VOLUME 79, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JLy 1997

Quantum Memory with a Single Photon in a Cavity
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The quantum information carried by a two-level atom was transferred to adhigavity and, after a
delay, to another atom. We realized in this way a quantum memory made of a field in a superposition
of 0 and 1 photon Fock states. We measured the “holding time” of this memory corresponding to the
decay of the field intensity or amplitude at the single photon level. This experiment implements a step
essential for quantum information processing operations. [S0031-9007(97)03701-0]

PACS numbers: 89.70.+c, 03.65.—w, 32.80.—t, 42.50.—p

The manipulation of simple quantum systems interactBy varying the delay between the two transfer processes,
ing in a well-controlled environment is a very active field we have measured the qubit holding time of the cavity.
in quantum optics, with strong connections to the theoryWe have directly determined in this way the lifetime
of quantum information [1]. Atoms and photons can beof a single photon and of a superposition of 0 and
viewed as carriers of “quantum bits” (or qubits) storing1 photon.
and processing information in a nonclassical way. The The principle of the quantum information transfer relies
interaction between two qubit carriers can model the open the Rabi precession at frequen@y/2# of an atom
eration of a quantum gate in which the evolution of onebetween two energy eigenstatesand g in the cavity
qubit is conditioned by the state of the other [2,3]. Com-vacuum|0) [12]. If the atom starts in the upper level
bining a few qubits and gates could lead to the realizatiore and the effective resonant atom-cavity interaction time
of simple quantum networks in which an “engineered en+ [12] is such thaf)ls = 7, the combined system evolves
tanglement” between the interacting qubits carriers couldrom the |e, 0) into the |g, 1) state: the atomic excitation
be achieved. Even if practical applications to large scalés transferred to the field. If the atom is initially in
guantum computing are likely to remain inaccessible [4]Jevel g, the system starts in th¢g,0) state and no
fundamental tests of quantum theory could be performedgvolution occurs. If the atom is initially in a superposition
such as demonstrations of new quantum nonlocal effects|e) + Blg), the linearity of quantum mechanics implies
[5], decoherence studies, etc. that the combined system evolves into the statd) +

Several quantum optics systems are investigated in thig|0))|g). The interaction has transferred the quantum
context, including trapped ions [6,7], combinations ofsuperposition from the atom to the field, leaving the
photon pairs [8], or atoms in cavities [9]. In the latter former ing. This information can then be transferred to
case, atoms cross one at a time a higleavity. The a second atom initially ig and crossing the cavity after a
qubits are carried either by the atom, schematized as delay, in a process reverse of the one experienced by the
two-level system, or by the quantum field in the cavity, first atom.
which is in a superposition of 0 and 1 photon states. The main elements of our setup, schematized in Fig. 1,
The interaction between the atom and the cavity fielchave been described elsewhere [12,13]. Rubidium atoms
mode provides the conditional dynamics required for the
operation of a quantum gate, as has been demonstrated
recently in microwave [10] and in optical cavity QED O
experiments [11].

To implement quantum logic, the information should be
transferable between qubit carriers and preserved betweer
gate operations. This involves the existence of a quantum 4
memory whose holding time is limited by the carrier L,
relaxation processes. We report here the realization of
a quantum memory in a cavity QED experiment. We
have transferred a qubit from an atomic carrier to a field

one, then to another atom. The initial atom was either in °D
one of its two energy eigenstates, or in a superposition of ' 5t
them. The mediating field was prepared eitherina O or 1 {\
photon number state (Fock state) or in a superposition of

the two. These are highly nonclassical states of radiation. FIG. 1. Sketch of the experimental setup.
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effusing from an over0 and velocity selected in zorlé,  be determined at any time between preparation and detec-
are prepared in bo® in the circular Rydberg state with tion with a precision better than 1 mm. This allows us to
principal quantum number 51 (level) or 50 (levelg) fire microwave pulsesiR; andR, and the Stark-switching
[14]. The atoms then cross a lo@-cavity R, in which  field in C exactly when the atom reaches the corresponding
a classical microwave pulse resonant with the transitiogposition with the possibility of exposing successive atoms
at 51.1 GHz between and g can be applied to prepare a to different interactions. The intensity of the lasérsis
controlled superposition of these two states. reduced so that about 0.3 atom on the average is prepared
The atoms then pass through a hi@hsuperconduct- in each pulse, and the probability to have more than one
ing cavity C in which the Rabi precession in vacuum atom is small.
produces the guantum information transfer. The cavity, A quantum information transfer sequence consists in
made of two niobium mirrors in a Fabry-Perot configu-sending fromB a pair of atomic pulses with variable
ration (mirror separation 2.7 cm), sustains two orthogovelocities separated by an adjustable delay. In 1% of
nally polarized TEMy, modesM; andM, with a spacing the sequences, one atom is detected in each pulse (useful
of 70 kHz. The vacuum Rabi frequency of the Rydbergevents). The atomic interactions witfi are separated
atom at cavity center i€ /27 = 48 kHz for both modes by a known delayl’" which is adjusted between 30 and
[12]. The field energy damping times, measured by stand00 us. The state of the two atoms are detectedbwynd
dard microwave techniques, afg = 112 us and 84us  D,. The sequence is repeated every 1.75 ms, and statistics
for M, and M,, respectively. Both modes are close toare accumulated to reconstruct the joint probabilifes,
resonance with the — g transition. Either of them can P,,, P,., andP,, that the pair of atoms is found in any
be tuned in exact resonance by Stark shifting the atomiconfiguration of quantum states.
transition with the help of a time-varying electric field In a first experiment, we prepare a single photon Fock
F(tr) applied across the gap between the cavity mirrorsstate and exchange energy between the two atoms of each
When a mode is not exactly resonant, it has no effect opair. No state mixing pulses are applied & or R,.
the evolution of the atomic populations @ By proper The first atom is prepared in, the second irg. Both
adjustment ofF(¢), one can induce an exaet pulse of are coupled to the samé mode (eitherM; or M;) and
the atom interacting either withf; or M,. After leaving undergo ar pulse. Ideally, if the pulses were perfect and
C, each atom crosses a second auxiliary caRityiden-  the cavityQ infinite, the first atom would emit exactly one
tical to Ry, which can mix agaire and g. Finally the  photon which would be picked up with unit probability by
atoms are detected by state-selective field ionization ithe second atom. As a result, the conditional probability
detectorsD, andD, for levelse andg, respectively (de- to detect the second atom in provided the first one
tection efficiency: 35%). The combination Bf andD,, is detected ing, Il,, = Pg./(Pge + Pgg), should be
analyzes either the atomic energy (no pulse appliRh)n  exactly one. When cavity relaxation is taken into account,
or the quantum coherence between levelBndg (pulse 1l,. is expected to decay exponentially with the time
applied inR;). The distances between the exit®fand constantT,.
the centers oR;, C, andR, are 5.4, 9.95, and 14.5 cm, Figure 2 shows the measurdd,. probability as a
respectively. The zone frol® to D is cooled to 0.6 K by function of the delayT between the atoms in units
a3He-He refrigerator to avoid blackbody radiation (0.02 of 7,.. Each point averages 7000 useful events. Data
thermal photon on the averagedh). corresponding to the two cavity modes have been merged.
The control of the atomic velocity and of the atomic The experimental points fit to an exponential curve
timing across the setup are essential. The velocity seledisplaying the decay of a single photon in the cavity
tion involves the optical depumping of thie= 3 ground  with the expected raté/7,. The maximum probability
hyperfine sublevel of rubidium with a diode lader, fol-  extrapolated to zero delay is 74%. Several experimental
lowed by a Doppler selective repumping of this level withimperfections explain this reduced value. The vacuum
the help of a laser beaih, oriented at an angle with the Rabi pulse inC cannot transfer more than 94% of the
atomic beam. By tuning the frequency bf, a velocity —atoms, due to coupling dispersions related to the atomic
profile centered at 400 fs with a =30 m/s width is se- position spread in the cavity mode. When an atom is
lected in the Maxwellian distribution of the atomic beam. detected, there is also a 20% probability to have a second
L is pulsed with a 2us duration. The circular state prepa- atom in the pulse which may be undetected. Finally, an
ration in boxB is a pulsed process starting fromthe= 3  atom in g is erroneously counted b®, in 13% of the
hyperfine level which involves a stepwise excitation (lasersases (and an atom ia by D, in 10% of the cases).
L,) and radio frequency transitions. It prepares within aThis last point explains the 13% background at long times
time window of2 us a pulse of velocity selected atoms in in Fig. 2. Taking all these effects into account, we get
e or g. The circularization process cuts a very thin slice ofa maximum conditional probability & = 0 of 70%, in
+0.4 m/s in the already selected atomic velocity profile. good agreement with the observed value.
This velocity selection procedure is checked by time-of- In a second experiment, we perform a transfer of coher-
flight measurements. The position of each atom can thusnce between the two atoms. The first one is prepared in
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FIG. 2. Decay of a one photon Fock state in the cavity:

n 1 " 1 " 1
conditional probabilityll,.(T) versus the delay’ between the 00
two atoms expressed in units of cavity mode damping tiffes 1.0 " T T T T T
Solid and open circles correspond, respectively, to a photon I ()
stored in modeM, (T, = 112 us) or M, (T, = 84 us). The eer 1

line is an exponential fit with unit time constant and a 13%

offset accounting for atomic energy detection errors. O.S'WW\;‘
4

e, undergoes ar /2 pulse inRy, and is thus injected i in 0.0 ——
a superpositiorile) + |g))/+/2. A  pulse inC transfers 0 2000 4000 6000 8000
this coherence to the field (superposition of 0 and 1 photon Relative Frequency (Hz)

states) and the first atom is finally detectectinThe sec- FIG. 3. Transfer of coherence between two atoms: conditional

ond atom, .prepared 9, experien_ces no pulse iRy and  probability I1,.(v) versus the frequency of the microwave
a pulse inC. It enters thusR, in a coherent superpo- pulses applied to the first atom iR, and to the second in

sition of e andg. A /2 pulse applied inR, analyzes R.. The delays’ = T + 216 us between the two microwave
the transferred quantum coherence. The conditional profRulses inR, and R, are 3g1, 436, agd 58s, respectively

ability II,., measured as a function of the common fre- rom (@) to (c). Cavity moda/, is used.

quencyr of the microwave fields applied to the cavities

(first atom) andR, (second atom), exhibits fringes whic
reveal the transfer of coherence. The signal is shown i
Figs. 3(a), 3(b), and 3(c) for various values of the ddlay

between the two atoms. Each scan corresponds to 90
useful events.

These recordings are reminiscent of Ramsey separated o T . : . r
oscillatory field signals [15], the fringe period correspond-
ing to the inverse of the time deldy between the two
interactions inR; andR,. Here, however, the separated
fields are applied to two different atoms. From the se-
lected atomic velocities and the, to C and C to R,
distances, we g&ft’ = T + 216 wus. As a test of the con-
sistency of our results, we have checked that the probabil
ity of detecting the second atom ior g is independent
of v when the first atom is not sent in the apparatus.

Alternatively, one may see this experiment as the
preparation of a nonclassical field @, a superposition
state with equal weights of 0 and 1 photon. Such a state,
like a coherent one, has a nonzero expectation value of . s . !
the electric field. It is different, however, from a coherent 0 1 2 T 3

state, since it does not have a Poisson photon numthG. 4. Decay of the cavity field coherence: amplitudes of the

distributipn. . N . IT,.(v) fringes of Fig. 3 versus the deldy expressed in units
The fringe amplitude in Fig. 3 shrinks when the delayof 7, = 112 us. Solid line: exponential curve with a time

T is increased, measuring the decay of the coherenamnstant of 2.

h stored in the cavity field. Figure 4 shows this decay as
g function of T/T,. The experimental points fit now

to an exponential with a characteristic tin2&,. The
d‘é)herence between the 0 and 1 photon states lives twice

Fringes hmplitude
o
-

o
N
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