
conclude that there is evidence, but not proof, that the mid-latitude
sources are associated with the Gould belt.

The third EGRET catalogue will be the best data set in high-
energy g-ray astronomy for years to come. (This is because the spark
chamber gas in the EGRET instrument is almost completely used
up.) With these data we have evidence that the unidenti®ed high-
energy g-ray sources are made up of two separate populations.
There must be distinctly different types of objects that make up the
two groups. The bright sources are in the Galactic plane and
therefore at large (kiloparsec) distances, whereas the weak sources
are off the plane and presumably at the 100±400-pc distances of the
Gould belt. This implies that the luminosities of the mid-latitude
sources are much lower than those of the sources in the Galactic
plane. The luminosity difference is of the order of a factor of 3 (for
the brightest difference) times 25 (for the square of the distance
difference): a total of a factor of ,75.

What kinds of sources are likely to be the counterparts of the mid-
latitude objects if they are truly in the Gould belt? Objects that are
known to be, or thought likely to be, high-energy g-ray emitters
include molecular clouds18 (cosmic rays interacting with the
enhanced gas concentrations in the clouds to produce g-ray
enhancements in the sky), supernova remnants19±22 (cosmic rays
accelerated in the supernova explosion interacting with gas in the
vicinity to produce g rays), massive stars21,22 (g rays produced in the
out¯owing winds from the stars) and pulsars10,23,24 (g rays produced
in the particle acceleration regions of the pulsar magnetospheres).
Because the Gould belt has an enhanced concentration of massive
stars and molecular gas concentrations, we speculate that the g rays
from the mid-latitude sources are produced in these two types of
objects. This hypothesis will be tested in 2005 with the launch of
the GLAST mission25. Its high sensitivity and improved angular
resolution relative to EGRET will allow unique counterparts to be
found for the individual unidenti®ed sources. M
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The creation of a photon±atom bound state was ®rst envisaged for
the case of an atom in a long-lived excited state inside a high-
quality microwave cavity1,2. In practice, however, light forces in
the microwave domain are insuf®cient to support an atom against
gravity. Although optical photons can provide forces of the
required magnitude, atomic decay rates and cavity losses are
larger too, and so the atom±cavity system must be continually
excited by an external laser3,4. Such an approach also permits
continuous observation of the atom's position, by monitoring the
light transmitted through the cavity5±9. The dual role of photons
in this system distinguishes it from other single-atom experi-
ments such as those using magneto-optical traps10±12, ion traps13,14

or a far-off-resonance optical trap15. Here we report high-®nesse
optical cavity experiments in which the change in transmission
induced by a single slow atom approaching the cavity triggers an
external feedback switch which traps the atom in a light ®eld
containing about one photon on average. The oscillatory motion
of the trapped atom induces oscillations in the transmitted light
intensity; we attribute periodic structure in intensity-correlation-
function data to `long-distance' ¯ights of the atom between
different anti-nodes of the standing-wave in the cavity. The
system should facilitate investigations of the dynamics of single
quantum objects and may ®nd future applications in quantum
information processing.

The interaction of a single two-level atom with a single mode of
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Figure 1 Atom±cavity system. a, Ground state and the ®rst excited states of the atom±

cavity system as a function of the atom's position in a gaussian mode. The dressed states

|-i and |+i are linear combinations of the uncoupled states, with coef®cients that depend

on ­. The arrows indicate the frequencies of the atom (qa), the cavity (qc) and the

laser (ql). The cavity transmission is high if ql is close to one of the dressed states.

b, Experimental set-up. Atoms are launched by an atomic fountain towards the high-

®nesse cavity. An acousto-optic modulator (AOM) triggered by the presence of an atom in

the cavity increases the light intensity.
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the electromagnetic ®eld is well described by the Jaynes±Cummings
model16. The dipole interaction couples the atom and the cavity
®eld, leading to new (dressed) energy eigenstates that are combina-
tions of the bare atom and cavity states. The frequency difference,
­ �

����������������������������
¢2

� 4g2
0w�r�

2
p

, between the two dressed states containing
one quantum of excitation is determined by the atom±cavity
detuning, ¢ = qc ± qa, the cavity-®eld mode function, w(r), and
the atom±®eld coupling constant at an antinode, g0, where w�r� � 1
by de®nition. Figure 1a displays the dressed energy levels as a
function of position for a gaussian mode pro®le. The pump laser
induces transitions between these states with a rate given by the laser
intensity, its frequency, ql, and the atom's position, r. The excitation
probability determines the cavity transmission and, hence, allows us
to observe the atomic motion. Indeed, the transmitted light is a
direct measure for the strength of the atom±®eld coupling. The
dipole force on the atom, created by the exchange of a photon
between the atom and the cavity ®eld, is given by the negative
gradient of the energy of the dressed state, |+i or |-i, multiplied by
the excitation probability. The energy minimum of state |-i, in
particular, facilitates three-dimensional atom trapping in the centre
of the cavity. In addition to this conservative force, a velocity-
dependent force and momentum diffusion induced by spontaneous
emission and dipole ¯uctuations are important. For a weak pump
laser, analytical expressions exist for these forces17,18, all con®rmed in
a recent experiment where the oscillatory motion of atoms channel-
ling through the nodes or antinodes of a standing-wave cavity ®eld
containing less than one photon on average was analysed in detail4.
For larger excitation, more states than just the ground state and the
®rst two excited states must be taken into account. In that case no
analytical solutions for the forces are available and the system's
master equation must be solved numerically. Experimentally, cool-
ing and three-dimensional mechanical binding of atoms has not
been observed in this system, so far.

We emphasize that the quantum character of the cavity ®eld, that
is, its granular nature with associated ¯uctuations in the number of
photons, does not affect the steady-state dipole force and velocity-

dependent force. It does, however, increase the momentum diffu-
sion compared to that in a coherent light ®eld18. The reason is the
back action of the atom on the cavity ®eld, which is not found, for
example, in a far-off-resonance dipole trap15.

The experimental set-up is shown in Fig. 1b. A pulsed atomic
fountain launches laser-cooled rubidium (85Rb) atoms towards a
high-®nesse cavity. The ¯ux of atoms is kept so low that at most one
atom resides in the cavity at any time. The atoms are optically
pumped into the F = 3, mF = 3 Zeeman sublevel of the 52S1/2 ground
state and the spin orientation is maintained by a small magnetic bias
®eld. The cavity has a ®nesse of ,4.3 ´ 105 and a length of 116 mm,
which is actively stabilized, with the exception of the measuring
interval of a few milliseconds, during which an atom can be present
in the cavity. The cavity ®eld is pumped by a circularly polarized
TEM00-mode laser beam, near resonant with the 52S1/2, F = 3 $
52P3/2, F = 4 transition of the atom at a wavelength of l = 780 nm.
The intensity and the frequency of this light is controlled by an
acousto-optic modulator. The cavity mode function is
w�r� � cos�2pz=l�exp�2 �x2 � y2�=w2

0�, with waist w0 = 29 mm
and the z-axis horizontal. The light transmitted through the
cavity is focused onto a single-photon counting detector with a
quantum ef®ciency of 60%. An additional laser beam resonant with
the 52S1/2, F = 2 $ 52P3/2, F = 3 transition of 85Rb is injected into the
gap between the cavity mirrors. It re-pumps the atom from the
uncoupled 52S1/2, F = 2 ground state, which would otherwise be
populated owing to non-perfect circular polarization of the light in
the cavity during the long observation times realized in the experi-
ment. The atom±®eld coupling constant, g0 = 2p ´ 16 MHz, atomic
dipole decay rate, g = 2p ´ 3 MHz, and cavity ®eld decay rate, k = 2p
´ 1.4 MHz, determine the dimensionless parameters describing the
physics of our system: the saturation photon number g2/2g2

0 = 1/57
and the critical atom number 2gk/g2

0 = 1/30. The potential depth for
an atom trapped at an antinode of a red-detuned single-photon
®eld is limited to ~g0, corresponding to a temperature of 0.8 mK.

To facilitate atom trapping, we ®rst set the atomic fountain to
inject very slow atoms (,20 cm s-1) into the cavity. Figure 2a
displays a transmission signal in the case where we passively observe
an atom passing through the cavity. The transit time of this atom
amounts to 0.12 ms, consistent with the known entrance velocity.
Now we turn on our feedback switch which triggers, at time t = 0,
when an atom is detected in the cavity, increasing the intensity of the
laser light impinging on the cavity within 20 ms. This increase of the
potential barrier compensates the kinetic energy of the atom.
Figure 2b shows a record of the power transmitted through the
cavity in a successful event. The atom that triggered the feedback
switch in Fig. 2b remains in the cavity for as long as 0.4 ms. After 1.1
ms, the laser power is switched back to its original value. This allows
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t = 0, the feedback switch triggers an eight-fold increase of the pump power, as is

indicated by the dashed line. As a result, the atom causing the trigger remains in the cavity

for about 0.4 ms. The pump is switched back to its original value after 1.1 ms. c, Same as

in b, but now with twice the light power and a measurement interval of 3 ms. The atom

stays in the cavity for 1.7 ms. The detunings are (¢a, ¢c) = 2p ´ (±45, ±5) MHz.

d, Normalized coupling |w| of the atom as inferred from the data in c.
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us to check the length stability of the resonator. The rare events with
large resonator drifts are ®ltered out and discarded.

Demonstration of trapping requires direct evidence for a restor-
ing force, indicated, for example, by an oscillatory motion of the
atom. For this purpose, we must examine the transmission signal in
more detail. A higher photon ¯ux facilitates this. We therefore
slightly increase the laser power in the experiments described below.
Figure 2c shows an example where, for a laser intensity twice as
large, the atom remains in the cavity for as long as 1.7 ms. This signal
is now used to investigate the motion of this particular atom.

As mentioned in the introduction, a transit signal like that in
Fig. 2c can directly be mapped onto a time-dependent atom±®eld
coupling. The result is shown in Fig. 2d, where the normalized
coupling, |w|, is plotted, providing the ®rst information about the
trajectory of this particular atom. More physical insight into the
atomic motion can be obtained by comparing the experimental data
with the results of a numerical simulation. Atomic trajectories are
calculated using a quantum-jump Monte Carlo (QJMC)
simulation19,20. In this simulation, the atom and the light ®eld are
treated quantum mechanically, whereas the motion of the atom is
still treated classically. Gravity is neglected, because the optical
forces are much larger, even in the weakly con®ning radial direction.
A QJMC simulation is a stochastic solution of the system's master
equation, in which the evolution of the quantum state describing
the system is computed by combining the coherent evolution with
quantum jumps that simulate the spontaneous loss of an excitation
out of the system.

Figure 3 shows a result of the QJMC simulation calculated for the
parameters of Fig. 2c. Plotted in Fig. 3a are the atom's distance from
the cavity axis, r(t), and the corresponding mean number of
photons in the cavity, hni. In this particular simulation, the atom
remains trapped for 1.4 ms. During this time interval, the atom
oscillates in the radial direction with a period of about 250 ms and an
amplitude of about w0/2. The oscillations in the mean photon
number clearly correlate with the radial excursions of the atom.
From this we conclude that the oscillations observed in the experi-
ment, characterized by the same period and similar intensity
changes, are direct evidence for the radial oscillation of the atom.
In particular, the transmission is large or small for an atom close to
or far away from the cavity axis, respectively.

Figure 3b displays the atomic motion projected onto the xy-plane
perpendicular to the cavity axis. The atom enters from below, makes
a diffusive motion around the cavity axis, and leaves towards the
upper left. We note that the atom's angular momentum changes
because of random momentum kicks associated with spontaneous

emission events. In the xy-plane, because of the cylindrical sym-
metry, only the distance to the cavity axis enters the atom±®eld
coupling. It is therefore not possible to reconstruct the full three-
dimensional trajectory of the atom from our experimental data.

We now study motion along the cavity axis. The strong con®ne-
ment of the atom to regions of length l/2 in the axial direction leads
to a fast oscillation of the atom with a period of typically a few
microseconds. These oscillations, reported in ref. 4, are not visible
on the timescale of Fig. 3c. Apart from these oscillations, the atom
sometimes escapes from an antinode. This is attributable to dipole
¯uctuations heating the atom, as mentioned in the introduction. It
then hops over a few nodes, is cooled by the friction force and is
®nally recaptured in another antinode17,18.

Experimental evidence for these `long-distance' ¯ights comes
from the fourth-order intensity-correlation function of the trans-
mitted light, g(4)(e,t,e), determined from a time-resolved record of
the photon-arrival times. This record is used to calculate a second-
order intensity-autocorrelation function of events de®ned by pairs
of photons separated by only a short time interval of less than e =
150 ns, discarding isolated photons. As in ref. 4, corrections were
made to take into account the ®nite observation window. Our
method of correlating photon pairs enhances intensity ¯uctuations
because the probability of ®nding a photon pair scales with the
square of the light intensity. A typical result from a section, 20 ms in
length, of the transit signal from Fig. 2c centred at time t = 1.51 ms is
displayed in Fig. 4a. These data are now compared with the results of
our QJMC simulation, were the atomic trajectory is known.
Analysing only a section where the atom moves across several
antinodes, as indicated in Fig. 4c, gives the result plotted in
Fig. 4b. Both the experimental curve and the simulated curve
show a similar periodic modulation. If, in contrast, a section from
the simulation with the atom oscillating around an antinode is
analysed, hardly any periodic structure is visible. From this we
conclude that the periodic modulation in Fig. 4a is direct evidence
for the atom moving along the cavity axis.

Based on our detailed understanding of atomic motion, we
conclude that atoms with transmission signals like those in Fig.
2b and c are actually trapped in a light ®eld containing one or two
photons on average, respectively. When we average over all events
where the feedback switch triggered, we ®nd, by ®tting an expo-
nential decay curve, an average trapping time of t = 0.25 6 0.05 ms.
The same result is found from the QJMC simulation. The trapping
time is limited by spontaneous emission kicks causing the atom to
escape in the radial direction. This might be prevented by applying
feedback-based cooling schemes21. One expects quantum aspects in
the atomic motion if the atom becomes so cold that a wave
description is necessary. It might even be possible to cool the
atom into the quantum-mechanical ground state of the optical
potential. From the continuous observation of a localized atomic
wave packet by means of a quantized light ®eld and the back action
resulting from the measurement, new insights into the dynamical
behaviour of an individual quantum object can be obtained. More-
over, a single particle trapped in a high-®nesse cavity has applica-
tions in the rapidly growing ®eld of quantum communication. For
example, it should allow the transmission of quantum bits between
distant cavities22, to build arbitrary states of the electromagnetic
®eld23, or to generate a bit stream of single-mode photons24,25. M
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Quantum information processing offers potentially great advan-
tages over classical information processing, both for ef®cient
algorithms1,2 and for secure communication3,4. Therefore, it is
important to establish that scalable control of a large number of
quantum bits (qubits) can be achieved in practice. There are a
rapidly growing number of proposed device technologies5±11 for
quantum information processing. Of these technologies, those
exploiting nuclear magnetic resonance (NMR) have been the ®rst
to demonstrate non-trivial quantum algorithms with small num-
bers of qubits12±16. To compare different physical realizations of
quantum information processors, it is necessary to establish
benchmark experiments that are independent of the underlying
physical system, and that demonstrate reliable and coherent
control of a reasonable number of qubits. Here we report an

experimental realization of an algorithmic benchmark using an
NMR technique that involves coherent manipulation of seven
qubits. Moreover, our experimental procedure can be used as a
reliable and ef®cient method for creating a standard pseudopure
state, the ®rst step for implementing traditional quantum algo-
rithms in liquid state NMR systems. The benchmark and the
techniques can be adapted for use with other proposed quantum
devices.

In NMR experiments the qubits are given by coupled spin-half
nuclei in a molecule9,10. A large number of identical molecules are
dissolved in a liquid and used as an ensemble of quantum registers.
Control is by radio frequency (r.f.) pulses. The initial state is the
thermal state and the readout is an ensemble measurement using
standard NMR methods. By preparing pseudopure states, it is
possible to benchmark quantum algorithms involving up to about
ten qubits to determine how reliable the available control methods
are. There have been numerous NMR experiments implementing
various quantum algorithms12±15. The benchmark proposed and
implemented here with seven nuclei requires generating a `cat state'
and then decoding it to the standard initial state. For qubits
implemented by spins, the standard initial state has all spins
down. The cat state consists of an equal superposition of two
states: one with all spins up and the other with all spins down.
The cat state is among the most fragile states that are used by
quantum computers. A high ®delity realization of our benchmark
therefore demonstrates excellent coherent control over the system of
qubits.

To simplify the discussion, we use a three-qubit example of the
cat-state benchmark. We use deviation density matrices17 for
describing states of the nuclei. This means that states are described
by the traceless part of the density matrix up to an overall scale. The
thermal equilibrium state of a molecule with one proton (H) and
two 13C nuclei (C1 and C2) at high ®eld in a liquid is given by
mHj�H�

z � mCj
�C1�
z � mCj

�C2�
z , with mH and mC the nuclear magnetic

moments. The standard Pauli matrices are used as an operator basis,
and superscripts on operators refer to the nucleus the operator acts
on. The cat-state benchmark for this system begins by eliminating
signal from the carbon nuclei to obtain the initial state j(H)

z . Next, a
sequence of quantum gates18 is used to achieve the state j�H�

y j�C1�
y j�C2�

z

(Fig. 1), which is a sum of several coherences19. In particular, it
contains the three coherence j000ih111j � j111ih000j, which is the
deviation density matrix for the cat state �j000i � j111i�=

���
2

p
(where
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Figure 1 Quantum networks for the cat-state benchmark. a, Encoding of the deviation

matrix jzII into jyjyjx by using a cascade of one-qubit rotations �Ry �90�� and two-qubit

operations (vertical bars) given by J-coupling gates. A J-coupling gate is given by the

unitary operator e 2 ijzjz p=4. A three coherence j000ih111j � j111ih000j is contained in

the output which can be labelled using a magnetic gradient or phase cycling. b, Decoding

the coherence to a pseudopure state is accomplished by a similar inverse cascade. The

output state is jx|00ih00|. Both networks generalize by extending the cascade to more

qubits.
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