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God, it seems, plays dice. Randomness lies at
the root of many quantum effects: in the
arrival times of the photons on a detector, for
example; or, if the intensity is such that the
photons cannot be distinguished individually,
in the temporal fluctuations of the current
generated in the detector by those photons. 
In the past two decades, physicists have 
found ways to tame this ‘quantum noise’,
and to master, at least in some instances, the
temporal distribution of photons. 

Two papers now show that it is also pos-
sible to control photons’ spatial distribution.
Writing in Physical Review Letters, Mosset and
colleagues1 provide the first experimental
demonstration of an optical device that ampli-
fies an image without increasing the spatial
distribution of where the photons hit. In a 
contribution to the same journal last year,
Jedrkiewicz et al.2 used a similar device to 
produce two images with photons that are
identically distributed in space.

Because of the quantum nature of light, 
the amplification of an optical signal is not a
simple multiplication of the input signal by the
gain. For very large gains, the signal-to-noise
ratio at the output is a factor of two smaller
than that at the input3. Fortunately, a special
class of amplifiers that is not doomed to
degrade the signal being amplified does exist.
The ‘degenerate parametric amplifier’ is one of
these (Fig. 1a). This amplifier consists of a
crystal that responds in a nonlinear manner
when it is subjected to an intense ‘pump’ beam,
the electric field E of which varies cosinu-
soidally with time t as E= E0cos (� ft). (E0 is the
maximum amplitude of the wave, and f is the
frequency of its oscillation.) An optical input
signal at a frequency f/2 can be amplified while
propagating in this crystal without changing
the signal-to-noise ratio — that is, without
degrading the quality of the information chan-
nel3. The drawback of this type of amplifier
compared with a more conventional one is
that it is ‘phase-sensitive’: only cosinusoidally
varying fields of the form E= E0cos(� ft) are
amplified, whereas sinusoidally varying fields
E= E0sin(� ft) are attenuated. 

The first experimental demonstration of
this ‘noiseless amplification’ was made in 1993
for single-channel signals (those that have a
single frequency and a fixed transverse shape),
such as are used in optical telecommunica-
tions4, and in 1999 for signals of an arbitrary
transverse shape — images5.

The novel aspect of the work of Mosset 

of attention, decision-making and learning. 
It is perhaps in this regard that Yu and

Dayan’s work is most noteworthy. Research 
on the role of neuromodulatory disturbances
in mental disorders has tended to focus on
simple hypotheses concerning static excesses
or deficits of activity in individual neuro-
modulatory systems, with little consideration
of interactions between systems. A more
profound understanding of these dynamics,
and their relationship to cognition and behav-
iour, is crucial if we are to understand how
disruption of these systems contributes to 
the clinical symptoms associated with neuro-
logical and psychiatric disorders, and ulti-
mately, how to design effective treatments.

A future problem will be to bring this theory
into contact with ones that have framed the
question more specifically in terms of the
trade-off between exploration and exploita-
tion, and the maximization of reward (for
instance, theories about reinforcement learn-
ing from neuroscience and utility maximiza-
tion from economics). The theory also needs
to address the high temporal specificity of
neuromodulatory systems, which can show
rapid phasic responses following task-relevant
events (within 100–200 ms), and which may
have an immediate impact on task perfor-
mance2,6,9–11. Finally, an understanding of the
biophysical and circuit mechanisms by which
acetylcholine and noradrenaline interact to
produce the proposed functions is needed 
to advance this view of neuromodulators in
brain function.

Yu and Dayan’s work is an impressive con-
tribution to the evidence that neuromodula-
tory function is more specific than previously
thought. We can say with some certainty that
their theory represents a particularly promis-
ing direction of research, and that their paper
is a highly rewarding read. ■
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QUANTUM OPTICS

Crystal-clear images
Claude Fabre

Two experiments that use nonlinear crystals to control the spatial
distribution of photons in optical images bring the field of quantum imaging
closer to maturity. Quantum information processing could ultimately benefit.

et al.1 is its emphasis on spatial, rather than
temporal, quantum noise. Spatial quantum
fluctuations appear only in images, not in 
single-channel signals. They are related to the
degree of randomness that exists in the distri-
bution of photons composing a beam of light
carrying an image; this distribution is mea-
sured in the plane transverse to the direction
of propagation. In essence, the authors show
that images are not degraded by additional
spatial quantum fluctuations when they are
amplified by a degenerate parametric amplifier.
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Figure 1 | Parametric amplification of light.
a, Principle of a parametric optical amplifier. The
nonlinear crystal allows energy transfer between
the two optical beams that propagate through it:
the intense pump beam (green) oscillating at
frequency f and the weak input beam (orange)
oscillating at frequency f/2. When the input beam
has a well-defined phase relation with the pump
beam, it is amplified when it propagates in the
crystal. This amplification process is ‘noiseless’ 
— no extra quantum fluctuations are added to the
input signal. The filter behind the crystal blocks
out the pump beam, and the output is recorded on
a charge-coupled device, or CCD. b, An amplified
image recorded on the CCD when the input image
is a single rectangular slit of constant intensity
(lighter area at the centre). Strong spatial
fluctuations between pixels are observed in the
output image, related to the randomness of the
impact positions of the photons making up the
image. By measuring the spatial intensity averages
in the rectangular region inside the solid black
line (3,266 pixels), Mosset and colleagues1 show
that the amplification process does not degrade
the signal-to-noise ratio of the image. The dashed
square shows the projection of edges of the crystal. 
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