114n17d!
l0

4
, ~6b!

and

d25~2n26d!
l0

4
, ni50,1,2,3, . . . , ~6c!

where

d5F3~114n112n2!

pQ G1/2

, ni50,1,2,3, . . . ~7!

is supposed to be small compared to 1 andQ is the quality
factor associated with the linewidth of the transferred sig
defined by

Q5
l0

2~l82l0!
, ~8!

wherel8 is the wavelength at whichT13(l8)50.5.
In the same manner, we define a quality factorQ8 for the

envelope of the direct transmissionT12 ~not to be confused
with the dip inT13 due to the transferred particle!:
05760
f

l

Q85
l0

2~l92l0!
, ~9!

wherel9 is the wavelength at whichT12(l9)51/2, such that
ul92l0u@ul82l0u. We find, with a good approximation
that

Q85
p

2
~112n012n11n2!. ~10!

For multiplexing applications, one needs small values
Q, in order not to perturb the particles with wavelengt
close tol0.

So, as described above, our system enables us to d
mine completely and in closed form all the wire lengths fo
complete channel transfer, once wavelengthl0 and the order
of magnitude of the quality factorQ are chosen. Relation
~6! give us the values ofd0 , d1, and d2. Let us note that
several solutions are possible due to the different value
the integersn0 , n1, andn2. Note that the (2d) value in Eq.
~6b! is associated with the (1d) one in Eq.~6c! and vice

FIG. 2. Variation of the intensity of the transmitted signalT12

from site 1 to site 2~solid line!, and of the forward signalT13 ~long
dashed line!, in the structure shown in Fig. 1 versus the light wav
length in vacuum. The dots represent the signal intensity in
backward directionT14. These theoretical results were obtained f
d050.67mm, d150.68mm, andd250.26mm, «1/252.8 andQ of
the order of 1000. Only the scale on the horizontal axis var
between the two parts~a! and ~b!.
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versa. Let us stress also that in order to have a multiple
with a large nonperturbed region for the directly transmit
particle, one has to choose lengthsd0 , d1, andd2 as small as
possible. The smallest possible solution for a givenl0 de-
pends also on the widthh of the monomode wires. It is
possible to estimate thath has to be smaller than 0.5mm for
a vacuum wavelengthl0851.5 mm and a relative dielectric
constant« such that«1/252.8 in order for the wires to be
monomode. Current technologies enable one to prepar
electron lithography wires such that 0.2mm,h,0.5 mm.
With a width of 0.2mm, one may choosen05n15n251 in
Eqs.~6! and to obtain a quality factorQ of the order of 1000
@Eq. ~7!# we have d050.67mm, d150.68mm, and d2
50.26mm. We give these values with an accuracy of t
order of 0.01mm, which is currently available.

Let us note that once these lengths are fixed the wa
length and the quality factor of the transferred particle can
obtained from Eqs.~6b! and ~6c! and ~7! to be

l05
4~d11d2!

114n112n2
~11!

and

Q5
3

p
~114n112n2!

~d11d2!2

@2n2d12~114n1!d2#2
. ~12!

FIG. 3. Same as Fig. 2, but ford051.21mm, d151.22mm,
andd250.52mm.
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As can be seen in Fig. 2 obtained by an exact calcula
of T12, T13, andT14 from Eqs.~1!–~4! as functions of the
vacuum wavelengthl85l(«)1/2, the transferred particle
wavelengthl0(«)1/2, and quality factorQ are well estimated
by Eq. ~11! and ~12!, as well as the quality factorQ8 @Eq.
~10!# giving the unperturbed wavelength domain inT12. Fig-
ure 3 shows mainly how an increase in the device size m
fies the region of unperturbed transmissionT12. A compari-
son between Figs. 3 and 4 shows the effect of an increas
the width of the transferred frequency peak.

If one desires to shiftl0, it is possible to adapt a heatin
device under the structure. Indeed on heating, all the
tances will increase in the same proportion andl0 will in-
crease proportionally to (d11d2) as shown in Eq.~11!. An-
other way to tune this multiplexer is to change the relat
dielectric constant«, as Eqs.~6! giving the distances are
proportional tol08/(«)1/2. This can be done by insolatio
techniques or by the application of an electric field.

Let us finally discuss the tuning accuracy required by
structure studied here. The numerators and denominato
the expressions given by Eqs.~3! can be developed to secon
order in (pd/2) and to first order in (l2l0). One obtains

y25112p
~l02l!

l0
2 ~d11d21d0!1•••, ~13a!

FIG. 4. Same as Fig. 3, but withQ of the order of 100, when
d051.21mm, d151.25mm, andd250.49mm.
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y15y22
2~pd/2!21•••

~pd/2!216pl0
22~l02l!~d11d2!1•••

,

~13b!

y352112p
~l02l!

l0
2 ~d11d21d0!1•••, ~13c!

y45y31
2~pd/2!21•••

~pd/2!226pl0
22~l02l!~d11d2!1•••

.

~13d!

We see in the above expressions that forl5l0, condi-
tions ~5! are satisfied for any small value ofd2. In the struc-
tures studied before@3#, this is not the case: five differen
lengthsd0 , d1 , d2 , d3, andd4 are needed and similar ex
pansions show that the fulfilment of conditions~5! requires
much more precision for the different lengths, than for t
present structure. More precisely for the results given by F
2 of Ref. @3#, in the numerators of Eqs.~13b! and~13d!, one
obtains terms of the order ofd6 and in the denominators o
these equations terms of the order ofd8, whered8 is another
u

05760
e
.

small quantity associated with lengthsd3 and d4 , d being
associated withd1 andd2. As at the resonance, thesed6 and
d8 terms have to be equal; one understands that the prec
on the lengths associated with this former structure has to
much higher than for the present one.

In the experimental realization of the structure stud
here, the different lengthsd0 , d1, andd2 can be made out o
the same mask. So we expect that the relative imprecis
between the twod0, the elevend1 and the sixd2 of this
structure can be neglected in front of the imprecision of
lengthsd0 , d1, andd2 of the corresponding masks. So on
we obtained the values ofd0 , d1, andd2 from expressions
(6), wevaried them by a random amount and computed
transmission factors from the exact expressions~1!–~4!. This
procedure shows that the structure studied here funct
with a precision of the order of 0.01mm on the different
lengthsd0 , d1, andd2, for quality factorsQ of a few thou-
sands. Let us also remember that if the errors ond1 andd2
have the same sign, the shift inl0 may be of the order of
0.02mm @see Eq.~11!#. But as explained above,l0 may be
tuned back to its required value with the help of a heat
device or by adjustment of the relative dielectric const
with an electric field.
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