
x-ray transients containing accreting black 
holes, as a class, have longer recurrence times 
than similar systems containing less massive, 
accreting neutron stars (14). 

Theoretically. it has been argued that the 
tidal perturbations caused by the companion 
star probably do not lead to much transport in 
the inner regions of the disks of close binaries 
because of their relatively large Mach num- 
bers. This would be particularly true of the 
cold, quiescent disks considered here. How- 
ever, no study to date has considered a real- 
istic, steeply increasing profile of surface 
density with radius, as predicted for the qui- 
escent disks by disk instability models (9). 
Because such a profile favors tidally induced 
transport in the inner regions of the disk (23), 
this question remains open. 

The concept of accretion driven by MHD 
turbulence during outburst and by tidal per- 
turbations during quiescence has several in- 
teresting implications. It complicates the 
modeling of the disks of transient close bina- 
ries because, in quiescence, a is plausibly 
nonuniform with radius, and it becomes time- 
variable as the disk shrinks and couples less 
and less with time to the tidal perturbation (a 
minimum value for the disk outer radius is set 
by the specific angular momentum of the 
accreted gas). It also allows for an efficiency 
of transport in quiescent disks that differs 
from system to system because it depends on 
the binary star parameters (24). Finally, it 
implies that, in the absence of a massive 
companion, weakly ionized disks must rely 
on yet another transport mechanism or they 
could be unable to accrete. Self-gravity is a 
plausible candidate for angular momentum 
transport in the disks of T-Tauri stars and 
active galactic nuclei, which are more mas- 
sive than the disks considered here. However, 
in systems with disks similar to those of close 
binaries, such as supernova fallback disks or 
the disk that led to the planetary system 
around the pulsar PSR 1257+ 12, the absence 
of a massive companion could result in es- 
sentially passive disks. 
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Multiparticle Entanglement 
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After quantum particles have interacted, they generally remain in an entangled 
state and are correlated at  a distance by quantum-mechanical links that can be 
used t o  transmit and process information in  nonclassical ways. This implies 
programmable sequences of operations t o  generate and analyze the entangle- 
ment of complex systems. We have demonstrated such a procedure for two  
atoms and a single-photon cavity mode, engineering and analyzing a three- 
particle entangled state by a succession of controlled steps that address the 
particles individually. This entangling procedure can, in  principle, operate on 
larger numbers o f  particles, opening new perspectives for fundamental tests of 
quantum theory. 

The quantum concepts of state superposition 
and entanglement can be used to process 
information in nonclassical ways (1). Ac- 
cording to the superposition principle, a 
quantum system may exist at once in several 
eigenstates corresponding to different values 
of a physical observable (such as position, 
momentum, or spin). Entanglement is a con- 
sequence of this principle applied to compos- 
ite systems. After quantum particles have 
interacted, their properties are not indepen- 
dent from each other. Instead, the composite 
system is described by a nonseparable entan- 
gled state, that is, a superposition of substates 
describing independent particles. Each of 
these substates corresponds to well-defined 
values of some set of observables (e.g., par- 
ticles' positions). The system's state can also 
be expressed as a superposition of eigenstates 
for another set of noncommuting observables 
(e.g., particles' momenta). An entangled state 
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can thus be put in different forms, each being 
adapted to the analysis of a specific detection 
procedure. An essential feature of entangle- 
ment is that a measurement performed on one 
part of the system determines the state of the 
other, whatever the distance between them. 

Nonlocal two-particle correlations have 
been discussed by Einstein, Podolsky, and 
Rosen [the EPR situation (2)] and checked by 
many experiments, which have all vindicated 
quantum theory against classical interpreta- 
tions (3). Beyond this fundamental aspect, 
manipulations of entangled states are essen- 
tial for operations that process and transfer 
elements of information coded into quantum 
states (qubits) ( I ) .  State teleportation (4-7) 
and cryptographic key distribution (8,9) have 
been performed with entangled photon 
beams. Recently, triplets of entangled pho- 
tons have been generated and used for non- 
locality tests (10). 

Entanglement of massive particles instead 
of fast-escaping photons has also been con- 
sidered, with the aim of building entangled 
states by reversible and controlled operations 
On individually addressed subsystems. Ma- 
nipulations of spin particles have been dem- 
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onstrated with nuclear magnetic resonance 
(11). These experiments, however, involve 
macroscopic samples near thermal equilibri- 
um without clear-cut entanglement (12). Re- 
versible entanglement with massive particles 
has been realized only with trapped ions (13, 
14) and with atoms and photons in a cavity 
(15). In ion experiments, an EPR pair (13) 
and, more recently, four-ion entanglement 
(14) have been generated. In those experi- 
ments, strong coupling requires the ions to be 
only a few micrometers apart, and the diffi- 
culty is to address them individually. The 
entangled multiparticle state is prepared in a 
collective process involving all qubits at 
once. 

In contrast to ion traps, atom-cavity ex- 
periments manipulate particles at centimeter- 
scale distances, ideal conditions for separate 
qubit control (16). We report here an entan- 
glement experiment involving three individ- 
ually addressed Rydberg atoms, A,, A,, and 
A,, and a field stored in a cavity mode C (1 7). 
Entanglement is produced by a sequence of 
one- and two-qubit operations, following a 
scheme proposed independently in (18) and 
(19). Two atoms (A, and A,) and a zero- or 
one-photon field in C, all spatially separated, 
constitute the final entangled state. The third 
atom (A,) is used to read out the cavity state. 
We have checked entanglement with mea- 
surements on two different sets of observ- 
able~. This programmable entanglement pro- 
cess can, in principle, be generalized to more 
complex situations. 

The experimental apparatus (Fig. 1) is 
similar to the one used in previous experi- 
ments (15, 20-23). The relevant atomic lev- 
els e, g, and i are circular Rydberg states with 
principal quantum numbers 5 1, 50, and 49, 
respectively (Fig. 1, upper inset). Rubidium 
atoms effusing from oven 0 are prepared in e 
or g inside box B (24). They cross a Gaussian 
cavity mode C (waist w = 6 mm), resonant 
on the 51 .l-GHz e -, g transition, before 
being counted by the field-ionization detector 
D. Classical pulses, produced by source S, 
can be applied on atoms before and after they 
interact with C, performing programmed 
transformations on each atomic state. 

The cavity is made of superconducting 
niobium mirrors facing each other. A static 
electric field applied across the mirrors is 
used to control the atomic transition fiequen- 
cy through the Stark effect. An aluminum 
"ring," 50 mm in diameter, closing the aper- 
ture between the mirrors (shown open in Fig. 
1 for the sake of clarity) reflects the photons 
scattered by surface imperfections back into 
C and increases their damping time to a value 
of 1 ms, longer than the duration of each 
experimental sequence. Inhomogeneous elec- 
tric fields in the access holes to the ring 
destroy atomic coherences without affecting 
energy state populations. All coherent manip- 

ulations are thus performed inside the ring 
structure. At the beginning of each experi- 
mental sequence, Cis prepared in the vacuum 
state 10) by a photon erasing procedure (23). 
The residual photon number, 0.1 after eras- 
ing, increases (as a result of thermal field 
leaks) to 0.3 at the end of the sequence. 

The atomic velocity, v = 503 + 2 mls, is 
fixed by a combination of pulsed Doppler- 
selective optical pumping and time-of-flight 
selection. With the laser excitation in B last- 
ing 2 ps, the position of an atom is deter- 
mined with a precision of + 1 mm along its 
20-cm path through the apparatus (enclosed 
in a 1.3 K cryostat), allowing each atom to be 
addressed independently. The Poissonian ex- 
citation process prepares 0.2, 0.4, and 0.2 
circular atoms on average for A,, A,, and A,, 
respectively. When D (detection efficiency 
40 + 10%) registers one atom, the probabil- 
ity for a two-atom event is below 0.15, 0.25, 
and 0.15, respectively. Single-atom pulses 
are thus ensured at the expense of long aver- 
aging times (three-atom states created at a 
rate of 10 per second). 

The joint atom-photon state manipulations 
rely on the resonant quantum Rabi rotation 
(20) experienced by each atom in C. The 
atom-cavity system undergoes oscillations 
between the states le,O) and Ig,l) (atom in e or 
g with either zero or one photon). The fie- 
quency of this oscillation at cavity center is 
n12.rr = 47 kHz. The full effective atom- 
cavity interaction time, ti = GW/V, corre- 
sponds to a 2 a  Rabi pulse. Shorter interaction 
times are obtained by using the Stark effect to 

switch the atomic transition away from cavity 
resonance at preset times. 

By combining Rabi pulses of various du- 
rations on successive atoms, we progressive- 
ly engineer an entangled state, one step at a 
time. Let us consider two important steps. If 
the system is initially in the le,O) state, it 
evolves after a quarter of a period (a12 Rabi 
pulse) into the atom-cavity EPR state 

(15). A second step involves a complete Rabi 
cycle (2a pulse). Starting from Ig,l), the 
atom-cavity state undergoes a a phase shift 
Ig,l) -, -Ig,l). There is no such shift, how- 
ever, if C is initially empty or if the atom is in 
the nonresonant state i. According to the su- 
perposition principle, an atom in g shifts the 
phase of a coherent photon state superposi- 
tion by a :  Ig)(c,lO) + c,ll)) -, lg)(colO) - 
c, ll)), where co and c, are arbitrary probabil- 
ity amplitudes: In a complementary way, a 
single photon shifts the phase of an atomic 
coherence (amplitudes c, and ci) by a :  
I l)(c,lg) + c,li)) -, I l)(-c,lg) + c,li)). These 
conditional phase shifts have been demon- 
strated in the operation of a quantum gate 
(22) and in an absorption-free detection of a 
single photon (23). 

To demonstrate the engineered entangle- 
ment procedure, we chose to prepare a three- 
particle state analogous to the Greenberger, 
Horne, and Zeilinger (GHZ) spin triplet (25) 
according to a sequence of operations whose 
timing is sketched in Fig. 2A. We send across 

Fig. 1. The entangling machine. Rubidium atoms effusing from oven 0 are prepared in a circular 
state in zone B. Atomic orbits, shown in green, are not to scale. The upper inset presents the three 
relevant atomic energy levels. The atoms cross the superconducting cavity mode C (shown in red) 
and are detected at D. A ring around the cavity mirrors, shown open for clarity, increases the 
photon lifetime. A microwave source S prepares and analyzes quantum state superpositions. It 
couples to a standing wave structure inside the ring. Two antinode regions, where the atom is 
coupled to S, are shown in yellow. The lower inset presents a top view of the cavity (upper mirror 
removed). 
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C, initially empty, an atom A, initially in e. A 
1~12 Rabi pulse prepares the state described by 
Eq. 1. We then send atom A,. Initially in g, it is 
prepared, before C, in the state (k) + 1i))Ah 
by a pulse P, produced by S. This atom inter- 
acts with C during its full cavity-crossing time 
 IT Rabi pulse). If A, left one photon in C, the 
A, coherence is phase-shifted by IT. It stays 
unchanged if A, left C empty. The resulting 
A,-A,-C quantum state is 

where the state indices correspond to the 
atom numbers. Eq. 2 describes a three-parti- 
cle entangled state and can be rewritten as 

describing an A,-C EPR pair whose phase is 
conditioned to the A, state. 

Because involves two levels for 
each subsystem, it is equivalent to an entan- 
gled state of three spins %. Let us define the 
states l+i)(I-i))(withi = l,2)as I+,) = le,) 
(I- 1) = Igl)), 1%) = (Ig,) + li,))lfi, and I + &  = 10) (1-3 = 11)). With these nota- 
tions, IVI,,,,,) takes the form of the GHZ 
three-spin state: 

Other schemes have been proposed to realize 
multiparticle atom-cavity entanglement (26, 
27). 

We now discuss the detection of the 
IVtriplet) state. We can detect atomic energy 
states but cannot directly detect the cavity 
field. However, the field can be copied onto 
a third atom A, that is detected afterward 
(21). The A,-C interaction is set so that A,, 
initially in g, is not affected if C is empty, 
but undergoes a IT Rabi pulse in a single- 
photon field: Ig,O) + Ig,O) and Ig,l) + 
- le,O). Within a phase, A, maps the state of 
C. Thus, by detecting A,, A,, and A,, we 
measure a set of obsewables belonging to 
the three parts of the entangled triplet. If A, 
crossed C before A, exited the ring, a three- 
atom entangled state IV1triplet) would be 
created between these two events: 

I*ltriplet) = '/z[le1)(li2) + Ig,))lg3) 

- Ig1)(li2) - Ig2))le3)1 

= '4li~>(le1,g3> - Igl,e3>> 

+ Igz.)(le1,1~3) + 181,e~))I (6) 
Even if A, is delayed, its correlations with A, 
and A,, which reflect those of C, are the same 
as those described in Eq. 6. In the following 
discussion, we thus refer equivalently to C or 
A,. 

Checking the A,-A,-C entanglement in- 

volves measurements in two different bases. 
A microwave pulse after the interaction with 
C, followed by energy detection in D, allows 
us to probe each atom's pseudo-spin along an 
arbitrary "quantization axis." In experiment I 
(Fig. 2B), we checked "longitudinal" corre- 
lations by detecting the "spins" along what 
we define as the "z axis" (eigenstates 1 f i )  for 
i = {1,2) and I+,) = le,) and I-,) = Ig,) for 
A,). For A, and C (i.e., A,), this is a direct 
energy detection. For A,, a 1~12 analysis pulse 
R,(O on the i + g transition transforms I+,) 
and I-,) into, respectively, li,) and Ig,). The 
three atoms should thus be detected in 
{el ,i2,g3} or {g, ,g2,e3) with equal probabili- 
ties. However, these correlations, taken 
alone, can be explained classically (statistical 
mixture of le,,i2,g3) and Ig,g2,e3) states). 

A second experiment is required to test 
the quantum nature of the superposition. In 
experiment I1 (Fig. 2C), we studied "trans- 
verse correlations" by detecting A, and A, 
along the "x axis" [eigenstates 1 t S i )  = (1 +i) 
f I-i)]/fi]. A, is detected along an axis in 
the horizontal plane at an angle + from the x 
direction [eigenstates If+,,) = (I+,) + 
exp(+i+)l-,))/fi]. Atom A, is directly de- 
tected in D, because I +,,) coincide with Ig,) 
and li,). A, and A, undergo, after C, two 
analysis 1~12 pulses R,('O and R,('O on the e 
+ g transition, with a phase difference +. A 
detection in g amounts to a detection in 
or I++) for A, and A,, respectively, at the exit 
of C. 

For the sake of clarity, let us first consider 

the case of only two atoms (1 and 3) in state 
IVIEm): 

These atoms are analyzed along the x and + 
directions, respectively. When A, is detected in 
1 +,,,) (i.e., g, in D), A, is projected onto I -,,), 
because IVtEPR) is the rotation-invariant spin 
singlet. Hence, the detection probability of A, 
in I++,,) (i.e., g, in D) oscillates between 1 (for 
+ = +n) and 0 (for + = 0, 2 ~ ) :  "Fringes" 
observed in the joint detection probabilities of 
the two atoms (15) show that quantum coher- 
ence has been transferred between them 
through the EPR correlations. The phase of the 
fringes would be shifted by IT if the minus sign 
in Eq. 7 were changed into a plus. Returning to 
the three-system case, Eq. 6 shows that similar 
fringes are expected for the joint detection ofA, 
and A, corresponding to a given state for A,. 
They have the same phase as the EPR fringes 
described by Eq. 7 when A, is in i,. They are 
shifted by IT when A, is in g,. This shift results 
from the action of the A,-C phase gate (22) on 
the A,-C EPR pair. 

A tight timing is required to have A, and A, 
simultaneously inside the ring. A, interacts with 
C for the full atom-cavity interaction time. The 
IT Rabi pulse condition for A, is realized with 
the Stark switching technique. Atom A, couples 
to C 75 ps after the erasing sequence, and 
should undergo a ?r/2 Rabi rotation. It is fol- 
lowed by A, after a delay of 25 ps. The sepa- 
ration between A, and A, is 1.2 cm, twice the 

Fig. 2. The entanglement 
procedure. The atoms and 

c 
0 .- I cavity space lines during 

the experiments are repre- g sented qualitatively. Red 
o! diamonds, atom-cavity in- - I a teractions; yellow circles, 

I 
I classical pulses produced 
L 

I by S; dark blue squares, de- 
tection events. (A) Prepa- 
ration of the entangled 
state I%,,&). (B) Experi- 
ment I: detection of "longi- 
tudinal" correlations. 1 0  
Experiment II: detection'oi 
"transverse" correlations. 

Time 
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cavity waist. Nevertheless, A, still interacts 
with C when A, starts its 2~ Rabi rotation. 
Because both atoms experience the same shift, 
a simple Stark-$nhg scheme is not adequate 
for A,. This atom is left resonant with C until 
the state (Eq. 1) is prepared, before A, 
couples to C. In classical terms, the field is in 
quadrature with the atomic dipole. A short (T = 
2 ps) dc electric field pulse is then applied, 
shifting the atomic transition frequency out of 
resonance by A l 2 ~  = 1/47. At the end of this 
pulse, the resonance is restored, before A, cou- 
ples to C. However, the phase of the A, dipole 
has been shifted by AT = 1~12. The dipole and 
the cavity field are now in phase and, within 
unimportant phase changes, A, does not interact 
any longer with C. With this timing, we prepare 
an entangled A,-A,-C triplet inside the ring 
structure. A numerical simulation of the A,- 
A,-C evolution shows that IVI,,,,,) is pre- 

Fig. 3. Longitudinal 
correlations (experi- 
ment I). Histograms of 
the detection probabil- 
ities for the eight rele- 
vant detection chan- 
nels are shown. The 
two expected channels 
g 1 3  and e,.i,g, 
clea y dominate the 
others, which are pop- 
ulated by spurious pro- 
cesses. The error bars 
correspond to the bino- 
mial statistics variance. 

pared with a 96% probability. Atom A,, how- 
ever, has exited the ring before A, has crossed 
C, following A, after a delay of 75 ps. This 
timing thus prevents the preparation of 
I*',,,,) (Eq. 5). As discussed above, the 
A,-A,-A, correlations nonetheless demon- 
strate the A,-A,-C entanglement. 

The pulses P,, R?, R,('o, and R,('O pro- 
duced by S create a low-quality factor stand- 
ing wave inside the ring, whose map has been 
determined independently. We apply the 
pulses when the atom is in an antinode of this 
wave. Selective pulses may be applied on A, 
and A, even if both are simultaneously in the 
ring, one in a node, the other in an antinode. 
In experiment I, P, and R,O are applied on 
A, on the 54.3-GHz g + i transition. These 
pulses, off-resonant with C, do not couple to 
it. In experiment 11, R,('O and R,('O are used 
to probe the I;,,) and I++,,) states. A pulse 

Fig. 4. Transverse correlations 
(experiment 11). (A) Probability 
P(++ .+,,), versus the detec- 
tion $as8 4, for detecting A, in 
i if A, has also been detected in i. 
Green circles, no A, atom; blue 
circles, atom A, detected in i; red 
squares, atom A, detected in g. 
(B) Bell signal versus 4 with the 
same color code as in (A). In both 
(A) and (B), the T phase shift of 
the A,-A, EPR correlations con- 
ditioned to the state of A, is 
observed. Error bars are as in Fig. 
3. Solid lines are sine fits. 

Detection phase $ 

resonant on the e + g transition would cou- 
ple in C through scattering on the mirror's 
imperfections. A field would then build up in 
C and spoil quantum correlations. To avoid 
this, we first apply a T pulse on the g + i 
transition, transforming the e-g coherence 
into an e-i one. A ~ 1 2  pulse on the two- 
photon e + i transition at 52.7 GHz, which 
does not feed any field in C, is then used to 
probe this coherence. States I+,,) (I-,,,)) 
and I ++,,) (I -+,,)) are mapped by this effec- 
tive three-photon ~ 1 2  pulse onto i, (el) and i, . . 

(e,), respectively. 
The results of experiment I (Fig. 3) are 

presented as histograms giving the probabil- 
ities for detecting the atoms in the eight 
relevant channels (28). As expected, the 
{el,i2,g3} and {g,+,,e,) channels dominate. 
The total probability of these channels is PII 
= 0.58 + 0.02. The difference between them 
is due to experimental imperfections. Be- 
cause channel {g, ,g2,e3) corresponds to one 
photon stored in the cavity between A, and A,, 
it is sensitive to field relaxation and leaks into 
the other {g,) channels. Events with two atoms 
in the same sample, residual thermal fields, and 
detection errors also contribute to the popula- 
tion of the parasitic channels. 

For the signals of experiment I1 (Fig. 4), 
the relative phase 4 of R,(" and R,('O is 
adjusted by tuning the frequency of the 
source inducing the e + i two-photon transi- 
tion. Figure 4A presents the probability 
P(++,,;+,,,) for detecting A, in i (i.e., 
I ++,,)) provided A, has also been detected in 
i (i.e., I+,,,)). The green circles give this 
conditional probability when A, is not sent. 
The observed fringes correspond to the two- 
atom EPR pair situation. The blue circles 
give the corresponding conditional probabil- 
ity when A, is detected in i. Because of very 
long acquisition times (8 hours for the data in 
Fig. 4), signals have been recorded only for 
three phase values. The red squares corre- 
spond to a detection of A, in g. The A,-A, 
correlations are not modified when A, is de- 
tected in i. When A, is detected in g, the 
A,-A, EPR fringes are shifted by T, as ex- 
pected. All joint probabilities corresponding 
to the four possible outcomes for A, and A, 
are combined to produce the "Bell signal" 
(3), which is the expectation value (u,,,u+,,) 
= 'il,i3 + 'el.e3 - 'il,e3 - 'el,i33 where the 
u's are Pauli matrices associated to the pseu- 
do-spins and P,,,,, is the probability for de- 
tecting A, in a and A, in b ({a,b) = {i,e)). In 
a plot of the Bell signal versus 4 (Fig. 4B, 
with the same color codes as in Fig. 4A), the 
IT phase shift of the A,-A, EPR correlations, 
conditioned to the A, state, is conspicuous. 
The fringes' amplitude (or visibility) is 2V, 
= 0.28 + 0.04. 

Because of experimental imperfections, the 
first stage of our experiment (Fig. 2A) does not 
prepare the pure state I9~,,,), but rather a 
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mixed state described by a density matrix p. The 
setup efficiency is thus characterized by a fidel- 
ity F = (TI,,,,, p T[,,,,,). If the detection stages 
(Fig. 2, B and C) were perfect, Fwould be equal 
to the sum P12 + V ,  (14). However, the value 
of this quantity, 0.43, is affected by known 
detection errors and F is actually larger. Trivial 
imperfections can occur at three different stages: 
the mapping of the cavity state onto A,; the 
classical microwave pulses R2(o, R,('o, and 
R,'"'; and the energy state-selective atom count- 
ing. We have determined these errors indepen- 
dently by additional single-atom experiments. 
Taking them into account, we determine a fidel- 
ity F = 0.54 5 0.03. The three lunds of errors 
listed above account respectively for corrections 
of 0.03, 0.05, and 0.03 to the raw 0.43 value. 
The fact that F is larger than 0.5 ensures that 
genuine three-particle entanglement is prepared 
here (14). 

The combined results of experiments I and I1 
demonstrate the step-by-step engineered entan- 
glement of three qubits, manipulated and ad- 
dressed individually. By adjusting the various 
pulses, the experiment could be programmed to 
prepare a tailored three-particle state. One draw- 
back of our apparatus is that atomic coherences 
cannot exit the cavity-ring structure. There are 
now good prospects for realizing a better cavity 
without any ring, relaxing the tight timing con- 
straints and improving the fidelity. At present, 
the main limitation is that circular atoms are 
prepared with Poisson statistics with a low mean 
value, requiring long data acquisition times. 
However, it is possible to implement prepara- 
tion techniques for circular states that generate 
exactly one atom on demand. For instance, the 
fluorescence from a weak atomic beam can be 
used to image a single atom and excite it deter- 
ministically to the circular state in a fully adia- 
batic process. With these improvements, the 
techniques described here could be extended to 
more complex systems. 

Tests of quantum nonlocality on many-
particle generalizations of the GHZ triplet 
(29) are particularly appealing. These states 
are generated by a simple iteration of the 
present scheme (18, 19). After havlng pre- 
pared the A,-C pair in the state described by 
Eq. 1, one sends a stream of atoms A,-A,- . . . 
A,, all prepared in (li) + I g ) ) / a  and undergo- 
ing, if in g,  a ~ T TRabi rotation In a single-
photon field. Because this rotation does not 
change the photon number, the zero- and one- 
photon parts of the A,-C system become corre- 
lated to an A,-A,- . . ,An state, with all n - 1 
atoms in (li) + g ) ) i v 2  for the zero-photon and 
in (li) - I g ) ) i ~for the one-photon part, 
preparing the entangled state 

Teleportation experiments operating on mas- 

sive particles instead of photons are also 
within reach with an improved version of the 
setup (30). 
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Plant production in the sea is a primary mechanism of global oxygen formation 
and carbon fixation. For this reason, and also because the ocean is a major sink 
for fossil fuel carbon dioxide, much attention has been given to estimating 
marine primary production. Here, we describe an approach for estimating 
production of photosynthetic oxygen, based on the isotopic composition of 
dissolved oxygen of seawater. This method allows the estimation of integrated 
oceanic productivity on a time scale of weeks. 

Our knowledge of the rate of marine photo- 
synthetic production is based primarily on 
bottle incubation experiments (I). These ex- 
periments provide local instantaneous prima- 
ry production rates, which often miss the 
effects of significant blooms because of the 
heterogeneous distribution of plankton in 
time and space. A broader view of marine 
primary production can be obtained from sat- 
ellite remote sensing (2). However, values de- 
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rived by this method depend on the quality of 
calibration data obtained by actual productivity 
measurements in the ocean and cannot be better 
than the accuracy of this information. Here, we 
present a way to estimate marine production 
that alleviates the inherent problems of incuba- 
tion methods. In this approach, gross produc- 
tion, integrated on spatial and temporal scales, 
is estimated from the difference between the 
triple isotope (160, "0, and 180) composition 
of atmospheric and dissolved 0, and the rate of 
air-sea 0, exchange. 

Most terrestrial processes fractionate 0 iso-
topes in a mass-dependent way, such that "0 
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