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Single-atom quantum gate for light
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Institut für Theoretische Physik, Universita¨t Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

~Received 3 September 1996!

We propose a scheme for an optical quantum gate, i.e., a mirror in a quantum superposition state of total
transmission and reflection. The model consists of a high-Q optical cavity strongly coupled to a single atom or
ion in a quantum superposition state of two long lived internal states. By including spontaneous emission,
dissipation, measurement back-action, and the time dependence of the atom-field coupling, we numerically
simulate a system very close to experimental reality. The switching and quantum coherence properties are
confirmed separately in two steps by using the gate directly and as an entrance beam splitter to an interfer-
ometer.@S1050-2947~97!01010-X#

PACS number~s!: 42.50.Lc, 42.79.Ta, 42.87.Bg
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Quantum mechanics itself imposes no fundamental li
on the size of an object that could be in a superposition s
@1#. Everyday experience, however, suggests that ma
scopic superpositions do not occur in our world. The m
famous hypothetical example of such a macroscopic su
position is due to Schro¨dinger, who devised a gedanken e
periment which leaves a cat in a state of being dead and a
at the same time. This is accomplished by transformin
microscopic superposition state into a superposition o
macroscopic object~now often called acat state! by creating
quantum entanglement of both entities. In this way the
currence of superposition states in the macroscopic w
seems possible@2,3#. However, any experimental confirma
tion involves the observation of interference between t
manifestly macroscopic states of a large object. This ne
sitates preservation of the coherence, i.e., throughout the
periment the system state must not get entangled with
state of the environment~the nature of which depends on th
type of system used!, and thus poses an increasingly ch
lenging technical problem as the size of the system is
creased.

Other theories~beyond standard quantum mechanics! @4#
predict fundamental limits for the distances over which c
herence can be preserved. The ideal experiment to test t
theories would make use of a device that can genera
superposition state of large and complex objects, separ
by large distances and completely decoupled from the e
ronment. If the objects are subsequently reunited and su
imposed, they should exhibit interference effects@5#. Re-
cently, an experiment of such type has been carried out
single ion@6#.

Alternative proposals for creating superposition states
on the use of a large number of photons contained in
separate microwave resonators. By sending a single a
through both resonators, a superposition state with all p
tons being either in the one or the other resonator can
generated@2#. While being in principle within the limits of
present day technology, this proposal suffers from the l
ited size of the achievable spatial separation of the two c
ties. Moreover, a direct observation of microwave photon
difficult to achieve.

We will show that with present-day technology it shou
be feasible to prepare a superposition state of a large num
561050-2947/97/56~4!/3187~4!/$10.00
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of optical photons in such a way that all of the photons
either in one or the other arm of an optical interferometer~cf.
Ref. @7#!. As an entrance beam splitter of the interferome
we need aquantum gate~quantum mirror! which can be in a
superposition state of complete transmission and reflect
In this way the photons~laser pulse! become entangled with
the mirror state, and then form a macroscopic superposi
of the sought type. In contrast to this, a conventional be
splitter puts each individual photon in a superposition st
of both pathsindependentlyof all the other photons, so tha
no macroscopic superposition is created.

Here we fathom the realizability of a quantum mirr
made up of an optical high-Q cavity traversed by an atom in
a superposition state of two long-lived atomic levels. Co
trary to previous work@7#, we consider anopen system. Us-
ing Monte Carlo wave-function simulations~which imple-
ment a continuous measurement process of the light lea
the resonator with the concomitant back-action on the sys
dynamics, cf., e.g., Ref.@8#! allows us to get close to exper
mental reality by including a time-dependent atom-cav
coupling, and spontaneous emission as well as cavity l
We found these to affect the performance of the device
nificantly.

We consider a double-ended optical resonator illumina
at one port with off-resonance light. As long as the cavity
empty, the light will be reflected back off the driven port.
a switchable active element placed inside the resonator
shift the cavity into resonance so that all light is transmitte
we have implemented a ‘‘classical’’ gate for light. What
now our active medium is a quantum object that can be i
superposition of itson andoff states? Is this system equiva
lent to an ordinary classical random beam splitter or will t
quantum nature of the medium leave its fingerprint on
light leaving the resonator?

A single three-level atom acts as our active medium. T
relevant two states of the atom are the ground states lab
u0& and u1&. Stateu0& does not couple to the light in the reso
nator @9#, while the coupling between the cavity field~reso-
nance frequencyvcav! and the atom on the transition fromu1&
to an excited stateue& ~transition frequencyv0! can shift the
resonator into resonance with the incoming field~frequency
vp! at port I. The master-equation for the density-operator
of the atom-cavity system reads
3187 © 1997 The American Physical Society



te

e

ic
o

ive

o

e

-

te
e

x
h

he

te
um

io
e
n
w
ed

g,
s

on

n-
ill
out-
s-

the
av-
the

ig-
e, if

ent
d
tion
nd

na-
na-
es

a
is

the
as
a-

-

t

er-

3188 56K. M. GHERI AND H. RITSCH
ṙ52 i @Hp1HJC,r#2 (
i 51,2

k i~$a
†a,r%122ara†!

2g~$see,r%122s1erse1!, ~1!

where the driving of the resonator and the cavity-atom in
action are described byHp andHJC, respectively:

Hp52 iA2k1a in~a†2a!, ~2!

HJC5Dca
†a1Dasee2 ig~ t !~a†s1e2se1a!, ~3!

with Dc5vcav2vp andDa5v02vp . The time dependenc
of the coupling strength g(t)[g̃„x(t)…5(g0 /
A2pw)exp(@x(t)2x0#

2/2w2) is due to the assumed ballist
motion of the atom through the Gaussian transverse m
profile of width w.

Let us first consider a resonator filled with a dispers
medium. Using standard input-output formalism@10#, we
find, for the light emanating from the two ports of the res
nator,

^aout
1 &5a in

k22k11 iDg

k21k11 iDg
, ^aout

2 &5a in

22Ak1k2

k21k11 iDg
,

~4!

whereDg5Dc1D ~D is the shift induced by the dispersiv
medium!. In the limit of perfectimpedance matching, i.e.,
k1[k2 , a large mistuningDg.k i causes all light to be re
flected back at port I, while forD52Dc all light will be
transmitted through port II as intended.

To get a grasp of the dispersive effect of a single atom@9#
inside the resonator, we diagonalizeHJC, cf. Ref. @12#. The
ground state of the coupled atom-cavity system is deno
ue0&5uvac& ^ u1&. Furthermore, one finds doublets of dress
states~approximately\vp apart! parametrized by an inde
n, corresponding to the number of cavity photons for t
atom in stateu1&. We find

HJC5 (
n>1

\~En
~1 !uen

~1 !&^en
~1 !u1En

~2 !uen
~2 !&^en

~2 !u!, ~5!

with En
(6)(t)5nDc1 1

2 d6@ 1
4 d21ng2(t)#1/2 and d5Da

2Dc . The eigenvectors areuen
(6)&5( ig(t)Anun21&

^ ue&1@nDc2En
(7)#un& ^ u1&)/N6, where N6 are suitable

normalization factors. In Fig. 1 we schematically depict t
three lowest eigenvalues as functions ofg„x(t)… for d.0.
We realize that the coupled atom-cavity system is shif
into resonance with the coherent pump field at maxim
coupling strength gm5max„g(t)… if we choose
Dc52d/21@d2/41gm

2 #1/2. In this limit we predominantly
pump the componentu1& ^ u1& of ue1

(2)&, provided that
Da@gm is satisfied. This minimizes spontaneous emiss
from stateuvac& ^ ue&. At the same time we have to requir
that Dc@k11k2 is satisfied. This ensures that without a
atom present in the proper internal state the resonator
almost completely reflect the driving field. For this we ne
Da@gm and (Dc52d/21@d2/41gm

2 #1/2)@k11k2 . This
can only hold for sufficiently strong atom-cavity couplin
i.e., gm@k11k2 ,g j @9#. In this limit the resonator switche
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from almost total reflection to nearly perfect transmissi
and back as a single atom flies through@11#.

In two steps we will now show that our device is substa
tially different from any classical apparatus. First we w
demonstrate that we have created an efficient switch. As
lined above, a significant amount of light can only be tran
mitted if the atom is in its internal stateu1&. If we inject an
atom in an even superposition state of its ground statesu0&
andu1&, then there should be a strong correlation between
number of photons having been transmitted through the c
ity and the result of a subsequent state measurement on
atom. The detection of a transmitted photon is likely to tr
ger a whole avalanche of subsequent detections. Likewis
hardly any photons are transmitted, the state measurem
should return tou0&. In an ideal setting one would first sen
the atom through the cavity, thereby creating a superposi
state of a many-photon light pulse in the transmission a
reflection path of the mirror, which is then subsequently a
lyzed. The long transit time of the atom through the reso
tor ('100 ms) in this case requires long optical delay lin
('30 km). To demonstrate the basic principle we use
more practical setup and analyze the light, while the atom
still inside the resonator@13#. We numerically simulate such
a continuous measurement as depicted in Fig. 2 with
adjustable mirrors in their positions 1. After the atom h
flown through the resonator, its internal state will be me
sured by detector III. The stochastic Schro¨dinger equation
for the conditional wave functionuC&c corresponding to the
density-matrix equation~1! can be simulated using a quan
tum Monte Carlo algorithm. It reads@13#

duC&c52 iH effuC&cdt1(
j

~l j cj21!dNj uC&c , ~6!

with Heff5Hc2i(jcj
†cj , and thel j arbitrary coefficients. The

mean number of counts of typej in ] t,t1dt] is given by
^dNj (t)&c5c^C(t)u2cj

†cj uC&cdt. From Fig. 2, and using
a in5A2k1a, we make the identificationsc15Ak1(a1a),
c25Ak2a, and c35Ags1e . In addition we have se

Hc5 1
2 Hp1HJC. The number processesNj (t) denote the

number of counts in detectorj up to time t, satisfying
dNj (t)dNk(t)5d jkdNj (t) and dNj (t)dt50. In Fig. 3 we
plot the normalized distributionpII(n,T) of the numbern of

FIG. 1. Adiabatic eigenenergies vs position of the three en
getically lowest eigenstatesue0&, ue1

6&.
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56 3189SINGLE-ATOM QUANTUM GATE FOR LIGHT
transmitted photons during the transit timeT. Correlating the
count sequences with the result of an atomic state meas
ment by detector III reveals the strong projective character
the setup. From such post-selection we obtain two part
distributions of distinctively different mean values. In th
ideal scenario already the first ‘‘click’’ at detector II would
project the atom into stateu1&, and determine all other clicks.
In practice, due to the finiteQ of the cavity a small field
builds up even inside the empty resonator, leading to a sm
number of background counts degrading the correlation. T
inset of Fig. 3 displays the time dependence of the total a
post-selected count rates of the two detectors, thereby cle
demonstrating the switching property.

From the evidence presented thus far, one cannot c

FIG. 2. Diagrammatic representation of the setup. By help of t
movable mirrors we may switch between direct detection~1! and
interferometric detection~2!.

FIG. 3. Distribution~12 000 realizations! of the number of pho-
tons counted by detector II during the transit timeT ~s! and the
distributions conditioned on a atomic state measurement yield
u0& ~* ! and u1& ~3!, respectively. Usingk/25k15k2 , the param-
eters arekT5120, gm /k511.5, Da /k540, Dc /k53.32, and
a50.35. The inset depicts the photon flux integrated over a per
2k21 for detectors I~curvee! and II ~curveb!. Curves (f ) and (d)
and (c) and (a) represent the same conditioned on a state measu
ment yielding 0 or 1, respectively.
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clude that our device is quantum, as one would find sim
behavior for a classical random switch. As stated above
macroscopic superposition state may only arise from a ph
cal process during whichquantum entanglementis estab-
lished between microscopic and macroscopic entities.
nonclassical nature of our switch can thus only be asc
tained in an experiment sensitive to quantum coherence.
ambiguity between our system and a classical random sw
arises from the fact that the setup discussed above prov
which-pathinformation encoded in the atom. This setup do
not distinguish between an atom in an equally weighted m
ture of its statesu1& and u0& or in a pure superposition state
We thus modify our setup such that clicks at the detectors
longer provide which-path information. Assume that t
movable mirrors in Fig. 2 are now in their positions 2. T
detectors will then measure both output fields after they
recombined on a 50-50 beam splitter. Detectors I and II m
sure the fieldscout

j :

cout
1 5&c15Ak1~a1@11Reif#a!, ~7!

cout
2 5&c252Ak1~a1@12Reif#a!, ~8!

with R5Ak2 /k1. The phasef is optional, and may be var
ied by inserting a phase shifter. The photon fl
L I5^2c1

†c1& at detector I at timet will then be given by

L I5k1~a21@11R2#^a†a&1a^a1a†&!

1k1R cosf~2^a†a&1a^a1a†&1 ia tanf^a2a†&!.

~9!

Choosingf50, detector II will merely see a coheren
field, cout

2 5Ak1a. This means that clicks registered by d
tector II do not provide any information about the state of t
coupled atom-cavity system. Similarly, detector I measure
quantity proportional to the total output field, which als
cannot yield which-path information. Clicks at detector I w
only give rise to a rotation of the atomic coherence in t
complex plane. As they occur at random times, the net re
will be a random phase shift of the atomic coherence vec
This implies that the modulus of the initial atomic coheren
vector will survive the detection sequence, and that the a
will stay in a superposition state.

The quantum nature of our switch becomes apparen
projecting the final atomic state onto a superposition of
two atomic ground states, and correlating the result with
count sequence observed by detector I. In the inset of Fi
we plot the average photocurrent@curve (a)#, and the condi-
tioned currents obtained from a projection onu0&7 i u1&
@curves (b) and (c)# as functions of time~in practice this is
accomplished by applying ap/4 pulse to the low-frequency
transition between the two ground states of the atom befo
reaches detector III.! Curves (b) and (c) exhibit a strong
variation which cannot be explained classically. The diffe
ence count ratedL between detectors I and II is directl
related to the correlation between the light in both arms
the interferometer, i.e.,dL(t)5^(aout

1 )†aout
2 1H.c.&. Hence,

using Eq.~4!, this quantity vanishes for a classical rando
switch, as one also would intuitively expect. The randomn
of the phase shift incurred by the atomic state somew
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3190 56K. M. GHERI AND H. RITSCH
limits the usefulness of our approach. Through post-selec
we check whether a certain total phase shift of the ato
state coincides with a certain pattern in the count seque
Doing so is of course only meaningful if the spread in t
total phase shift is less than 2p. Since the atom interacts wit
a field whose envelope varies with time, this gives a limit
the maximum size of the pulse area for which this sim
post-selection technique can be applied.

An alternative method to demonstrate the coherence p
erties of the reflected and transmitted photon pulses lies
the observation of the atomic coherence. Knowledge of
path of the light pulse immediately yields information on t
atomic state, and the atomic coherence between the
ground states collapses. If atomic coherence is prese

FIG. 4. Distribution of the modulus of the final atomic cohe
enceur01(T)u for the same parameters as in Fig. 3 andg5k/2. The
inset depicts the photon flux sampled by detector I over period
2k21 ~curvea!. Curves (b) and (c) are obtained by correlating th
click sequences with an atomic state measurement yield
u0&7 i u1&.
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during the interferometric measurement, this would pro
the superposition properties of the light field, i.e., our ign
rance of the path the light took. We show this in Fig.
where the normalized probability distribution of the modul
of the atomic coherencer01(T)5c^s10(T)&c is plotted. The
contribution at the origin is due to trajectories involving
spontaneous decay of the atom. The back-action of the in
ferometric measurement on the atom occurs in the form
random jumps in the phase of the atomic coherence. Th
a genuine feature of the chosen setup, where the field m
surement isconcurrent with the atom-field interaction. A
setup where the measurement of the fields starts after
atom has left the cavity would avoid these complications,
requires a long optical delay. Nevertheless, the preserva
of the atomic coherence, as demonstrated above, suffice
infer the superposition character of the photon pulses.

Based on a numerical experiment, we have thus sho
that the use of a high-Q optical cavity together with an atom
in a long-lived superposition state allows us to prepare
highly delocalized quantum superposition state of a ma
photon light pulse. Its coherence and decoherence prope
can be analyzed by interferometric techniques. Althoug
practical realization seems experimentally challenging, s
eral fundamental tests of quantum theory might be poss
with such a source based on currently available technolo
In view of the longer storage times and improved detect
schemes for atomic coherence, a setup based on trapped
also seems possible, provided a sufficiently good optical c
ity is available. As a final point we want to remark that th
recent success in preparing degenerate quantum state
many atoms~Bose-Einstein condensation! allows specula-
tions about analogous schemes to create nonlocal super
tions of many atoms.
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