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efficient completion of the second step, and
that this arrangement allows accumulation of
what would normally be reaction intermedi-
ates. In the case of telomerase RNA, however,
one of these intermediates is the final, pro-
cessed product that functions as part of the
telomerase enzyme. It is therefore the incom-
. plete function of the spliceosome — as meas-
ured by mRNA-production standards — that is
needed for the formation of telomerase RNA.

complex — could control telomerase func-
tion in organisms in which telomerase RNA
follows this processing route. Polyadenylated
and/or longer telomerase-gene transcripts
have been identified in other species, includ-
ing humans®'’, but whether the spliceosome
plays a part in the synthesis of telomeric RNA
in these organisms remains unknown.

A notable insight comes from Box and
colleagues’ observation that the spliceosome

Sophie Bonnal and Juan Valcércel are at the Centre
de Regulacié Gendmica and Universitat Pompeu
Fabra, Barcelona, Spain. Juan Valcércelis also at the
Instituci6 Catalana de Recercai Estudis Avancats,
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Telomerase activity is essential for long-
term cell proliferation — including stem-cell
renewal and cancer-cell immortalization —
and increased telomerase activity can delay
ageing in cancer-resistant mice*®, So it will be
of interest to know whether Box and colleagues’
results®in S. pombe apply to other organisms.

Conceivably, modulation of spliceosome
activity — such as changes in the efficiency of
the second catalytic step and of the release of
splicing intermediates from the spliceosome

can generate the proper 3’ end of telomerase

RNA. It could be that other RNA molecules -

can similarly exploit this incomplete activ-
ity of the spliceosome to generate alternative
transcript ends. If so, the expanding world
of non-coding RNAs, many of which con-
tain introns, could offer a large inventory of
substrates for diversification of the cellular pool
of RNA transcripts, adding to the complexity
of the still largely hidden genetic program of
our genomes'’.
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QUANTUMPHYSICS

Don't look now

Alexei Ourjoumtsev

Before picking up the phone and calling a technician to fix a faulty
microwave oven, there are always a few simple things one should check.
So far, “stop looking at it" has not been part of the checklist.

For people with a special kind of imagination,
microwave oven manuals contain warnings

wave: it builds up and, after a short time (say,
a tenth of a second), its amplitude reaches a
value . Let’s see this again in slow motion.

-_such as “do not use it to dry animals or as a
storage place for books™'. For everyone else, the
daily operation is basic: close the door, set the
time and press the start button. Now, physicists
might be tempted to add “and don't look inside
or it won't work’. Writing in Physical Review
Letters, Bernu et al.? show that the build-up
of a microwave inside a resonator can be
blocked by just ‘watching’ it without absorbing
the wave's energy. The edge of a very strange
quantum world is now one step closer to
everyday life.

Nature states firmly that information has a
price. The lowest, non-négotiable one is set by
quantum physics: measuring something always
disturbs something else. Usually, this distur-
bance goes unnoticed. To detect a microwave,
itis generally converted into an electric current
byan antenna, or into the heat that cooks your
food, so the wave is not only perturbed but
destroyed. But even if you were an outstand-
ing experimentalist and you could measure the
microwave’s intensity at the ultimate quantum
level without absorbing a single photon, you
would still leave your fingerprint by making its
phase completely random. Instead of regular
oscillations, the wave would make a sudden
jump. This is exactly what happened in Bernu
and colleagues’ experiment’.

Start injecting an empty cavity with aresonant

880

First, a small wavelet comes in. At resonance,
it makes an integer number of oscillations dur-
ing a cavity round-trip. Therefore, it remains
in phase with the next incoming wavelet, and
they simply add up. And so on. After 100 milli-
seconds, the wave in the cavity is made of N
identical wavelets, all oscillating in phase with
the same amplitude a/N. In a sense, the intra-
cavity field makes N steps each with alength
@/N in a direction defined by the phase of the
wavelets (Fig. 1a).

However, if one now repeats the same proce-
dure but measures the number of photons after
each wavelet injection, their phases will become
totally random: the field will still ‘walk’ by steps
of a/N, but in completely random directions
(Fig. 1b). As in a usual diffusion phenomenon,
N steps will typically result in an amplitude of
(«/N) x YN = a/vN, so the final intensity will
be only o’/N instead of «”. If measured more
and more often, this attenuation factor 1/N'will
become smaller and smaller, and eventually the
resonator will simply become empty. This so-
called quantum Zeno effect, which prevents a
system from evolving while observed, has been
convincingly demonstrated before, but usually
in conjunction with other quantum effects,
such as Bose-Einstein condensation or quan-
tum tunnelling’®, The object of interest was

© 2008 Macmillan Publishers Limited. All rights reserved

never as simple and classical as the intensity of
a microwave in a cavity.

For Bernu and colleagues, the key to
success was an incredibly good microwave
resonator. Indeed, to measure the exact
number of photons, everything they interact
with must be under absolute control. Photons
must obey two commandments: “You shall
not appear in the resonator unless I send
you’”, and “You shall not leave it before 'm
done with measuring you”. For Bernu et al.
this meant building a cavity in which tightly
confined photons could bounce between two
superconducting mirrors about 1 billion times

cooled to a temperature of 0.8 kelvin to prevent
undesired thermal photons from appearing.
In addition, keeping the cavity on resonance
required its frequency to be stabilized with a
relative precision of about 10", All thisled to
a clear, fivefold microwave-intensity reduc-
tion after a 100-millisecond experimental
sequence of alternating-field injections and
photon counting.

But how can one count photons without
destroying them? In physics, an old trick to
measure a weak signal with low disturbance is
to observe how it affects the motion of a pen-
dulum. Just choose the right one. Back in 1846,
a pendulum the size of a planet (Uranus) was
used to detect Neptune. Five years later, just
next door to the Ecole Normale Supérieure
in Paris, where Bernu and co-workers per-
formed their experiments, Léon Foucault
used a smaller, yet still impressive, pendulum
to demonstrate the rotation of the Earth.

Bernu et al. downsized the pendulum to
the atomic scale. They excited individual
rubidium atoms to ‘Rydberg’ states, making
an electron oscillate between two orbits far
away from the nucleus. These atoms acted as
light-sensitive atomic clocks, the time’ being
given by the phase of their oscillations. When
they were sent across the resonator, the hands
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Beam of
Rydberg
atoms

decay of the microwave’s intensity. In an oven
with a typical power of 1 kilowatt, one micro-
wave photon is lost every 107 seconds, much
too fast to count the photons left inside the
resonator. There is thus no need to rewrite
the user manual. But Bernu and colleagues’
demonstration that the coherent evolution of
a system can be “frozen’ by non-destructive
measurements is a significant step forward
for quantum control. For instance, one could

Intra=cavity Intra=cavity
microwave field microwave field
i v

Figure 1| Non-destructive intensity measurements. a, The build-up of a resonant wave in an empty
cavity corresponds to the consecutive injection of N identical wavelets, all oscillating with the same
amplitude a/N and the same phase ¢. They can be represented by small vectors with alength «/N
and an angle ¢, which respectively define the length and the direction of elementary ‘steps’ made by
the total intra-cavity field. A resonant field ‘walks’ away from zero always in the same direction and
acquires an amplitude & ((«/N) x N) after N steps. b, Bernu et al.” use a beam of rubidium Rydberg
atoms, which act as a light-sensitive atomic clock, to measure non-destructively the number of
photons in the cavity between each wavelet injection. Owing to the quantum back-action of this
measurement, the phases of the wavelets become random. The intra-cavity microwave field
undergoes a random two-dimensional walk, and after N measurements its average amplitude is only
(&/N) x VN'= a/\N. Increasing N decreases this amplitude, and therefore the final intensity of the field.

of these clocks were shifted by the microwave
photons, each photon adding a shift of 45°.
The electronic state of the atoms was meas-
ured outside the cavity by ionizing the most
excited ones, and the electric current created

was amplified to become measurable. This last,
‘destructive’ part of the measurement affected
only the atomic probe, leaving the microwave
photons intact.

TheZeno effect cannot prevent theirreversible

continuouslymodify theway of measuringthe —————

system to bring it into exotic quantum states

that cannot be prepared otherwise. But above
all, this work is one of an impressive series’™,

demonstrating three essential qualities of
Bernu and co-workers: expertise, rigour and
alove of fundamental physics. n
Alexei Ourjoumtsev is at the Max Pianck Institute
for Quantum Optics, Hans-Kopfermann Strasse 1,
Garching D-85748, Germany.
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CIRCADIAN CLOCKS

Tips from the tip of the iceberg

Fred W. Turek

Daily remodelling of histone proteins underlies interactions between
circadian clock genes and metabolic genes. This regulatory mechanism
could be widespread, affecting other physiological processes.

If you monitor the precise daily onset of wheel-
running behaviour in a mouse kept in an envi-
ronment devoid of time cues, you can predict
that, tomorrow, the animal will start running
23.7 hours — not 23.6 hours, not 23.8 hours —
from when it started today. This is because, in
organisms as diverse as bread mould, fruitflies,
mice and humans, a central circadian clock
program coordinates multiple behavioural and
physiological processes, including movement,
sleep and energy balance, on a daily basis,
even when the organism is removed from all
external time cues such as the daily light-dark
cycle. How such circadian processes are regu-
lated at a molecular level has long fascinated
scientists. On page 997 of this issue, Alenghat
et al.' provide a clue: activation of an enzyme
that is involved in chemical modification of
chromatin (complexes of DNA and histone

proteins) is a central point in the regulation of
circadian metabolic processes.

Since the 1970s, studies on the anatomy,
neurobiology and function of the mammalian
circadian clock have focused on a brain region
called the suprachiasmatic nucleus, which
has a central role in regulating most, if not all,
daily behavioural, physiological and cellular
rhythms?. It emerged that numerous canoni-
cal circadian clock genes (such as Clock, Pers,
BMALI and Crys) are expressed in many cen-
tral and peripheral tissues, and that, in vitro,
the molecular clock could regulate the diur-
nal transcription of at least 10% of the genes
in any given tissue®. These findings led to the
realization that the circadian clock is not just
central to the overall temporal regulation of
behaviour and physiology, but that it perhaps
also has a key role in the regulation of many

© 2008 Macmillan Publishers Limited. Al rights reserved

tissues and organs.

Particular attention was paid to how the
molecular circadian clock affects processes
related to energy homeostasis. There were
two main reasons for this. First, mutation of a
key circadian gene, Clock, leads to obesity and
metabolic syndrome — a combination of dis-
orders that increases the risk of diabetes and
heart disease. Second, several genes involved
in metabolism, including those mediating the
formation of fatty tissue and carbohydrate
metabolism (such as Rev-erba, Rora and
Ppara), show reciprocal regulation with core
circadian clock genes®.

Alenghat and colleagues’ results' link these
‘chronometabolic’ molecular interactions to
the cyclic regulation of chromatin through
histone acetylation. They show that a specific
genetic disruption of the interaction between

‘the nuclear receptor co-repressor 1 (Ncor1)

and the chromatin-modifying enzyme his-
tone deacetylase 3 (Hdac3), which is activated
by Ncorl, leads to aberrant regulation of clock
genes and abnormal circadian behaviour.
In turn, the oscillatory expression pattern of
several metabolic genes is disrupted, leading
to alterations in energy balance. The authors
find that mice with loss of function of the
Ncorl-Hdac3 complex are leaner than normal,
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not possible to resolve individual photon
numbers, it can be shown’ that that the sensi-
tivity of the measurement enters the quan-
tum regime when AN is smaller than the
‘shot-noise limit, N2 To go beyond this
‘large number’ situation, experimentalists
have to achieve single-photon resolution

- (that is, AN & “1);"allowing them to watch

individual photons. Such experiments
equire extremely strong coupling between—

- -+ woeoeee. the measured ‘signal’ light field and another

A box for a single photon

Philippe Grangier

"'l_he controlled manipulation of indi-
vidual quantum objects, such as
atoms, ions or photons, has developed
considerably in recent years. A ‘billiard ball’
approach to individual atoms has been pop-
ularized by the fantastic landscapes created
and explored using atomic force microscopy
techniques, which exploit the repulsive force
between microscope tip and atomic sample.
But many experiments about the wave
nature of matter, or about the particle nature
of light, remind us that the fundamental
nature of microscopic objects obeys the laws
of quantum mechanics. A single photon
provides the most striking evidence that a
quantum particle is something much more
elusive than abilliard ball. A new experiment
reported on page 239 of this issue’ demon-
strates how to store a single photon, and,
more importantly, how to watch it repeated-
ly.

the measurement process, allowing repeated
measurements to be performed with arbi-
trarily high accuracy.

When the quantity to be monitored is the
number oflight particles —that is, the num-
berof photons—a QND measurement is the
best way to proceed. In the optical domain,
QND experiments have already been used
to explore the ultimate limit on the non-
destructive extraction of information
encoded in a laser beam®’. The relevant
Heisenberg relation is the so-called num-
ber-phase inequality, which sets a lower
limit on the product of the dispersion AN (in
the number of photons, N) and the disper-
sion A¢ (in the phase of the light wave, ¢),
such that ANA¢ = 1/2. In optical QND
experiments, N is a very large number (so
that N AN> 1) and A¢ < 1. Although itis

quantum system, usually called the ‘meter),
which reads out the number of photons
without perturbing the signal.

This challenge has been met by a group
working at the Ecole Normale Supérieure
(ENS) inParis', using the experimental tech-
niques of cavity quantum electrodynamics
(cavity QED). Here the ‘signal’ system is a
microwave field confined within a niobjium
cavity, which is cooled by liquid helium to
make it supraconducting and thereby
increasing the storage time of photons in the
cavityup to onemillisecond. The ‘meter’ sys-
temis made of rubidium atoms that crossthe
cavity one at a time, and therefore pick up
information about thelight field (see Fig. 1).
Ideally, according to the basic requirement
for QND measurements, there should be no
exchange of energy between the signal and
meter. This can be obtained by having the
frequency of light different from that of the
rubidium atomic transition. In this ‘non-
resonant’ situation the exchange of informa-
tion is purely dispersive, that is, the atomic

wavefunction only picks up a phase shift,

As far as the position and momentum of
particles are concerned, Heisenberg’s well-
known ‘uncertainty relation’ claims that
both cannot be known simultaneously with
perfect accuracy. A related idea is that a pre-
cise measurement in the microscopic world
is not possible withoutintroducing a pertur-
bation, or ‘back action) inherent in all
measurements. For example, a very precise
measurement of a particle’s position will
greatly disturb the particle’s momentum and
vice versa. This can be generalized to any pair
of ‘non-compatible’ physical quantities, rep-
resented in quantum language as operators A
and B. Although the precision in a single
measurement of A is not restricted, the large
fluctuations induced in Bwhen measuring A
may eventually couple back to A, which will
then also be perturbed, making it difficult to
perform repeated or continuous measure-
ments. In response to this problem the con-
cept of ‘quantum non-demolition’ (QND)
measurements was introduced in the 1970s,
in which a measurement strategy is chosen
that evadesthe undesirable backaction® The
key issue is to devise a measurement scheme
so that the back-action ‘noise’ is kept entirely
within unwanted observables. The quantity
of interest then remains uncontaminated by

NATURE|VOL 400] 15 JULY 1999 | www.nature.com

Atomic-oven..

-interferometer

Figure 1 How to detect a single photon repeatedly without destroying it. The phot

used by Nog

et al.! are stored in the cavity (red) in the centre of the figure, The ring (yellow) between the two
mirrors is cut open to reveal the inside of the ‘photon-box’. Using lasers, rubidium atoms travelling
along the main arrow are prepared in an appropriate state for interacting with the cavity field. These
atoms (in ‘circular’ Rydberg states) have a very long lifetime, well suited for the experiment. The
velocity selection and pulsed excitation scheme allows the position of each atom to be known. The

Ramsey interferometer (green) is ¢

pled to the inside of the photon box through holes in the ring

(not shown). Combined with the detector (grey) it measures the phase of the atomic wavefunction.
The value of this phase tells you whether the cavity contains zero or one photon.

#2 © 1999 Macmillan Magazines Ltd
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which is proportional to the number of pho-
tons in the cavity. Such a scheme was pro-
posed a few years ago by the ENS group®, but
ithas notbeen implemented yet, because the
fact that the atom—field interaction is non-
resonant makes it very weak. In the present
experiment', a different trick is used: the
interaction is fully resonant and thus much

_the parameters are chosen so thatthis energy
exchange is fully reversible.

To understand how this exchange hap-
pens, we need to look briefly at concepts
developed in the field of cavity QED. To cuta
long story short, cavity QED uses optical or
microwave resonators designed in such a way
that the ‘electric field per photorn’ is extreme-
ly large. Consequently, the coupling rate
between an atom and the field is also very
large, much larger than the dissipative effects
caused by spontaneous emission from the
atom, or the electric field leaking out of the
cavity. So when the atom is within the cavity,
the system can be described by only consid-
ering the coherent coupling between the
atom and the cavity under various condi-
tions. If there is no photon in the cavity,
nothing happens; if there is one photon in
the cavity, it is coherently absorbed and re-
emitted by the atom before it leaves the cavi-
ty. In the latter case, the net energy exchange
is zero, but it can be shown that because of
this ‘Rabi cycle’ a phase shift occurs in the
atomic wavefunction. Finally, if thereis more
than one photon, more Rabi cycles will
occur, but this case can be ignored by the
experimenters.

If one considers only the cases where the
—cavity i imitially ifi 4 arbitfary quantum
superposition, or mixture, of zero-photon
and one-photon states, it is clear that this
set-up will behave in a QND way. The phase
information is extracted from the ‘meter’
atom using an interference effect, which
transforms the phase shift into a detectable
change in the atomic level. In fact, several
schemes have been used by the ENS team":
either a first atom is used to deposit one
photon within the cavity and a second atom
detectsit; or both atoms perform two succes-
sive measurements of a weak initial field,
repeatedly allowing the experimenter to
know whether the cavity contains zero
photons or one photon.

The ENS format' cannot easily be gener-
alized to higher photon numbers (this would
require using the non-resonant interaction
described above), butitis worth pointing out
that the techniques that yield this single-
photon QND measurement may also gener-
ate other interesting effects. The fact that one
photon can significantly shift the atomic
phase is the key to building a quantum logic
gate, suggesting a route to quantum comput-
ing’®. It can be expected that this experiment
will open the way to many other ones, which

will explore further the very peculiar rules
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for writing in and reading out the informa-
tion encoded in quantum objects. |
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M. James Nichols and William T.Newsome . ... .. e

n a sunny, spring morning, an expe-

rienced fisherman furrows his brow

and weighs the merits of one fishing
hole against another further upstream. At
both sites he sees promising signs, and a
novice could not distinguish between the
two. But the veteran knows that, on morn-
ings like this, bigger fish bite more often
upstream — and he selects the upstream
spot.

Like the fisherman we all make countless
day-to-day decisions — selecting restau-
rants, betting in office football pools, buying
used cars, and so on. We base these decisions
not just on current information, but also
on accumulated experience and expecta-
tions about the likelihood and size of
rewards. Experimental evidence indicates
“Large

a  Small - large ™
reward.

‘reward.

that animals also shape their behaviour
based on the expected size and probability of
rewards. Indeed, economists'™, psycholo-
gists™® and ecological biologists™® place
these critical variables at the centre of models
about human and animal decision-making.
Platt and Glimcher (reporting on page
233 of thisissue) ' have nowapplied decision
theory to combined behavioural and neuro-
physiological experiments in rhesus mon-
keys, providing new insights into how deci-
sion variables are represented in the central
nervous system. Despite the importance of
reward expectations in shaping behaviour,
neurophysiologists have largely ignored
them in studies of brain function (but see
Gallistel’). Instead, they have adopted a
framework in which particular patterns of

-, ‘Netronal responses in'lateral iritrap

Figure 1 Assessing neural correlates of decision making, In a simple decision-making task devised by
Platt and Glimcher", a monkey sits facing a viewing screen. On each trial, he first looks at a central
fixation point (yellow cross). Then, two light-emitting diodes (LEDs; yellow circles) are illuminated at
different locations on the viewing screen, one inside the receptive field (white circle) of the neuron
under study; the other outside. After a delay, the fixation point is extinguished and the monkey
receives a juice reward for looking to either of the two LEDs. a, In some blocks of trials, the LED
within the receptive field is associated with a larger reward. b, In other blocks, the same LED is
associated with a smaller reward. c,d, Schematized neuronal responses to the onset of the LED in the
receptive field for the two reward conditions depicted in panels a and b. Vertical hatch marks indicate
action potentials after illumination of the LEDs (vertical arrow). This hypothetical neuron discharges
more vigorously for the same visual stimulus in its receptive field when the stimulus is associated
with a larger juice reward.
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LETTERS

If the atomic frequency is detuned from the cavity mode by 6/2n
with |0 = £, emission and absorption of photons by the probe
atoms are suppressed owing to the adiabatic variation of £(z) when
the atom crosses the gaussian cavity mode (see Methods). The ato
field coupling results in shifts of the atomic and cavity frequenc'ZQ.
The atomic shift depends on the field intensity and thus pr(o ides
QND information on the photon number n. Following a pfoposal
made in refs 14 and 15, our aim is to read this informagion by an
interferometric method and to monitor the jumps.of #hetween 0 and
1 under the effect of thermal fluctuations and relaxatiof: in the cavity.

Before f-nterjngC,ih&atoms,ar,&prepared_in,arsu/po

and gby a classical resonant field in the auxiliary od</1ty R, (see Fig.1). .
During the atom—cavity interaction, this supzpﬁosition accumnulates
a phase @(n,0). The atomic coherence at t} exit of C is probed by
subjecting the atoms to a second classical/yesonant field in R,, before
detecting them in the state-selective coufiter D. The combination of
R;, Rz and D is a Ramsey interferom? r. The probability of detecting
the atom in gis a sine function of tz relative phase of the fields in R,
and R;. This phase is adjusted so that the atom is ideally found in gif
Cisempty (n = 0). The detuni é/ 0/2m is set at 67 kHz, corresponding
to &(1,0) — &(0,06) = m. As;?esult, theatomisfoundin eifn = 1. As
long as the probability offinding more than one photon remains
negligible, e thus codes/for the one-photon state, |1), and g for the
vacuum, |0). The p?obability of finding two photons in a thermal

field at T=0.8K s only 0.3%, and may be neglected in a first
approximation./

We first mphitor the field fluctuations in C. Figure 2a (top trace)
shows a 2.5/s/;aquence of 2,241 detection events, recording the birth,
life and death of a single photon. At first, atoms are predominantly
detectéd in g, showing that C is in |0). A sudden change from gto e
in the detection sequence at ¢ = 1.054s reveals a jump of the field

ton, which disappears

Time (s)
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n
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Figure 2 | Birth, life and death of a photon. a, QND detection of a single
photon. Red and blue bars show the raw signal, a sequence of atoms detected
in e or g, respectively (upper trace). The inset zooms into the region where
the statistics of the detection events suddenly change, revealing the quantum
jump from |0} to |1). The photon number inferred by a majority vote over
eight consecutive atoms is shown in the lower trace, revealing the birth, life
and death of an exceptionally long lived photon. b, Similar signals showing
two successive single photons, separated by a long time interval with cavity
in vacuum.
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at ¢’ = 1.530s. This photon has survived 0.476 s (3.7 cavity lifetimes),
corresponding to a propagation of about 143,000 km between the
cavity mirrors.

The inset in Fig. 2a zooms into the detection sequence between
times t; = 0.87 s and t, = 1.20s, and displays more clearly the indi-
vidual detection events. Imperfections reduce the contrast of the
Ramsey fringes to 78%. There is a pgj; = 13% probability of detecting
an atom in g if n= 1, and a p,jo = 9% probability of finding it in e
if n=0. Such misleading detection events, not correlated to real
photon number jumps, are conspicuous in Fig. 2a and in its inset.

erposition of e To-reduce their influence on-the-inferred-n.value, we-apply-a simple
error correction scheme. For each atom, nis determined by a major-  /

ity vote involving this atom and the previous seven atoms (see
Methods). The probabilities for erroneous n=0 (n=1) photon /
number assignments are reduced below 1.4 X 1072 (25X 1074 {'
respectively per detected atom. The average duration of this meay
surement is 7.8 X 1077 s, that is, To/17. The bottom trace in Fig, 12?1
shows the evolution of the reconstructed photon number. AnotHer

. . A . . 7
field trajectory is presented in Fig. 2b. It displays two single-phgton
events separated by a 2.069 s time interval during which C remains in
vacuum. By probing the field non-destructively in real time, we real-
ize a kind of ‘Maxwell demon’, sorting out the time intervals during
which the thermal fluctuations are vanishing.

Analysing 560 trajectories, we find an average photon /number
1y = 0.063 * 0.005, slightly larger than #; = 0.049 £ 0.004, th¢ thermo-
dynamic value at the cavity mirror temperature, 0.80/ 0.02 K.
Attributing the excess photon noise entirely to a residl;az\ heating of

p

o,

the field by the atomic beam yields an upper bound to fhe emission
rate per atom of 10 %, This demonstrates the efficient slippression of
atomic emission due to the adiabatic variation of the atom—field
coupling, This suppression is a key feature that makes possible many
repetitions of the QND measurement. Methods based on resonant
phase shifts have much larger emission rates, in fe 107! range per
atom’, Non-resonant methods in which the detgCtor is permanently
coupled to the cavity'? have error rates of the !Zder of 2,6 2, and
would require much larger 4/, ratios to bé compatible with the
observation of field quantum jumps.
In a second experiment, we monitor the/decay of a single-photon

‘Fock state prepared at the beginning of edch sequence. We initialize

the field in |0) by first absorbing thermd] photons with ~10 atoms
prepared in g and tuned to resonance with the cavity mode (residual
photon number ~0.003 * 0.003). We then send into the cavity a
single atom in ¢, also resonant with ‘E/ Its interaction time is adjusted
so that it undergoes half a Rabi oscillation, exits in g and leaves C in
[1). The QND probe atoms are th¢n sent across C. Figure 3a shows a
typical single photon trajectory ($ignal inferred by the majority vote)
and Fig. 3b—d presents the avergges of 5, 15 and 904 such trajectories.
The staircase-like feature of single events is progressively smoothed
out into an exponential decay, typical of the evolution of a quantum
average. Z

We have neglected so faf the probability of finding two photons in
C. This is justified, to a good approximation, by the low n, value. A
precise statistical analygis reveals, however, the small probability of
two-photon events, which vanishes only at 0K. When C s in |1}, it
decays towards |0) With the rate (I + no)/T,. This rate combines
spontaneous (1/T{) and thermally stimulated (no/T.) photon
annihilation. Thetmal fluctuations can also drive C into the two-
photon state |2) at the rate 2ny/ T, (the factor of 2 is the square of
the photon crgation operator matrix element between |1) and |2)).
The total esgape rate from |1) is thus (1 + 3ng)/ T, a fraction 2ny/
0.10 of the quantum jumps out of |1} being actually
jumps towards |2).

In thig experiment, the detection does not distinguish between |2)
and |0). The incremental phase shift @(2,5) — &(1,0) is 0.88n for
6/2m /= 67 kHz . The probability of detecting an atom in g when C
is iY|2) is ideally [1 — cos(0.887)]/2 = 0.96, indistinguishable from 1
vy’ hin the experimental errors. Since the probability for n>2 is
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