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mixed state described by a density matrix p. The
setup efficiency is thus characterized by a fidel-
ity F = (W ypipied |V iprer- If the detection stages
(Fig. 2, B and C) were perfect, F would be equal
to the sum P/2 + 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 A4,; the
classical microwave pulses R,, R“’, and
R,“P; 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 £ 0.03. The three kinds 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 [ and I
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 (I8, 19). After having pre-
pared the 4,-C pair in the state described by
Eq. 1, one sends a stream of atoms 4,-45- . . .
A, all prepared in (ji) + |g))/V/2 and undergo-
ing, if in g, a 2 Rabi rotation in a single-
photon field. Because this rotation does not
change the photon number, the zero- and one-
photon parts of the 4,-C system become corre-
lated to an 4,-45- . . . 4, state, with all n — 1
atoms in ([i) + |g>l/V§ for the zero-photon and
in (l)) — |g))/\/2 for the one-photon part,
preparing the entangled state

1
|\I,> = _/5 (|+l’ +2’ EEREY +C>
v
- I_l’ T2 e _C>) (8)

Teleportation experiments operating on mas-
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sive particles instead of photons are also
within reach with an improved version of the
setup (30).
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Assessment of Oceanic
Productivity with the
Triple-Isotope Composition of
Dissolved Oxygen

Boaz Luz* and Eugeni Barkan

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 (/). 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 (%0, 70, and '#0) composition
of atmospheric and dissolved O, and the rate of
air-sea O, exchange.

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

16 JUNE 2000 VOL 288 SCIENCE www.sciencemag.org



enrichment is about half of 80 enrichment rel-
ative to '°0. As a result, '’0 and 8'%0 in
terrestrial materials plot along a line with a
mass-dependent slope of about 0.52. This 370/
3'80 slope represents an average of slightly
different slopes of various mass-dependent pro-
cesses (3). For example, the 3!70 and 8'%0 of
O, produced by photosynthesis and fractionated
by respiration vary along a line with a slope of
0.521 (4), but fractionation of O isotopes in the
formation of meteoric precipitation occurs with
a slightly steeper slope, 0.534 (5). In contrast to
these mass-dependent processes, ultraviolet
(UV)-induced interactions among O,, O,, and
CO, in the stratosphere cause mass-independent
fractionation (6) with equal lowering of 3'70
and 8'%0 in atmospheric O, (4). Therefore, for
a given 8'%0 of O, produced solely by biolog-
ical production and consumption, there is an
excess of 'O in comparison to air O,. This 17O
excess (A'70) with respect to air O, is defined
as

A0 = 1000(3'70 — 0.5218'%0) (1)

By definition, 820, 8'70, and A'70O of air
0, equal zero (7).

The A0 value of dissolved O, (A,.)
depends on the rate of air-water gas exchange,
which tends to bring A, to an equilibrium
value with air, and the rate of in situ production
of biological O,, which tends to increase A ;_
to a maximum value of pure biological O,
(A, In natural aquatic systems, A . varies

diss

50
S
&
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&
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NI
5°0
Fig. 1. Schematic plot (not to scale) of 3770,
3'80, and A, variations among seawater,

meteoric water, air O,, and biological O,.
Graphically, A7O is the vertical distance from
the line with 0.521 slope going through the
point representing the HLA air standard. In pure
biological O,, A'70 = A_,,. Point A represents
ocean water and point D represents biological
0, (A,.x = 249 per meg) produced from point
A and fractionated by respiration along a line
with 8'70/8"80 slope of 0.521. Point B repre-
sents meteoric water fractionated along the
line with 3'70/380 slope of 0.534. Subsequent
evaporation fractionated this water along a line
with 3'70/3'80 slope of 0.521 to form the
water of the Sea of Galilee (point C). Point E
represents biological O, (A, = 159 per meg)
produced from C and fractionated by respiration.
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between these two extremes, and its value de-
pends on the ratio of the rates of gross primary
production and air-sea O, exchange. Thus,
gross production can be calculated from A, if
the rate of air-sea gas exchange is known.

Isotopic analysis of water seems to be a
straightforward way to determine A, vari-
ations. However, the error of individual A0
measurements of H,O is relatively large
[£75 per meg (1000 per meg = 1%o) (5)],
and the value of A'’O of H,O is very sensi-
tive to the slope used in Eq. 1 for its calcu-
lation (8). For these reasons, we have deter-
mined A . in closed system experiments in
which O, was produced and consumed in the
absence of UV radiation.

In a previous study, A_, was determined
from the A'’O of O, produced by Philoden-
dron (a higher plant) in terrariums containing
water from the Sea of Galilee and from the Dan
River (4). This river is a major water source of
the Sea of Galilee, but the latter is enriched in
80 by about 5%o due to evaporative loss of
water vapor. The A values were 155 * 15
and 156 = 7 per meg for the Sea of Galilee and
the Dan River, respectively. This shows that
evaporation from the lake surface does not af-
fect A, ,,, because it causes 8'’0 and 3'%0 to
increase along a slope of 0.521 (Fig. 1).

As discussed below, accurate A_, values
are critical for estimating true aquatic produc-
tivity. Therefore, we conducted additional ex-
periments with marine and freshwater organ-
isms (9). The A, of O, produced from fresh
water by Peridinum (a major producer in the
Sea of Galilee) was 159 = 10 per meg, very
close to the value determined for the same
water by a completely different plant, Philo-
dendron (10). The A_, values of O, pro-
duced from seawater by marine organisms—

Table 1. Estimates of gross production (GP, mmol
m~2 day™") in the Sea of Galilee obtained from
the A'70 method [GP(A"7)] and from bottle incu-
bations with H,'O spike [GP(H,'®0)]. The
GP(H,'®0) values represent depth integration
over the entire euphotic zone. The A, values are
in per meg units. For applying Eq. 3, we used
A, .x = 159 per meg; values of O, solubility were
taken from (79); piston velocities were calculated
according to (73) from daily wind speeds and then
averaged over 1 week. The error propagation for

planktonic algae (Nannochloropsis) and cor-
als (Acropora) with their symbiotic algae—
were 244 * 20 and 252 * 5 per meg,
respectively. The different A,  values of
seawater and water from the Sea of Galilee
are expected because meteoric water has dif-
ferent 3'70/3'80 slope than that of biological
uptake (Fig. 1). It should be emphasized that
our experiments clearly show that the values
of A_,, are independent of the type of organ-
isms producing and consuming O,. Finally,
isotopic variations of seawater from different
parts of the ocean are small (/7), and thus an
average A . value of 249 * 15 per meg
should be representative of the entire ocean.

In order to derive quantitative estimates of
gross production, we consider a simple model
in which the aquatic mixed layer, in contact
with air, is in a steady state with respect to O,
concentration and A, . and vertical mixing
with deeper water is neglected. In the absence
of biological activity, A, . is expected to be
close to A'7O of air O,, and thus approxi-
mately zero. However, in the case of air-
water equilibration, we determined equilibri-
um A (A,,) of 16 per meg (12). This small
deviation of A, from zero suggests that the
3170/3'80 slopes in invasion and evasion of
O, are slightly different than 0.521. We as-
sume that the positive A, is the result of
fractionation during O, invasion alone (12).
Thus, the A'70O balance in the mixed layer is
given by

IAeq + GPAmax = EAdiss + RAdiss (2)

where 7 and E are the rates of atmospheric O,
invasion and evasion, respectively, GP is O,
gross production, and R is total oxygen con-
sumption. The difference between evasion
and invasion fluxes is the net biological O,
flux, and in our simplified case it equals P —
R. Noting that I = KC_ [where K is the
coefficient of gas exchange (piston velocity)
and C, is equilibrium O, concentration], Eq.
2 can be rewritten as

GP = Kco(Adlss - Aeq)/(Amax - Adiss) (3)

We have applied the new method in the
highly productive Sea of Galilee and in the

Table 2. Estimates of gross production (GP, mmol
m~2 day~") in the BATS Station obtained from the

GP(A") reflects uncertainties in A__, A., and A0 method [GP(A"7)]. The A, values are in per
Agies: meg units. For applying Eq. 3, we used A, = 249
per meg; values of O, solubility (C_,, mmol m~3)
Date A GP(A") GP(H,"®0) were taken from (79); piston velocities (K, m
diss 2 day~") were calculated from climatological wind
15 Feb. 1998 106 352 + 54 287 + 27 speeds (20). Error propagation as in Table 1.
15 Mar. 1998 131 844+ 213 1007 + 90
SApr.1998 130 801+278 916 *86 Date C, K Ay, GPAY)
3 May 1998 143 1905+ 390 1938 * 190
14 Jun. 1998 133 1225+ 435 1021 * 102 7 Jul. 1998 2036 27 30 3512
4 Aug. 1998 98 304 *69 379 £35 7 Sep. 1998 199.7 18 46 53+13
15 Nov. 1998 98 194 + 27 184 = 16 7 Nov. 1998 2136 2.7 47 87 = 21
14 Dec. 1998 94 204 +28 214 £ 17 24 Jan. 1999 2220 44 43 130 = 34
11 Jan. 1999 77 120+ 18 1128 23 Mar. 1999 2303 44 33 82+ 24
21 Feb. 1999 107 307 * 44 357 £33 15Jul. 1999 2035 27 30 3512
www.sciencemag.org SCIENCE VOL 288 16 JUNE 2000
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BATS (Bermuda Atlantic Time-series Study)
Station located in the low-productivity region
of the Atlantic Ocean. The Sea of Galilee is a
simple case where the entire photic zone, and
thus all gross production, is confined to the
mixed layer of about 10 m depth. The spatial
distribution of O, and A ;;_; in the mixed layer
is uniform and the residence time of O, is
about 5 days. The results for the Sea of
Galilee (Table 1) show the expected seasonal
cycle with higher productivity in spring and
summer, and are in excellent agreement with
the estimates obtained from bottle incuba-
tions with H,'80 spike (). We notice that the
uncertainty in GP(A'70) sharply increases
when A, values in the lake approach the
biological limit of A, . With the exception
of this extreme situation, errors in GP due to
inaccuraciesin A, , A, - and A, are on the
order of about 30%, and are smaller than
errors associated with uncertainties in piston
velocities (/3). Therefore, improvement in
estimation of GP is likely to come mainly
from better knowledge of gas exchange rates,
which can be gained by deliberate tracer ex-
periments (/4).

In the BATS Station, the situation is more
complex because photosynthesis takes place in
both the mixed layer as well as in the underly-
ing thermocline. In Fig. 2, we show the depth
distribution of A, ., temperature, and 30,/Ar
(deviation of the O,/Ar ratio of dissolved gases
from the O,/Ar ratio in air). Variations in 30,/
Ar reflect production and consumption of O,
independent of physical processes affecting O,
concentration (/5). In July, the 80,/Ar had a
maximum at 40 m, corresponding to the typical
subsurface oxygen maximum of the summer
thermocline. As has been noted by Jenkins and
co-workers (/6), this originates from the sea-
sonal net accumulation of photosynthetic O,.
The A, curve also has a maximum in the
summer thermocline, indicating in situ gross O,
production. The maximum A ;,_ is analogous to
the subsurface 30,/Ar maximum—both maxi-

REPORTS

ma are formed from attenuation of vertical mix-
ing caused by density stratification in the ther-
mocline. In November, the mixed layer was
deeper due to cooling and extended down to
60 m. As in July, a A, maximum was present
in the thermocline, but in contrast, there was no
80,/Ar maximum. The pronounced A, , max-
imum indicates continued in situ O, production,
but the relatively low values of 30,/Ar show
that O, uptake was greater than its genera-
tion. Finally, with further cooling in March
the mixed layer extended to a depth below the
photic zone, and in the absence of photosyn-
thesis in the thermocline, the A ... maximum
disappeared.

Initial estimates of GP are given in Table 2.
These estimates are time-integrated rates repre-
senting production in the mixed layer as well as
gains and losses due to vertical mixing with the
underlying thermocline. The residence time of
0O, in the mixed layer is about 2 weeks, and thus
effects of short events of high production are
expected to average out by the lower back-
ground of the entire mixed layer. When the
mixed layer is shallow and the thermocline is
situated in the photic zone, the calculated GP
rates should be considered as minimum values,
because some of the production takes place
below the mixed layer, as is evident in the A ;;
maximum in the thermocline (Fig. 2). This is
probably an ocean-wide phenomenon, because
in addition to BATS, we have observed A ;
maxima in the thermocline in the Red Sea and in
the equatorial Indian Ocean (/7). Conversely,
when deep mixing takes place in winter, the
calculated GP should be considered as maxi-
mum because some of the dissolved O, with
high A in the thermocline is incorporated into
the mixed layer. Over an annual cycle, the win-
ter excess should compensate for the summer
deficit, and an annual integration of the calcu-
lated GP is expected to reliably reflect the true
integrated production in a given area. Lateral
transport has been neglected in this simple one-
dimensional description, but it can be represent-
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Fig. 2. Depth profiles of 80,/Ar (%o versus HLA), temperature (°C), and A, (per meg versus HLA)
in BATS Station near Bermuda. (A) Profiles for 7 July 1998. Note the maxima of 80,/Ar and A ;.
in the summer thermocline. (B) Profiles for 7 November 1998. Note the absence of the 0,/Ar
maximum. (C) Profiles for 23 March 1999. Note the absence of both maxima.

ed in future studies by applying general circula-
tion models.

The trend of seasonal variations of GP in
BATS, with a late winter maximum and a
summer minimum (Table 2), is similar to the
general pattern of productivity observed in oth-
er studies (/8). Annual integrated production
was calculated from the data in Table 2 as 28
mol O, m~2 year™'. The integrated annual C
fixation for the period 1988-94 estimated from
14C incubation experiments ranged from about
9 to 14 mol C m~2 year™! (18). Thus, annual
O, gross production is about two to three times
the estimated annual C fixation. Similar ratios
between O, gross production and C fixation
have been reported in studies based on
direct comparisons of '“C and H,'®0 incu-
bation experiments (/), demonstrating the
capability of the method we report to derive
reliable estimates of gross production. Al-
though more studies are needed in order to
gain a comprehensive global picture, such a
view is now more attainable.
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A Low-Operating-Temperature
Solid Oxide Fuel Cell in
Hydrocarbon-Air Mixtures

Takashi Hibino,'* Atsuko Hashimoto,' Takao Inoue,?
Jun-ichi Tokuno,? Shin-ichiro Yoshida,? Mitsuru Sano?

The performance of a single-chamber solid oxide fuel cell was studied using a
ceria-based solid electrolyte at temperatures below 773 kelvin. Electromotive
forces of ~900 millivolts were generated from the cell in a flowing mixture of
ethane or propane and air, where the solid electrolyte functioned as a purely
ionic conductor. The electrode-reaction resistance was negligibly small in the
total internal resistances of the cell. The resulting peak power density reached
403 and 101 milliwatts per square centimeter at 773 and 623 kelvin, respectively.

Fuel cells are widely viewed as a promising
source of low-emission power generation for
vehicles. There is great controversy over
which fuel should be used. Polymer electro-
lyte fuel cells (PEFCs) exhibit high power
densities at low temperatures (~353 K), but
they require hydrogen as the fuel, which is
impractical in terms of storage and handling.
An external reformer can be used to convert
alcohols and hydrocarbons into hydrogen, but
their portability is inferior. There have been
recent successes with solid oxide fuel cells
(SOFCs), which perform well between 823
and 973 K using methane (/) and n-butane
(2) directly as the fuels. A further reduction in
the operating temperature of SOFCs and an
enhancement in their thermal and mechanical
shock resistance would make this technology
a promising alternative to PEFCs.

A type of fuel cell that consists of only
one gas chamber, where both the anode and
the cathode are exposed to the same mixture
of fuel and air, has been proposed by many
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researchers (3—38). This design is more shock
resistant than conventional fuel cells, both
thermally and mechanically. We have recent-
ly succeeded in applying this single-chamber
cell design to a SOFC constructed from
yttria-stabilized zirconia (YSZ), which is
commonly used as a solid electrolyte in
SOFCs, with a Ni-based anode and a perov-
skite cathode (9). This SOFC, however, must
operate at the high temperature of 1223 K to
achieve sufficient ionic conduction in the sol-
id electrolyte.

Different cation-doped ceria, notably sa-
maria-doped ceria (SDC), have much higher
ionic conduction than YSZ in an oxidizing at-
mosphere, whereas they show n-type semicon-
duction in a reducing atmosphere (10, 11). Be-
cause the resulting electromotive force (EMF)
of the SOFC is lower than the theoretical value,
the SDC electrolyte has so far been regarded as
unsuitable for such applications. However, the
partial pressure of oxygen at the boundary of
the two atmospheres becomes gradually lower
as the operating temperature decreases (/2),
which suggests that the SDC electrolyte can be
used even under fuel cell conditions, provided it
operates at extremely low temperatures. In this
report, we demonstrate a low-temperature
SOFC by combining the advantages of the SDC
electrolyte with the single-chamber cell design.
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The SDC electrolyte we used here was pre-
pared by pressing a commercial ceramic pow-
der, Ce, ,Sm, ,0, 4, (Anan Kasei Co. Ltd.), hy-
drostatically into a pellet at 2 X 10° kg cm™?
and then sintering in air at 1773 K for 10 hours.
After the pellet was cut into a disk (diameter 14
mm, thickness ~1 mm), the SDC disk surface
was polished to a given thickness (0.15 to 0.50
mm) with an abrasive paper. YSZ (8 mol%
yttria) and La, 4Sr, ,Gd, Mg, ,O, (LSGM)
were used as solid electrolytes for com-
parison. Preliminary experiments revealed
that 10 weight % SDC-containing Ni and
Sm,, ;Sr, ;CoO, electrodes best functioned as
the anode and the cathode, respectively.
These pastes were smeared on the opposite
surfaces (area 0.5 cm?) of the SDC disk,
followed by calcining in air at 1223 K for 4
hours. The cell thus fabricated was placed in
an alumina tube (inner and outer diameters 15
and 19 mm, respectively). Methane, ethane,
and propane were mixed with air for each of
the respective concentrations—30 volume %
for methane, 18 volume % for ethane, and 14
volume % for propane—so that the oxidation
would proceed safely without exploding (the
explosive limits of methane, ethane, and pro-
pane in air are 15.0, 12.5, and 9.5 volume %,
respectively). The gas mixture was supplied
to the cell at flow rates of 300 ml min™!
between 623 and 773 K (Fig. 1).

When the single-chamber SOFCs using
SDC, YSZ, and LSGM with a thickness of
0.50 mm were supplied with a mixture of
ethane and air at 773 K, all three cells gen-
erated stable EMFs of ~920 mV, where the

Ni + SDC electrode

Solid

Hyd:o;\:;rbon o electrolyte

Y '
0
0 2

Smg 5Srg 5C003 electrode

Fig. 1. A schematic illustration of single-cham-
ber SOFC in a flowing mixture of hydrocarbon
and air.
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