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Single-atom quantum gate for light
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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 Kigbptical 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.[S1050-294®@7)01010-X

PACS numbdss): 42.50.Lc, 42.79.Ta, 42.87.Bg

Quantum mechanics itself imposes no fundamental limibf optical photons in such a way that all of the photons are
on the size of an object that could be in a superposition stateither in one or the other arm of an optical interferométér
[1]. Everyday experience, however, suggests that macrdRef.[7]). As an entrance beam splitter of the interferometer
scopic superpositions do not occur in our world. The mostve need ajuantum gatéquantum mirroy which can be in a
famous hypothetical example of such a macroscopic supesuperposition state of complete transmission and reflection.
position is due to Schdinger, who devised a gedanken ex- In this way the photonglaser pulsgbecome entangled with
periment which leaves a cat in a state of being dead and alivéée mirror state, and then form a macroscopic superposition
at the same time. This is accomplished by transforming ®f the sought type. In contrast to this, a conventional beam
microscopic superposition state into a superposition of plitter puts each individual photon in a superposition state
macroscopic objednow often called &at statg by creating  of both pathsndependentlyf all the other photons, so that
guantum entanglement of both entities. In this way the ocho macroscopic superposition is created.
currence of superposition states in the macroscopic world Here we fathom the realizability of a quantum mirror
seems possiblg2,3]. However, any experimental confirma- made up of an optical higlp- cavity traversed by an atom in
tion involves the observation of interference between twoa superposition state of two long-lived atomic levels. Con-
manifestly macroscopic states of a large object. This necegrary to previous worf7], we consider ampen systemUs-
sitates preservation of the coherence, i.e., throughout the eidg Monte Carlo wave-function simulatior(svhich imple-
periment the system state must not get entangled with thenent a continuous measurement process of the light leaving
state of the environmerfthe nature of which depends on the the resonator with the concomitant back-action on the system
type of system usedand thus poses an increasingly chal-dynamics, cf., e.g., Ref8]) allows us to get close to experi-
lenging technical problem as the size of the system is inmental reality by including a time-dependent atom-cavity
creased. coupling, and spontaneous emission as well as cavity loss.

Other theoriegbeyond standard quantum mechahieg§  We found these to affect the performance of the device sig-
predict fundamental limits for the distances over which co-nificantly.
herence can be preserved. The ideal experiment to test theseWe consider a double-ended optical resonator illuminated
theories would make use of a device that can generate @ one port with off-resonance light. As long as the cavity is
superposition state of large and complex objects, separatempty, the light will be reflected back off the driven port. If
by large distances and completely decoupled from the envia switchable active element placed inside the resonator can
ronment. If the objects are subsequently reunited and supeshift the cavity into resonance so that all light is transmitted,
imposed, they should exhibit interference effeff. Re- we have implemented a “classical” gate for light. What if
cently, an experiment of such type has been carried out on Bow our active medium is a quantum object that can be in a
single ion[6]. superposition of iteon and off states? Is this system equiva-

Alternative proposals for creating superposition states relyent to an ordinary classical random beam splitter or will the
on the use of a large number of photons contained in tw@uantum nature of the medium leave its fingerprint on the
separate microwave resonators. By sending a single atolight leaving the resonator?
through both resonators, a superposition state with all pho- A single three-level atom acts as our active medium. The
tons being either in the one or the other resonator can beelevant two states of the atom are the ground states labeled
generated2]. While being in principle within the limits of |0) and|1). State|0) does not couple to the light in the reso-
present day technology, this proposal suffers from the limhator[9], while the coupling between the cavity fieldeso-
ited size of the achievable spatial separation of the two cavinance frequency.,,) and the atom on the transition frot)
ties. Moreover, a direct observation of microwave photons igo an excited statge) (transition frequency,) can shift the
difficult to achieve. resonator into resonance with the incoming fidi@quency

We will show that with present-day technology it should wp) at port I. The master-equation for the density-operator
be feasible to prepare a superposition state of a large numbef the atom-cavity system reads
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where the driving of the resonator and the cavity-atom inter-  |1)@|1)
action are described by, andH ¢, respectively:

c

Hp=—iV2k (- a), 2
Hic=Aa'a+ A oee—ig(t)(aToe— o), ©) [vac)®[1) 0

with A = wcqy— 0, andA,= wg— w, . The time dependence :
of the coupling strength g(t)=gXx(t))=(go/ - x(t) 0
J2mw)exp(x(t)—xo]42w?) is due to the assumed ballistic S _ N

motion of the atom through the Gaussian transverse mode FIG. 1. Adiabatic eigenenergies vs position of the three ener-
profile of widthw. getically lowest eigenstates,), |e; ).

Let us first consider a resonator filled with a dispersive]c | | reflecti | ¢ .
medium. Using standard input-output formaligit0], we rom almost total reflection to nearly perfect transmission

find, for the light emanating from the two ports of the reso—and back as a smgle atom flies througH]. o
nator, In two steps we will now show that our device is substan-

tially different from any classical apparatus. First we will
—2 m demonstrate that we have created an efficient switch. As out-
- - < lined above, a significant amount of light can only be trans-
mitted if the atom is in its internal stat&). If we inject an
4) atom in an even superposition state of its ground st@bes
and|1), then there should be a strong correlation between the
number of photons having been transmitted through the cav-
ity and the result of a subsequent state measurement on the
atom. The detection of a transmitted photon is likely to trig-
transmitted through port Il as intended. ger a whole avalanche of subsequent detections. Likewise, if
To get a grasp of the dispersive effect of a single a8 hardly any photons are t_ransmltte_d, the state measurement
should return td0). In an ideal setting one would first send

|nrz|d§ dths?z;tisg??noer'cvc\)/e ?é%gg?:rlf_gg’ .ff‘ SR(;Ié[#]Z].'S Lliotet e atom through the cavity, thereby creating a superposition
grou up ity sy ! tate of a many-photon light pulse in the transmission and

|€0)= |vac>®|1>. Furthermore, one finds qloublets of o_Iresse reflection path of the mirror, which is then subsequently ana-
states(approxw_natelyﬁwp apar parametnzed by an index lyzed. The long transit time of the atom through the resona-
n, corresponding to the number of cavity photons for the,

. . tor (=100 ws) in this case requires long optical delay lines
atom in statgl). We find (=30 km). To demonstrate the basic principle we use a
more practical setup and analyze the light, while the atom is
Hye= > A(ESD el e +E el ) el )]y, (5)  still insidethe resonatof13]. We numerically simulate such
n=1 a continuous measurement as depicted in Fig. 2 with the
adjustable mirrors in their positions 1. After the atom has
with E((t)=nA.+26+[:6°+ng?(t)]*? and §=A, flown through the resonator, its internal state will be mea-
—A.. The eigenvectors are|e§f)):(ig(t)\/n|n—1> sured by detector Ill. The stochastic Satirger equation
®|e)+[nA.—E(F]n)®|1))/N*, where N* are suitable for th.e condi.tional wave functiohtlf).C corresponding to the
normalization factors. In Fig. 1 we schematically depict thedensity-matrix equatioril) can be simulated using a quan-
three lowest eigenvalues as functionsgik(t)) for §>0.  tum Monte Carlo algorithm. It read43]
We realize that the coupled atom-cavity system is shifted
into resonance with the coherent pump field at maximum d|‘1’>c=—iHeﬁ|‘1’>cdt+Z (\jc;—DdNj| )., (6)
coupling strength2 glr/n; max(g(t)) if we choose i
A.=—6/2+[6%14+ . In this limit we predominantl _ _ _ .
pljmp the Eompoggr]ltm@ll) of |e(1_)), Srovided tha)t/ with Heﬁ:Hc—|EJ~cJch,and the)\j.a_rbltrary coeff|0|ents. The
A >0, is satisfied. This minimizes spontaneous emissior] " nurnber of connts of typein ]t’H.dt] IS given ny
from state|[vac®|e). At the same time we have to require <dNi(t)>°_C<q’(t)|2CJ Ci|\P>C,dt' |.=.rom. Fig. 2, and using
that A >k, + «, is satisfied. This ensures that without an %in= V21, we make the identifications, = Viy(ata),
atom present in the proper internal state the resonator wiff2= V22, and cz=\yoi.. In addiion we have set
almost completely reflect the driving field. For this we needHC=%Hp+ Hjc. The number processds(t) denote the
A>gm and (A.=—82+[8%4+92%1Y) >k +k,. This  number of counts in detector up to timet, satisfying
can only hold for sufficiently strong atom-cavity coupling, dN;(t)dN,(t) = & dN;(t) and dN;(t)dt=0. In Fig. 3 we
i.€., 0> K1+ K2, [9]. In this limit the resonator switches plot the normalized distributiop; (n,T) of the numbemn of

Ko— K1+IA

1 2 1 g 2
a =i, (a4 = n ,
< OUT> mK2 K1 |Ag < OLIT> mK2 K1 |Ag

whereAg=Ac+A (A is the shift induced by the dispersive
mediun). In the limit of perfectimpedance matching.e.,
K1=K,, a large mistuning\ > «; causes all light to be re-
flected back at port I, while foA=—A_ all light will be
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clude that our device is quantum, as one would find similar
behavior for a classical random switch. As stated above, a
macroscopic superposition state may only arise from a physi-
cal process during whiclguantum entanglemens estab-
lished between microscopic and macroscopic entities. The
nonclassical nature of our switch can thus only be ascer-
tained in an experiment sensitive to quantum coherence. The
ambiguity between our system and a classical random switch
arises from the fact that the setup discussed above provides
which-pathinformation encoded in the atom. This setup does
not distinguish between an atom in an equally weighted mix-
ture of its statesl) and |0) or in a pure superposition state.
We thus modify our setup such that clicks at the detectors no
longer provide which-path information. Assume that the
movable mirrors in Fig. 2 are now in their positions 2. The
detectors will then measure both output fields after they are
recombined on a 50-50 beam splitter. Detectors | and Il mea-
sure the fields)
FIG. 2. Diagrammatic representation of the setup. By help of the
movable mirrors we may switch between direct detecibnand cl=v2ci= 1k (a+[1+REé?]a), (7)
interferometric detectio2).

ut:

) A
c2,=v2C,=— ki (a+[1—Re?]a), )
transmitted photons during the transit tifieCorrelating the out 2 ! [ ]

count sequences with the result of an atomic state measur@jith R=\/x,/«,. The phasep is optional, and may be var-
ment by detector Ill reveals the strong projective character ofgq by inserting a phase shifter. The photon flux

the setup. From _su_ch _post-se_:lection we obtain two partiaJ\|:<2CICI> at detector | at time will then be given by
distributions of distinctively different mean values. In the

ideal scenario already the first “click” at detector Il would A = «,(a?+[1+R?|(a’a)+a(a+a'))
project the atom into staté), and determine all other clicks.
In practice, due to the finit€ of the cavity a small field + xR cosp(2(a’a)+a(a+a’)+ia tanp(a—a’)).
builds up even inside the empty resonator, leading to a small 9)
number of background counts degrading the correlation. The
inset of Fig. 3 displays the time dependence of the total and Choosing #=0, detector Il will merely see a coherent
post-selected count rates of the two detectors, thereby clearfyg|q, c2,= Vkia. This means that clicks registered by de-
demonstrating the switching property. tector Il do not provide any information about the state of the
From the evidence presented thus far, one cannot consoypled atom-cavity system. Similarly, detector | measures a
quantity proportional to the total output field, which also
cannot yield which-path information. Clicks at detector | will
only give rise to a rotation of the atomic coherence in the
complex plane. As they occur at random times, the net result
will be a random phase shift of the atomic coherence vector.
This implies that the modulus of the initial atomic coherence
vector will survive the detection sequence, and that the atom
will stay in a superposition state.
120 The quantum nature of our switch becomes apparent by
projecting the final atomic state onto a superposition of the
two atomic ground states, and correlating the result with the
count sequence observed by detector I. In the inset of Fig. 4
we plot the average photocurrdicurve @)], and the condi-
‘ . B tioned currents obtained from a projection ¢@)+i|1)
0 2 4 6 p 10 12 14 16 [curves (_3) and ()] as funct|0ns of timdin practice this is
accomplished by applying @/4 pulse to the low-frequency
transition between the two ground states of the atom before it
reaches detector I)l.Curves §) and () exhibit a strong
distributions conditioned on a atomic state measurement yieldin ariation which cannot be explained CIaSSICaIIy..ThPT differ-
10) () and |1) (x), respectively. Usingc/2= k; =k, the param- nce count ratedA be_tween detectors I. anq Il is directly
eters arexT=120, g, /k=115, A,/x=40, A /x=3.32, and related to the correlation betweenl the 2Ilght in both arms of
«=0.35. The inset depicts the photon flux integrated over a periodn€ interferometer, i.e.5A(t)=((ag,) 'ag,+H.c). Hence,
2«1 for detectors Kcurvee) and Il (curveb). Curves ) and d) using EQ(4), this quantity vanishes for a classical random
and () and (a) represent the same conditioned on a state measuréWwitch, as one also would intuitively expect. The randomness
ment yielding 0 or 1, respectively. of the phase shift incurred by the atomic state somewhat

é}»”:\/«ﬁfwf\/ PRPBEVAN
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FIG. 3. Distribution(12 000 realizationsof the number of pho-
tons counted by detector Il during the transit tifigO) and the
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0.7 : \ ( ‘ during the interferometric measurement, this would prove
the superposition properties of the light field, i.e., our igno-

ey rance of the path the light took. We show this in Fig. 4,
'« where the normalized probability distribution of the modulus
0.5 % | of the atomic coherenceyy(T) =(o1o(T)). is plotted. The

e
.
S

contribution at the origin is due to trajectories involving a
spontaneous decay of the atom. The back-action of the inter-
ferometric measurement on the atom occurs in the form of
random jumps in the phase of the atomic coherence. This is
a genuine feature of the chosen setup, where the field mea-
1 0 60 Kkt surement isconcurrentwith the atom-field interaction. A

setup where the measurement of the fields starts after the
atom has left the cavity would avoid these complications, but
requires a long optical delay. Nevertheless, the preservation
of the atomic coherence, as demonstrated above, suffices to
infer the superposition character of the photon pulses.

o P(lp, (D)

Ip,, (DI

FIG. 4. Distribution of the modulus of the final atomic coher- Based on a numerical experiment. we have thus shown
ence|pgyy(T)| for the same parameters as in Fig. 3 and«/2. The P '

inset depicts the photon flux sampled by detector | over periods o}hat the usg of a hig Opt,'F’a' cavity together with an atom
2«1 (curvea). Curves p) and () are obtained by correlating the " & long-lived superposition state allows us to prepare a

click sequences with an atomic state measurement yieldin§ighly delocalized quantum superposition state of a many-
|0)yFi|1). photon light pulse. Its coherence and decoherence properties

can be analyzed by interferometric techniques. Although a

L . practical realization seems experimentally challenging, sev-
limits the usefulness of our approach. Through post—select|q@ra| fundamental tests of quantum theory might be possible

we check whether a certain total phase shift of the atomigyii, such a source based on currently available technology.
state coincides with a certain pattern in the count sequence, view of the longer storage times and improved detection
Doing so is of course only meaningful if the spread in thegcpemes for atomic coherence, a setup based on trapped ions
total phase shift is less thanr2Since the atom interacts with 5155 seems possible, provided a sufficiently good optical cav-
a field whose envelope varies with time, this gives a limit 0ny is ayailable. As a final point we want to remark that the
the maximum size of the pulse area for which this simplegcent success in preparing degenerate quantum states for
post-selection technique can be applied. many atoms(Bose-Einstein condensatiprllows specula-

An alternative method to demonstrate the coherence proisng ahout analogous schemes to create nonlocal superposi-
erties of the reflected and transmitted photon pulses lies withyns of many atoms.

the observation of the atomic coherence. Knowledge of the

path of the light pulse immediately yields information on the  This work was supported by the Austrian Science Foun-
atomic state, and the atomic coherence between the twdation(FWF) under Contract No. S06506-TEC. We thank G.
ground states collapses. If atomic coherence is preserveRempe, M. Marte, and H. Weinfurter for helpful discussions.
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