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Squeezing the most
out of photons

Science relies on precise measurements. But how precise can a measurement be in princi-
ple? A new experiment shows a surprising new limit, together with a way around that limit.

Improvements in the ability to perform precise measure-
ments have always laid the conditions for revolutionary
inventions and discoveries. At the beginning of the 17%
century, the improvement of telescopes led to the endorse-
ment of the heliocentric model, which was a key element
in the following scientific revolution. A few years later, the
improvement of the microscope permitted the Dutch scien-
tist van Leeuwenhoek to observe and describe single-celled
organisms, paving the way for a whole new research field.

These days, our technology is mature enough that for
some measurements the limit is no longer set by engineer-
ing constraints, like the lens quality, but by fundamental
limits, limits set by the quantum behavior of nature itself.
In a novel experiment, University of Toronto researchers
Krister Shalm, Rob Adamson and Aephraim Steinberg have
reached one of the most fundamental quantum limits, the
Heisenberg limit. Their experiment sheds new light on the
nature of squeezing and on the deep connection between
squeezing and entanglement.

The Heisenberg uncertainty principle limits the preci-
sion with which complementary physical properties can
be measured simultaneously. The more precise a measure-
ment of a certain property is, the less precise will be the
one of the complementary property — just like squeezing
a balloon filled with water in one direction makes it auto-
matically expand in the other.

When only the precision of one variable is important,
while the uncertainty of the complementary one does not
matter, the uncertainty of the first variable can be squeezed
as hard as possible to get a very precise measurement of
this property. Therefore, many recent experiments aim at
a maximum amount of squeezing, implicitly assuming that
there is no fundamental squeezing limit.

Generally speaking, the uncertainty decreases when more
photons are used in the measurement. For classical states
the uncertainty scales with 1/VN, where N is the number of
photons. Squeezed states can in principle improve this scal-
ing to 1/N, which is known as the Heisenberg limit. So far,
in all experiments, the squeezed light consisted of millions
of billions of photons (10%) and was far from the Heisen-
berg limit.

In the experiment by Shalm and coworkers, a squeezed
state made out of only three photons was created. Shalm
explains: “In our experiment, we studied the different di-
rections that the electric field of light can oscillate as it
moves through space. The direction the light field oscil-
lates is known as its polarization, and different polariza-
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Figure |: Over-squeezing. After a certain point, the
squeezing does not improve the measurement anymore,
but the opposite happens and more squeezing results in
an increased uncertainty. The orange area on the surface
of the sphere represents the polarization of the three-
photon state. If the uncertainty for the polarization in
one direction is squeezed hard, the uncertainty in the
other direction wraps around the sphere. Image Credit:
Krister Shalm.

tion directions are complementary to one another.” With
this polarization squeezed state they were able to reach the
Heisenberg limit. “While state of the art squeezing experi-
ments are still far away from the Heisenberg limit, in our
experiment, we are able to squeeze right to the quantum
limit in uncertainty. For us, this is easier because we only
need to deal with three photons and have complete control
over them.” Their result is quite surprising: after a certain
point, the squeezing does not improve the measurement
anymore, but the opposite happens and more squeezing re-
sults in an increased uncertainty. It can be imagined that
the balloon lies on a sphere and when the squeezing is hard
enough, the other direction expands so far that it wraps
around the sphere, a situation which Shalm and coworkers
have termed over-squeezing.
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But this is not the end of the story. Luckily, the research
group led by Prof. Aephraim Steinberg found a way around
this limit by taking advantage of another quantum prop-
erty: entanglement. Entangled photons are photons that
have lost part of their individuality and have to be treated in
some sense as a single particle. The three photons in their
experiment were entangled in their polarizations and there-
fore they showed collective behavior. When the photons
were measured with detectors sensitive to single photons,
the correlations between the photons were revealed giving
more information and the measurement could be improved
even further.

Geoff J. Pryde from Griffith University in Brisbane, an
expert in the field of quantum measurements, explains:
“These results make the link between squeezed states and
multi-photon entangled states, which are often seen as two
very different things. It is pointed out that really they are
just two different regimes and in a system with only three
photons there is not much difference between the regimes.”
This new method could be used to improve a variety of mea-
surements. “The advantage of the produced states,” Pryde
adds, “is that they can obtain the maximum advantage for a
given number of photons. In principle, the precision of mea-
surements could be increased by a factor of VN, where N is
the number of photons.” For three photons this substantial
improvement is still smaller than in squeezing experiments
using a large number of photons, but the potential is huge
and possible applications include better clocks and sensi-
tive gravity wave detectors.

For most applications the number of entangled photons
had to be scaled up to one thousand or more, which is con-
sidered a very difficult task in current systems. But if this

could be achieved, the method would be directly applicable
to “several low light applications where precision measure-
ments are important,” as Shalm says, e.g. in biomedical ap-
plications. “If you are only able to use thousand photons to
image a sensitive cell so you do not destroy it or change its
response, you would want to use those thousand photons in
the most intelligent manner possible.” The challenge there-
fore remains to make entangled states with more than a few
particles. This might be easier in non-optical systems, like
systems consisting of ions or molecules, but also in these
systems it is currently very difficult to get more than a few
particles entangled.

For other applications the number of entangled particles
would have to be increased even more. Shalm is optimistic
that with new advances in material science, even this could
be possible in the far future. “If this can be achieved, then
the field of precision measurements will undergo a minor
revolution. Suddenly our apparatuses will become much
more sensitive. Just as van Leeuwenhoek ushered in a new
era for biology when he developed a microscope powerful
enough to explore the astonishing world of microscopic or-
ganisms, our improved measurement apparatus will open
up new realms of science to explore.”
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