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Coupled cavities for enhancing the cross-phase-modulation
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We propose an optical double-cavity resonator whose response to a signal is similar to that of an electro-
magnetically induced transparen€iIT) medium. A combination of such a device with a four-level EIT
medium can serve for achieving large cross-Kerr modulation of a probe field by a signal field. This would offer
the possibility of building a quantum logic gate based on photonic qubits. We discuss the technical require-
ments that are necessary for realizing a probe-photon phase shifcafised by a single-photon signal. The
main difficulty is the requirement of an ultralow reflectivity beam splitter, and we must be able to operate a
sufficiently dense cool EIT medium in a cavity.
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[. INTRODUCTION ~vg4/c of it is available for shifting the phase of the probe.
In this paper, we suggest a regime in which the probe
Strong cross-Kerr phase modulatifh2] based on elec- pulse moves in a free EIT medium, whereas the signal field
tromagnetically induced transparen@IT) [3] (for a review  is confined to a special double-cavitylichelson-like reso-
of EIT, see, e.g., Ref§4,5]) has been of increasing interest nator whose linear response is analogous to that of an EIT
for quantum information processing. If a single photon canmedium. Thus a strong signal can interact with the probe for
change the phase of another photon, then one can use tAdong time. The cavity-cavity and input-output couplings are
effect for constructing a controlledeT quantum gate. To accomplished with weakly reflecting beam splitters, so that
realize a maximally large cross-phase-modulatlRM) on  |0SSes at the mirrors are avoided. Construction of such beam
a single-photon level, both cavif$] and free-mediunf7,8] splitters may be a technical challenge, but could be achiev-

regimes have been considered. able in principle.

. . . . The paper is organized as follows. In Sec. Il the double-
The advantage °f_”“? cavity regime 1s that_a reIatlvechawity system is studied. The combined action of the double-
strong electromagnetic field can be built up inside a Cav'tybavity system and the EIT medium are studied in Sec. Ill

a_md that the photons can 'nteraCt durlng a relat|v§aly lo.ngand the single-photon phase shift is calculated. Finally, some
time. However, the combination of the cavity properties W'thconcluding remarks are given in Sec. IV.

the ultralow group velocity of light in the EIT medium leads
to an extremely narrow line of the transmitted lighg],
which introduces some limits of the applications that are Il. COUPLED CAVITIES
possible in principld10—12. Another disadvantage results A. Linear response and “Rabi” splitting
from the fact that, even for the best mirrors presently avail-

able absorption is of the same order of magnitude as trans- Let. us consider the .two—cawty scheme shown in Fig. 1
e . and disregard the medium and the probe beam for the mo-
mission[13]. Thus, even in the case of exact resonance, onl

a fraction of about=25% of the incident light is transmitted, ﬁent. Tthe |d'5t3nﬁes. aretdlenotthIQyéo .L5’£h|_e If?_gtri of
hereas a fraction of about50% is absorbed by the mir- e vertical and horizontal cavities beifg=L,+L,+Ls
w andL,=L,+ L, respectively. The vertical cavity is coupled

rors (see Appendix A Obviously, devices giving rise to such to the outside field by a beam splitter B&nd the two cavi-
huge losses cannot serve for quantum information process—.. e coupled to each other by a beam splittes, Bth

ing.

In the free-medium regime, a probe pulse, which is to be t,ir,
influenced by a signal pulse, moves in a free EIT medium, T,=1. ) 1)
and has thus a very small group velodify]. A signal pulse I

whose midfrequency is sufficiently far from the medium

resonance moves with a velocity closeatoThe interaction (=1, and 2 being the characteristic transformation matrices
time of the signal and probe is thus limited by the shortof the two beam splitters. Heng=R, andtf=T,, respec-
overlap time of the two pulsd¥]. To overcome this prob- tively, are the reflectivities and transmissivities satisfying the
lem, it was suggested to use a second EIT medium for theelationsR,+ T,+A,=1, whereA, are the absorption coeffi-
signal, so that both signal and probe have the s&anwll cients. In what follows we are interested in weakly reflecting
group velocitiesv; [8]. Both pulses can then interact for a beam splitters, such th& <1 andT,~1 for A<R,. The
long time. The disadvantage of such a scheme is that most eéflection and small absorption coefficients of the four mir-
the signal-photon energy is wasted in dressing the atoms abrs M,, (m=1, 2, 3, and # are Ry, and Ay, respec-
the (second EIT medium[15], and only a small fraction tively, with Ryjm+Aum~Rum=~1.
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FIG. 1. Scheme of the double-cavity system. The horizontal
cavity is filled with an EIT medium. The signal entefa) and
leaves &') the system via the beam splitter BS'he probe propa-
gates across the horizontal cavity in a direction perpendicular to the
plane of the plot.

The input-output relations for the complex amplitudes
(a’) andb (b’) of the incoming(outgoing waves of wave
numberk= w/c are then found by successive application of
the transformations realized by the beam splitters and the
mirrors. The result can be given in the form of

50 0 50

a' _ G Gy fa @ w—wp [109 s71]
FIG. 2. Response functid®;; for Ly,=120\, L,;=30\q (with
where No=27lkg=795 nm, wy=KoC), Aym=10 6, R;=10%, andR,
=10"% (a) and R,=10"° (b). Dashed line, R&,; full line,
s t 1+(1_A1) /1_AM4ei2kLsB (3) ImGyq;.
1174 : ) '
1+T,V1-Aye'2sB By=1—1—Ayi[ToV1—Ayze2KtH
R —Ry1—Ay,e'2Ktatla], (11)
1
G12 1+T1~/1—AM4e'2kLBB’ @ Here only relations foic numbers &,a’,b,b’) are consid-
ered. Note that for obtaining the operator input-output rela-
A A2kl tions, Eq.(2) must be complemented with an absorption ma-
= Riv1~Awse : ° , (5)  trix acting on some device variablg£6].
1+ T,V1—Ay.e'?sB An example of the response function of the transmitted
signal G, is shown in Fig. 2. This corresponds to the case
Gyo=Gy4, (6)  where the two cavities have the same resonance wave num-
berko=nym/Ly=nym/Ly, with ny andny being integers.
with Were there only a vertical cavityR,=0), a signal of wave
numberk=k, would be reflected, and thi&,,/~0 would
Bi+ Byt By be observed. Due to the coupling introduced by the beam
B= — B, () splitter BS, (R,#0), the resonance of the double-cavity sys-

tem is split(quasi-Rabi splitting so that now|G,4|~0 for
k=ky* Ak, where
By=(1-A)*(1-Aup)(1-Ayo) (1-Ayg) °

_ R
X giZk(L1+LatLy). (8) Ak~ /TEV. (12

_ i2k(L,+L . .
By=—To1-Ay,pe 2 tarts), (9 In the middle of the interval between the two resonant wave-
_ number values, the system is transparent, Gg,~1 for k
BgZRZ \/l_AM3e|2k(L1+L2), (10) :ko.
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Let us consider, for a moment, the isolated system con- Lp RiLy
sisting of the two cavities that are decoupled from the exter- T T 2R.c’ (18)
nal world (R;=0), but coupled to each otheR{+0). Solv- 2

ing (for nonabsorbing devicgshe eigenmode equation, we Comparing with Eq(13), we see that the outgoing pulse is
find that the symmetric and antisymmetric combinations Ofdelayed byr, and its envelope is broadened by the same

the modes of the individual cavities form modes of the : . o
amountrp (i.e., the envelope of the power intensity is broad-
double-cavity system which just differ in the value &k ened b;rDD(/\/E) P P y

given by Eq.(12). Hence an incoming wave of wave number
k can be regarded as being coupled by the beam splitter BS
to these two modes. Whereas for ky*= Ak one of the two
modes can be excited, the couplings to them interfere de- The complex amplitudegn the frequency domajrof the
structively fork=Kkg, so that the incoming field is virtually fields inside the double-cavity system are given in Appendix
decoupled from the cavities and the system becomes tran&. Expanding the amplitudes of the fields in the horizontal
parent. cavity,[Egs.(E5), (E7), (E10), and(E1])], aroundw = wy we
The behavior of a double-cavity resonator resembles théind, on neglecting again losses, thata,y;~ayi, ~
behavior of several other physical systeffer details, see —a,yz;~ays;.,=ay(w), where
Appendixes B—D. The system has many similarities to a '

C. Internal fields

three-level EIT medium(Appendix B and to a one- 1 Ry 2 2
dimensional atom in a cavityAppendix Q, and there is a an(w) =37 R_2(1+'5KLD_5k Lp)a(w) (19
close relationship to the so-called interaction-free-
measurement and the quantum Zeno eftégpendix D. (b=0). We compare Eq19) with Eq. (15), and see that
B. Time delay 1 /R
. . | ay(0)~ 5\ g Gu(w)a(v) (20
From the input-output relatiofEq. (2)] it follows that 2

outgoing and incoming pulses in the time domain are related o _ )
to each other as (6k<<1/Lp). Thus the resonant field in the horizontal cavity

has an intensity that iR, /(4R,) times larger than that of the

incoming field. In the time domain, it is obviously a pulse
aout(t)=f G(7)ajn(t—7)dr, 13 thatis delayed and broadened #y, i.e.,
where 1 /R
ay(t)= = —f G(7)aj,(t—7)dr. (21
L 2 VR,
G =—f e G do, 14
(N=5 u(w)de (4 In the same approximation, from Eq€l), (E3), (E4),

(E8), and (E9), we find that the leading term of the field
with Gyy(w) from Eg. (3). When absorption can be disre- gmplitudes in the vertical cavity is(w)=ia(w)VR1/2.
garded & ,Ayn=0) and the reflection coefficienf8 are  That s, the intensity of the field in the vertical cavity is only
small, thenGy;(w) can be expanded aroumrgd= wo to obtain 3 fraction ofR,/4 of the intensity of the incoming field. Since

noticeable XPM in the probe will require a large field in the

Giy(w)~(1+iLpdk—LEok?) horizontal cavity, it is crucial thaR, be as small as possible.
. 102 w2 The temporal evolution of field energies on the left-hand
~expiLpk— 3 Lpok?) (19 side of the systentincoming and reflected fielisin the
horizontal cavity, and on the right-hand side of the system
[0k=(w—wg)/c<1/Lp], where (transmitted fielg) as well as the input and output field in-

tensities, are illustrated in Fig. 3. One can see the importance
_ Rilw of a proper choice of the signal pulse length. For short pulses
DTOR, (16) . = ) .
2 (relative to 7p), a strong electric intensity develops in the
horizontal cavity, but the output pulse is deformed with a
Let us consider an incoming pulse that has a midfreqarge fraction of the pulse being reflected. Long pulses keep
quencywo=Kkoc and a spectral width smaller th@fiLp . In  their shape, but cannot produce very strong intensities.
this case, the response functi@(r) in Eq. (14) can be
obtained from Eq(15), with the approximate expression of
G11(w) given in Eq.(15),

D. Influence of losses

Let us comment on the conditions under which the mate-

1 (1—1p)2 rial absorption of the mirrors and beam splitters may be dis-
G(7)~ exg ———— | (17) regarded. From an expansion of the expressions in @js.
V2mTp 27p (6), it follows that when
where A1 Av2 Ava<<Ry, (22
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= p>t FIG. 4. Absorption probability of a photon in a Gaussian wave
§f S (b) packet with a temporal half-width afy in dependence on the mir-
Moo N O: IS ror absorption coefficients. Full lineAy,=Au,=0, and Ay,
‘g N g‘ =Ay3=Ayy; dashed lineAy;=Ay3=0 andAy,=Ay,=Ayy -
£08 < The other cavity parameters akg,=30\, Ly,=120\, R;=10"1,
= = R,=10 6, andA;=A,=0.
- or
>, 0-6 \ 2
20 \ = To obtain the absorption probability of a photon associated
< 0.4t . %f with a wave packet, one has to average over the correspond-
<5 o= ing k distribution.
0.2 . Figure 4 illustrates the dependence of the absorption prob-
N ‘ ability on the mirror absorption coefficients for a Gaussian
ok B ‘ Lo wave packet of the temporal half-widtg, . [Note that for
10 5 0 5 10 such a wave packet the second-order expansioakinas
t/Tp given in Eq. (24), fails, because thé& distribution of the

wave packet is too broadt is seen that the absorption in the
FIG. 3. Time evolution of the energy fraction in the space in horizontal cavity(full line) plays a dominant role. The de-
front of the systen(broken ling, inside the horizontal cavityfull crease of the absorption probability for large absorption co-
line), and in the space behind the systédash-dotted ling and  efficients(right to the knee of the full linecorresponds to
relative intensities entering and leaving the system at @®tted  the interaction-free measurement effégppendix D).
lines). The input pulse is a Gaussian with half widthsgf (a) and
474 (b), respectively. The cavity parameters drg=120\, Ly

=30\, R;=0.1, andR,=10"%, and there is no absorption. E. Low-reflectivity beam splitters

As already pointed out, the reflectivity of the second beam

R, splitter, R,, should be as small as possible. To achieve this

Az, An1 Aus< 7= (23)  goal, we first assume that it is made from a thin dielectric
! plate of thicknessl (d<\) and refractive index (the re-

then the absorption coefficients can be neglected. Styce fractive index of the medium be-1), so that

should be as small as possible, conditi@3) is the most 5 2

restrictive. R.—r2~|" -1 _ 25
The probabilities of absorption of monochromatic photons 272

are given byP,=1—|G;,/?—|Gy5? and Py=1—|G,,)?

—|Ga4|% In particular, for small absorption, we ha®,  Ford~10 nm kd~10"2), R, can thus be estimated to be

kd

~Pp=P, and, ifk is close tok,, expansion yields R,~10*, which will be not small enough. Let us anticipate
) the progress of nanotechnology, assuming the possibility to
P~A. +A &HA FAGA LA )ﬁ< 1 ﬁ) build very thin and sparse dielectric nanostructures, so that

17 7M4 g M1T M3 TR, 4 R,~10 ® becomes possible. This value would be realized

by a dielectric plate of 1-nm thickness. Another possibility

+5k2L% 2A1+AM2+AM4_(AM1+AM3+A2) would pe to coqstruct a sparse networklike structure of
Rq 10-nm fibers, which would cover about 10% of ttegher-
R wise empty beam-splitter area.
1t One could also think about a cavity made of some solid
X 7R, (1+Ry) |- (24 . so thi . S0l
4R, material. Then, including a weakly reflecting beam splitter in
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+ |4> n dno -1 60h)\|Q|2 (27)
,,,,,,,,, Vg=ClNotwy—7——| ~——,
Al 13) doy 4mNpss
wo wheren, is the signal-independent part of the refractive in-
dex.
Ww.

Q,we g During the propagation in the EIT medium, the signal and
[2) 1) probe suffer from several kinds of losses. The most impor-

tant losses result from the finite frequency window for the
probe(frequency components outside a very narrow interval
with respect to the|1l)«|3) transition are partially ab-
sorbed, and two-photon losses due to the simultaneous ab-
asorption of probe and signal photofexciting atomic state
4)). The loss coefficientr, (inverse absorption lengytior
ingle-photon probe absorption can be giverDy|

FIG. 5. Four-level scheme of the EIT medium.

this would not be difficult, because it could be realized by
thin layer of material with slightly different index of refrac-
tion. A disadvantage may be the somewhat increased absor
tion losses. Although EIT was successfully observed in

doped solid material§17], in such materials a smaller 3972N 2oy 52
achievable XPM than in gases is expected, because of the alzw, (28
lower dipole moments of the doping atoms. eofir|Q[*

whereé is the detuning of the probe from the)«|3) tran-
[ll. CONDITIONAL PHASE SHIFT sition, andys is the decay rate of stat8). The loss coeffi-
cienta, for the (simultaneoustwo-photon absorption can be

A photonic qubit can be realized by a single photon Wh'Chwritten in the form of[2]

can travel along two alternate pattesg., two branches of an
interferometey, the corresponding states being denoted by
|0) and|1). Let us consider two qubits such that, in state
|11) the paths of the two photons partly overlap in a Kerr
nonlinear medium. Further, let the nonlinearity be so strong ) ]
that the presence of one photon changes the refractive indd¥ere y4 is the atomic decay rate of staji).
appreciated by the other photon in order to introduce a

phase shift. Statd11) thus transforms a$ll)— —|11), B. Conditional single-photon phase shift

while the other states remain unchanggb)—[00), [01) Let us assume that the signal and the probe are sent, ac-
—|01), and|10)—[10). Such a transformation, accompanied cording to Fig. 1, to a double-cavity system complemented

by Single'qubit tl’ansformationﬁNhiCh are tI’iViaI for the by the EIT medium. The conditional phase Smftb of the
photonic qubit realization consideredan serve as a build-  prope due to XPM is

ing block for quantum computatiofsee, e.g., Ref.18]), or
for achieving quantum teleportatidt9].

2 2
772'\1,‘1L13,‘/v240’4

=—————|E{? (29)
260ﬁ3)\|Q|2A2| .

ap

Ad;:f nkkpdl, (30)

A. BIT medium where the integral runs over the propagation length of the
To realize the desired large XPM, let us combine the acprobe. For a pulse propagating with the group velogiyin

tion of the double-cavity system and that of a four-level EITan otherwise homogeneous medium, we may wite

medium of the type studied in Refl] (Fig. 5. We assume =uv,dt and use Eqs(26) and(27), so that

an atomic medium with a four-level structure as in Fig. 5,

whose transitiof2)«|3) is driven by an external coupling //«%4

field of Rabi frequency(). The probe field(midfrequency Agp= 1642A

wp) is resonant with thg1)—|3) transition, whereas the

signal field(midfrequencyws= w) is detuned byA fromthe  The integration runs over the time during which the probe

|2)«|4) transition. Using fourth-order perturbation theory, pulse is inside the medium. Let the input signal be a single-

one can find that the Kerr index of refraction “felt” by the photon Gaussian pulse of half-widty, i.e., its electric field

[ lEvpa @

probe is reads
NpuZaps, 2
Ng=————|E4? 26 (in) _ i
K 8€0ﬁ3|Q|ZA| o (26) E{W=E,ex a7 iwot |, (32)
whereN is the atomic densityx,s and ., are the dipole Where
matrix elements of transitionkl)«|3) and |2)«|4), re- 5 5
spectively andg; is the electric field strength of the signal. ES: \ﬁ @o ' (33)
The group velocity 4 of the probe can be given [y 4] ™ CeYSTs
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with S being the cross-sectional area of the pulse. We apply V67 R, culy
transformation21) to obtain the amplitude of the intracavity |Q)%=< > R e\
field propagating from Bgto the mirrors of the horizontal 1 €0
cavity in the form

(40)

Further, the parameters should also be chosen such that

5\ —112 the losses are sufficiently small. The probability of two-
g _Eo fRaf D photon absorption,
12 VR, 27'§

P [ dlas(E) =0, dtax(Ef. @1
4 T 2

Ts

t—1p)? 72
o

can be calculated with the help of Eq27), (29), and(36).

iti <
This field combines with the reflected fields to a standingThe condition thaP,<1 then reads

wave whose squared amplitude averaged aldng is 5o 2 R 2\ —112
|Es(t)|?=2|Es /% When the probe group velocity is suffi- P,~ T MoV ™ o <1, (42)
ciently low so that the time which the probe spends in the 4 e,hSNAZ Ry 272

medium is longer than the time duration of the signal in the
cavity, and the condition of the two-photon absorption probability
being much smaller than the phase sfift. (37)] is
Livg=4 72+ 7512, (35)
P2 277')/4
then the time integral in Eq31) can be approximated by RN A <L
integration in infinite limits as

(43

which corresponds to the result in REf]. The condition of

) R, 27t TZD -1z negligible single-photon absorption of the prabd <1 can
f |Eq(t)|*dt= R, €\S 1+ 2—7_5 (36)  be written, on recalling Eq28),
2 2 2
Thus, from Eqs(36) and(31), the phase shift of the probe is M< (44)
estimated to be €N Q|
2 2\ ~12 We have assumed that during the interaction with the sig-
TRy My 7D LT .
A¢~§R— NSA — (37) nal, the whole probe pulse is inside the medium. Thus the
2 €0 273 time durationr,~ " * of the probe must be shorter than its
propagation time through the medium. From E2j), it then
C. Conditions for the parameters follows that this assumption yields the condition that
From Eq.(37) it is seen that the duration of the signal 1 L 4wNLu2
pulse, 75, should be as long as possible, but at least compa- Te_—_ = —’“13_ (45)
rable with7p . On the other hand;s should be limited by the 5 g eoﬁ)\|Q|2

transmission time of the probe according to condit{@8).

Otherwise, the full signal would not be used. Equatig@ By combining conditiong44) and (45), we obtain a condi-
further reveals that the phase shift does not explicitly depention for the atomic density,

on the parameters, w3, and|Q|. However, these param-

eters must be chosen such that the group veld&ty (27)] 2eph\y3
is low enough to satisfy conditio35). AssumingL~L N> 2 (46)
and M13
2\ 1 1 and a condition for the linewidth of the probe:
D
1+ —| =3, (38)
( 2) 2 Q)7
0< . 47
87ys

from Egs.(35) and (18) we obtain the following condition

for the group velocity: From Eq.(37) it follows that the ratioR, /R, should be
chosen as large as possible. This would suggest using large
_ \/6 R> 39 R4, but such a choice would mean large probability of reflec-
Vg="g" R_lc' (39 tion of the signal photon. In particular, expansion®f; and
G,, for the resonant signal yield@11~1—R§/8 and G,
Recalling Eq.(27), we see that the Rabi frequency of the ~R;/2. We can see that usin®;~0.1 is a reasonable
driven transition must satisfy the condition choice.
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D. Experimental parameters fluenced by the cavity, but it propagates in the EIT medium

In the experimental demonstration of ultraslow group ve-Whose properties are determined by the signal. By coupling

locity in Ref.[20] a gas of rubidium atoms was used. In this the cavities with weakly reflecting beam splitters rather than
case, A\=795 NM, wig~uo~10"2° Cm, and ys=~7, with weakly transmitting mirrors, large losses can be

~10f s . Let the signal beam diameter bel;~10 xm avoided. This makes the system especially attractive for ap-
so thatS~10"1° m2. Condition (43) is satisfied,P,/A ¢ plications in quantum information processing.

~0.1,ifA=10 s 1. From Eq.(37), it then follows that for . To achieve a large<t ) phase shift by means of a single
signal photon, several technical problems must be solved. As

R, the most important, very low-reflectivityR<10 °) beam

R—2~105 (48 splitters must be available and a suitable method for keeping
the cooled EIT atoms in an optical cavity must be developed.

The device then could serve as a relatively fastlQ ns

a phase shift oA ¢~ 7 can be achieved. switching timé quantum logic gate.

Condition (46) requires thatN>10'?> cm 3. Let us as-
sume an atomic density &i~10'* c¢cm™3. Since the detun-
ing A is very small, the gas has to be laser cooled to avoid ACKNOWLEDGMENTS
the Doppler broadening. Conditiqd0) then implies that the ,

Rabi frequency of the driven atomic transition should be This work was supported by the Deutsche Forschungsge-
|Q|%109 s 1. With these values, we find, from EqE26) memscha@ft. T.O. is grateful to H. Bartelt,_ M. Fl_elschhauer,
and(27) for the group velocity)g%103 ms?, the switching M.D. Lukin, A. Kuhn, and S. Scheel for discussions.

time beinglL /vg=10 ns. According to conditio45), the

length of the probe pulse should chosen such that AppENDIX A: LINEAR RESPONSE OF A CONVENTIONAL

>10 ' s. Choosingr,~1 ns(i.e., §~10° s '), Eq.(28) CAVITY
yields a;~10* m™%, so that the linear absorption is rela- _ . _
tively small (a;L~0.1 andL~L). Consider a cavity constructed from two parallel mirrors

Condition (48) is a strong requirement for building the Separated by length. Assume the transformation rule for the

subtle beam splitter needed; f&;~10 ! one needsR, = MIITOrs as

~10 8. With respect to conditiori23), we see that the ab-

sorption coefficients of the mirrors should be at least one a’' it —r\fa

order of magnitude smaller than the rafy/R;. Thus the (b’ :( _ it)(b)' (A1)
wherea andb are the input field amplitudes,’ andb’ are
the output field amplitudes?=R~1 is the mirror reflectiv-

ity, t>=T<1 is the transmissivity, anB+T+A=1, with A

quality of presently available mirroréabsorption~10"°
[13]) is nearly sufficient.

Let us compare the performance of the coupled-cavitypeing the absorption coefficient. When a unit input field of
scheme with the free-medium scheme in R8f. Assuming wave numbek is fed into the cavity, then the amplitude of
a diameter oflp~10 um of the copropagating signal and the output field that is generated by reflection at the entrance
probe, and a pulse linewidth diw~1 MHz, the signal mirror is
field would produce a shift of the refraction index for the
probe of the ordemy~10"%. Thus, in the free-medium (1—A)ei2kl_1
scheme, a propagation lengthlgik~1 cm would be neces- A —
sary to achieve a phase shift of the ordemgfwhich implies 1-Re#t
a switching time oflg/vg~1 ms. This is about fotimes
longer than the switching time in the coupled-cavity schemeand the amplitude of thétransmittedl output field at the
Note that the length, is about 18 times longer than the gther mirror is
Rayleigh distanceg~13/A~100u (see, e.g., Ref[21]).
Thus a sophisticated waveguide structure or a system of re-
focusings would be necessary which makes the free-medium
approach technically demanding as well, so that other possi-
bilities of confining the interacting beams have been of in-

E. Comparison with free-medium scheme

: (A2)

TeikL

T1-ReR ")

p:

terest{22]. Close to resonancek~k, (koL=nsr), the transmission
through the cavity is then
IV. CONCLUSION
A suitable combination of optical resonators with an EIT T2 1
medium can increase the XPM effect to be used in quantum TEIDI2~ > T (A4)
information processing. The cavity system emulates the EIT (T+A)" 1+ (k—ko)Ak

response for the signal: thegnal is slowed down, and si-
multaneously its intensity is enhanced. Tire@beis not in-  and the reflection at the cavity reads
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A2R 1 APPENDIX D: RELATION TO THE INTERACTION-FREE
R= |q|2% MEASUREMENT AND THE QUANTUM ZENO
(T+A)2 14 (k—Kg)?%/Ak? EFFECT
(k—kg)? 1 If one (or both of the mirrors of the horizontal cavity is
+(1-A) (A5)  replaced by a completely absorbing objdte., Ay;=1

2 _ 2 2’
Ak 14 (k=ko)*/Ak and/orAy;3=1), then in the resonance regime the double-

cavity system changes from an almost perfectly transmitting
where the linewidthAk is given by device to an almost perfectly reflecting device. To be more
specific, while for perfect mirrors of the horizontal cavity, in
resonance the fraction of the reflected lighti&2/4<1 and
Ak T+A (ag)  the fraction of the transmitted light is 1- R2/4, for a fully
2JRL absorbing horizontal cavity one obtains for the transmitted
fraction ~4T,R3/R?<1 and the reflected fraction=1
—4T,R,/R;~1. Thus, almost without touching the absorber
(and being logt a photon can tell us whether the absorber is
in the horizontal cavity or not. The probability of such a loss
is ~4T,Ry(R;—R,)/Ri~4T,R,/R; and can be, in prin-
APPENDIX B: ANALOGY BETWEEN COUPLED ciple, made as small as we wigbee Fig. 4. This is effect is
RESONATORS AND EIT MEDIA also callednteraction-free measuremef25]. This was sug-
gested for a different coupled cavity systéooupling by a
The action on light of the double-cavity system is analo-highly reflecting, partially transmitting mirrorsn Ref.[26],
gous to that of a three-level EIT mediutsee the level and demonstrated experimentalfpr coupling by polariza-
scheme in Fig. 5, without4)). The empty double-cavity tion rotation in Ref.[27].
system corresponds to atonfground state|1), and light in One can also understand the phenomenon in terms of the
the vertical cavity corresponds to excited atomic st&8fe  quantum Zeno effeciet us consider a two-state System
Accordingly, light in the horizontal cavity corresponds to the where a photon can be either in the vertical or in the hori-
(auxiliary) atomic state|2). Coupling of atomic statef3) zontal cavity, the coupling between the two states being re-
and|2), which gives rise to the dressédabi-splij states, is alized by BS. The evolution starts with the photon in the
analogous to the cavity coupling by the beam splittes.BS  vertical cavity, while the presence of a photon in the hori-
From Fig. 2 it is seen that the linear response of the cavityontal cavity is monitored by a detector. After a time interval
system to the incoming light resembles the response of ant (much shorter than the period of oscillation between the
EIT medium. Physically, the two systems are of course quitéwo statey the two-level system evolves to a state where
different. In particular, frequency components that arewith probability = At? the photon is in the horizontal cavity.
slightly off-resonant are absorbed by the EIT medium, butf the detector “sees” no photortwhich happens in most
are reflected by the cavity system. casey then the state is projected back into the original state.
Recently large phase shifts in moving media with EIT-Thus the photon is prevented from entering the horizontal
type dispersion were predict¢@3]. A corresponding effect cavity by the presence of the detectéor two-mode photo-
is observed in the double-cavity system when it is movechic Zeno effects in other schemes, see R28B]). Let us
along the signal-propagation direction. The produced phasemphasize that the quantum nature of the effect is observed
shift is A¢, = worpv/c, wherev is the velocity of the sys- on a single-photon level. The effect of inhibiting waves from
tem. It can be large ifp [Eq. (18)] is sufficiently large, even entering the absorbing part of the resonator can of course be
when the motion of the system is relatively slow. explained classically.

Thus, if A=T, we obtain7=1/4 andR~R/4 in the reso-
nance regime.

APPENDIX C: ANALOGY BETWEEN COUPLED APPENDIX E: INTRACAVITY FIELDS

RESONATORS AND ONE-DIMENSIONAL ATOMS The field propagating from BSto BS, has an amplitude

The double-cavity system is also analogous tmre-  a;; given by
dimensional atonin the bad-cavity regimg24]. Here a two-
level atom inside a cavity is resonantly coupled to the cavity 1A e2klsgtp
field, such that the Rabi splitting is larger than the spontane- ap=ir, 1 Ma= ,
ous decay rate of the atom, whereas the decay rate of the 1+ T;V1—Ayse'?sB
cavity field is larger than the Rabi splitting. In the double-
cavity system, the horizontal cavity plays the role of the
atom, and the vertical cavity plays the role of the cavity,
provided that the conditionR,<R; is satisfied. The
transmission-line splitting is then quite similar to the Rabi
splitting mentioned abov&eompare Fig. 2 with Figs. 3 and 4
in Ref [24]) a21: Balz. (EZ)

(ED)

with a andb the input amplitudes in Eq2) and 5 given in
Eq. (7). The field arriving at B§from BS, has an amplitude
a,q given by
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The field propagating from BSto M, has an amplitude
aymq given by

, a+t,8b
a =Ir - s
N T VI— A28

and the field arriving at BSfrom M 4 has an amplitudey 4 ;
given by

(E3)

(E9)

amas= — V1—Ays€%sa .

The field propagating from BSto M; has an amplitude
azmy given by

aym1= — il ota(V1—Ayze' 22

+V1— A€t B telkta,,, (E5)
where
B5=1—mei2kL3(T2mei2kL2
_RzmeiZkL4); (E6)

and the field arriving at BSfrom M, has an amplitudey ,
given by

PHYSICAL REVIEW A 64 023805

ay1o= —V1-Ay.€3ayy;. (E7)

The field propagating from BSto M, has an amplitude
a2 given by

Ama=ta2(1— (1= Ay1)(1—Aya)

X(1_A2)ei2k(L2+L3))BgleikLlalz, (E8)

and the field arriving at BSfrom M, has an amplitudey, ,
given by
(E9

apzo= —V1—Ap »€' 2kL4a2,M 2

The field propagating from BSto M3 has an amplitude
apu3 given by

Apma= —iro(1+(1=Apn1)(1—Ayo)

X(1_Az)ei2k(L3+L4))B§leikLla12, (ElO)

and the field arriving at BSfrom M 3 has an amplitudeys ,
given by

amz o= —V1—Ap 3€' 2kL232,M3 .

(E1D)
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