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Nonlocality of a single photon in cavity QED

Christopher C. Gerry
Department of Physics, Amherst College, Amherst, Massachusetts 01002
(Received 10 January 1996

We study a model of single-photon nonlocality in which two separated cavities are prepared in an entangled
state containing only one photon. The nonlocality is then transferred to two atoms probing each cavity. When
the atoms are subsequently analyzed by classical microwave fields and selective ionization, Bell's inequalities
are found to be violated for a wide range of atomic velocitji&d.050-29476)02106-3

PACS numbds): 03.65.Bz, 42.50.Wm

In recent years there has been a lively debate in the literaion of classical microwave fielddRamsey zongsand ion-
ture regarding the possibility that a single photon can exhibiization detectors from which follows violations of Bell’s in-
nonlocal behaviof1-7]. Much of the debate seems to be equalities for a wide range of interaction times. What we
concerned with whether or not only one photon is involvedpropose here is similar in spirit to the technique proposed by
in the schemes proposed by Tan, Walls, and CdlBtand Cirac and Zoller[10] to create two-atom entangled states
Hardy [3]. Clearly, in their proposals involving beam split- Where the atoms pass sequentially through the same cavity.
ters and nonlinear crystals many modes of the field aré" the present case the atoms pass through two separated
present as well as auxiliary photons responsible for parame£aVities so that it is clear that the origin of the nonlocality is
ric down conversion processes, etc. Pdisas shown that € Single photon delocalized between the cavities. A distinct

for “single-photon” nonlocality a two-particle state must be difference between the experiment proposed here and those

created by the detecting process. On the other hand, if on%f Refs.[1,3] is that in the latter case the photon immediately

means an excitation of the quantized electromagnetic fiel scapes the experimental area whereas in the former the pho-

. ) on is trapped in the two-cavity setup. Furthermore, it is clear
which can be delocalized between two degenerate but sp 2at only one photon is involved since the preparing atom

tially separated field modes as being a single photon then ndergoes a single transition from the excited to ground
would seem to make sense to talk about that photon being, .

nonlocal. What does not seem to be in question is that non- Ol:ll‘ proposed experiment is pictured in FigCl. andC,
local effects do indeed occur. In a broader sense it could bgre two identical micromaser cavities. The first step is to

argued that any photon is nonlocal due to the lack of a poprepare the cavities which are assumed initially to be in

sition operator in quantum electrodynamics. vacuum state0,)|0),. Let |e) and|g) represent atomic Ry-
However, recently FreybergdB] studied a simple ex- dberg states with transition frequency resonant with the cav-

ample of nonlocality in the context of cavity QED. Two ity field modes. The dynamics is then governed by the

identical micromaser cavities are prepared in correlatedaynes-Cummings model interaction Hamiltonjaf]

fields containing a single excitation. Subsequently each cav- _

ity field interacts with a single ground-state atom upon which Hi=fiN(o.a+alo_), i=12 (1)

state selective measurements are performed. The nonlocality

makes its appearance in the form involving no inequalities asvhere o, have their usual meanings aadanda/, i=1,2

recently discussed by Hard®]. A major drawback to the are the annihilation and creation operators for cavities 1 and

proposal of Freyberger is that the two ground-state atomg, respectively. This Hamiltonian effects the following tran-

crossing the cavities must be precisely velocity selected isitions:

order to exactly replicate the field state onto the atomic state.

In this paper we consider how a two-cavity setup with a |e)|n)i—cogAty/n+1)|e)|n);
single photon excited nonlocally in the cavities may be used o
to produce an approximation to a maximally entangled Bell —i sin(A\tyn+1)[g)[n+1);, (2a)

state of two probe atoms. Such a state cannot be used for

demonstrating nonlocality without inequalities, but may of|g)|n);— cogAtyn)|g)|n);—i sin(Atyn)|e)|n—1);. (2b)
course be used to violate Bell's inequality. Essentially we

show that the probe atoms can be analyzed with a combina- We denote the states of the preparing atonj%$ and
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FIG. 1. Proposed experiment set to demonstrate single-photon
nonlocality. The preparing atom in the excited sda@ enters the
initially empty cavitiesC, and C,. If the ionization detectoD,
finds the atom in the ground std%), a ground-state atom is then
injected into each cavityR; andR, are microwave Ramsey zones
andD; andD, are ionization detection chambers.

|gp). We assume that the atom is laser excited to $tgpeso
that the initial cavities-atom state is

|14(0))=ey)[0)4]0)>. ()

After passage of the atom through the first cavity in time
the state becomes

|ih1) =[cog\ty)|ep)[0)1—i sin(Nty)|gp)]1)1]]0), (4)

and after passage through the second cavity in timehe
state is

|ho)= cog\t;)cogAty)|ep)[0)4]0),
—i[cogAty)sin(At5)[0)4]1),
+5sin(\ty)|1)1]0)2]|gp)- 5)

If the atom is detected in the ground state the cavity field is
projected into state

| ey =N[sin(\t;)|1)1]|0),+ cog\t;)sin(At,)[0)4]1),] ,(6)

2.0

T T T T
1000 1500 2000 2500

(a) Vym/s)

2500
|

2000
I

V,(m/s)

1500
1

.0

1000
1

T T T T
1000 1500 2000 2500

(b) vy m/s)

FIG. 2. Contour plots ofS| versusv; anduv, for differentv, .

where The solid lines indicate the contouS|=2. In () \t;=/4,
\,=37/2, and in(b) A\t;=m/4, \t,=5x/4. All velocities are chosen
N=[sir?(At;) +coS(\ty)sirP(At,)] 12 (7)  so that the point of maximum violation occurs for;=\r,= /2.

is the normalization factor. Now suppose that the timings are However, for the moment we assume the effective inter-
arranged so thatt,;=m/4 and\t,=m/2 or At,=3m/2. This  action timest; andt, are arbitrary so that the field state has
yields the field states the form of Eq.(6) after the atom is detected in the ground
L |sta>te. V\/_e.nowda_ssume th_at t\ivo gdrozund-state_ aﬂ:gﬁsan?]
are injected into cavities 1 and 2, respectively, as shown
|Yp=) = E[|1>1|0>1i|0>1|1>2]’ ®) ingig. 1. JThat is, the new initial state |$'/F;>|gl>|gz>. If 7
and 7, are the respective interaction times for these atoms in
where the + sign is for A\t,=m/2 and the minus for the cavities then using E¢2) we have

\t,=3mn/2. Either of these choices obviously leads to a maxi-
mally entangled state. In order to make the comparison with
the usual spin-singlet states we imagine that the velocity is
selected so thatt,=3x/2. The interaction time in the first
cavity can be shortened by applying a constant electric field
to Stark shift the atom out of resonances for just the right
length of time[12].

|h) =N{sin(\t1)[cog\71)|91)[92)[1)1]0)>
—i sin(A7y)|€1)|92)[0)1]0)41|0)]
+cog N ty)SiN(A ;) [COSN 72)[91)[92)|0)11)>
—i sin(A7,)|g1)|€2)|04)0)]}. C)
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In the special case wherent;=n/4, At,=37/2, —sir?(Aty)SirP(\ 1) — COF(At;)SiP(At,y)SiP(A 7,)]
A =A7m=/2, the above reduces to (14
! d
|¢>:E(|el>|92>_|91>|ez>)|0>1|0>2, (10 an
h=2N? sin(\t;)cog At;)SiN(\t,)SiN(A 7;)SIN(A75).
where the atomic part is the usual spin-singlet state. Note ML) COSM)SINAL)SIN(A 1) SIN(A 72) (15)
that in this special case the photon disappears from the cav-
ity. For the special case whent;=m/4, A\t,=3m/2,

We follow the argument of Cirac and Zollgt0] to de-  \r=\7,=m/2 this reduces to
termine the atomic velocities required to produce a state of
the form of Eq.(9) close to the ideal spin singlet in EQLO). E(a,b)=—(aby+ayby+ab,)=—a b. (16)
For the condition thakt,=37/2, the velocity of the prepar-
ing atom should b@gZZ)\ng’ﬂ, wherelL is the Iength of Settingay: by:o, axzsina, a,=Ccoxy, bX:Sin,B, bZ:CO$,
the cavity. The effective interaction time in cavity 1 may beetc., and witha=0, o' =7/2, B==/4, and 8’ =3n/4 we ob-
adjusted by applying an electric field in order to Stark shiftiain from Eq.(11) |S|=2 v2, a violation of Bell's inequality.

the atom out of resonance for just the right amount of time tajith these choices of angles the more general case of arbi-
give an on-resonance time bf==/4\. On the other hand, aryt,, t,, 7, andr, yields

the velocities of the probe atoms should dp=2\L/7 (i
=1,2) to make\r;=m/2. The assumption is made that the |S|=\E|f+h|. (17)
spread of velocitied\v; is small such thakr;Av;/v;<1 or

that Av;/v;<2/m. Now with L=10"% m, A~2X10°s " cor- |5 Fig. 2 we show contour plots d§| versus the velocities
responding to a circular Rydberg atom transition from the,  andy, of the ground-state atoms probing the cavities. The
states of prmmpa(l) quantum numbers 50 and 51, we requirgo|iq lines are fofS|=2 and the dashed contours represent
v7,=1300 M/s,v y=v 1 ,/3=400 m/s, anddv;<v'. These |g—22 24, 256, and 2.8. At the peak,=L/v, and
numbers should be accessible in current or planned experjr-2:|_/v2 are such thakr,=\r,=x/2. Figure 2a) is a con-
ments. _ _ .. tour plot for the case when the preparation times are such
Nonlocality can be demonstrated by testing Bell's in-tnat \t, = /4 and \t,=3m/2, which results in the cavities
gqut[alh%/. This can be done with measurements of the quaseing prepared in the maximally entangled state
tity

_ ’ ’ N 1
= - + +
S=E@b)-E@b)+E@ b+E@Lb), 1D [#e) = (120110)2=[0}al1)2), (18)
where
E(a,b)=(o;-a 02-6) (12) whereas in Fig. @), the preparation times are changed to

A\t =m/4 andAt,=5m/4. Although the cavities are no longer

and whereo; = (g, , a3, ,07,) are the usual Pauli spin opera- p_repared ideally, we see that Be_ll_’s inequality can still be
tors. According to local hidden variable theories one shouldviolated for a wide range of velocities of the probe atoms.
always have|S|<2 whereas in quantum mechanics one In summary, we have shown that two-atom entangled
could have|S|>2 for some values of the angles(ab), States may be generated from two atoms passing through
£(ab"), etc. These angles in the present case are controlletgParated cavities that have initially been prepared with a
by the classical microwave fields applied to the atoms irSingle photon delocalized between them. Since the entangled
Ramsey zone®,; and R, of Fig. 1 equivalent to rotating a atomic states v.|ollate Bell's inequality gn_d thus display non-
Stern-Gerlach magnet for a spin one-half particle, prior tdocal behavior, it is apparent that the origin of the nonlocality

selective ionization. From Eq9) we find that can be attributed only to the nonlocality of the single photon
emitted by the preparing atom. We have shown that Bell's
E(a,b)=a,b,f+(ab,+a/by)h, (13 inequalities will be violated for a wide range of atomic ve-
locities.
where

- . I wish to thank Dan Snowden-Ifft for assistance in pre-
f=N2[siP(\t;)coS (A 7;) +COS(Aty)SiP(Nt,)COS (N T2) paring the graphs in Fig. 2.
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