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The Casimir Effect: A Force out of Nothing

 Classically, a vacuum Is a zero-temperature
environment which contains no particles. In short,
there Is no energy or matter in a classical vacuum.

* In Quantum Mechanics, because of the uncertainty
principle, the energy, even in a vacuum, can never
be zero. For example, at zero temperature, the
minimum energy of the quantum harmonic oscillator
IS not zero (see figure to right).

« When boundaries are present in a vacuum, as
In two metal plates, the vacuum energy Is altered
and leads to a Casimir force.

Xp = ﬂ
The Quantum Harmonic oscillator.
Note that the ground energy Is not

e |[n fact, Hendrik Casimir predicted that the force
between two perfectly reflecting plates in a vacuum

would be proportional to the area of the plates and to z7ero.
the inverse of the distance to the 4th exponent, and Is 1
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Hendrik Casimir

Application: Micromachines

e Since the Casimir force Is the strongest force between two objects at distances
less than a micrometer, it will have a serious effect on microelectromechanical
systems (MEMS).

« MEMS are micron-sized devices with moving parts and mechanical elements, such
as gears and engines carved into a silicon substrate. They have many possible
applications in engineering, medicine, and science.

 The Casimir force could hinder MEMS because it could cause the tiny elements In
the device to stick together.

« However, it can also be exploited if the magnitude of the force can be controlled. It
has been demonstrated by Umar Mohideen and his colleagues that materials with
higher charge-carrier densities are subject to higher Casimir forces than those with
lower charge-carrier densities. Thus, it could be possible to precisely control the
Casimir force by adjusting the conducting properties of the materials used!

Some examples of
micromachines.
To the left, a linear
rack, and to the
right, a single-
piston microsteam
engine.
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Casimir and Colloids

e In 1948, Dutch physicist Hendrik Casimir predicted the existence of
an attractive force between two surfaces in a vacuum while working
on colloidal solutions at the Philips Research Laboratories In
Eindhoven.

A colloid Is a type of mixture where one substance is dispersed
evenly through another. Some common examples are milk, paint,
gelatin, and mayonnaise.

 The properties of colloidal solutions are explained by Fritz-London
forces; long-range, attractive forces between molecules. However,
these did not properly explain the measurements obtained from
experiments on colloids.

e Casimir and his associate, Dirk Polder, discovered that the
Interaction between two neutral molecules In a colloidal solution
could be explained if the finite speed of light was taken into account.

* This result could be explained Iin terms of vacuum fluctuations, and
Casimir wondered what would happen if two reflecting plates (instead
of two molecules) were facing each other in a vacuum. Thus was
born the prediction of the Casimir Force!
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Experimental Measurements
of the Casimir Force

 The first measurement of the Casimir effect was taken by Marcus Spaarnay
In 1958. He used two flat metallic mirrors, but, due to the difficulty of making
plates perfectly parallel, his measurements had an error of over 100%.

e In 1997, Steve Lamoureux of the University of Washington was able to
measure the Casimir force between a sphere and a plate using a torsion
pendulum to an unprecedented accuracy of 5%!

photodiodes

* [nspired by Lamoureux’s success, in 1998 aser

Umar Mohideen and Anushree Roy of the
University of California at Riverside attached a
200-micrometer sphere to the tip of an atomic
force microscope to measure its attraction to a
metallic disk. The Casimir force was
measured to within 1% of the expected
theoretical value!

cantilever

* Further experiments have been done which

measure the force between two gold-plated
cylinders, notably by Thomas Ederth, which
also have an accuracy of 1%.

e Thus, the Casimir force is measurable with

great accuracy! Mohideen & Roy’s experiment measuring the
attraction between a sphere and a disk

Calculating the Casimir Force

« The vacuum fluctuations which cause the Casimir force can be
thought of as a sum of quantum harmonic oscillators with different
frequencies.

e The Casimir force Is detectable when there are boundaries In the
vacuum, such as a pair of parallel mirrors.

« We can thus calculate the Casimir energy by subtracting the
energy Iin the vacuum without boundaries from the vacuum energy

with boundaries. 7~ A [
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« The problem iIs that the resulting force Is a difference of
infinities. How do we deal with this?

o Solution: Just like X-rays go through our bodies, we also know that
high frequencies leak out of the plates. We therefore add a cutoff
function, which damps out the high frequencies. This leads to a finite

“reqularized” answer.
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An example of waves In the vacuum

fleld. It can be approximated as a The regularized energy formula.

standing wave between two barriers.

The Casimir Piston

e The Casimir piston geometry has a piston separating a volume into an
Interior region and an exterior region, as In a coffee press or Bodum. We
calculate the force on the Casimir piston including both regions. The novelty
of this geometry Is that the contribution of the exterior region Is taken into
account, In contrast to previous works.

 We found that the piston Is always attracted to the base in Region I.

* In two dimensions, the Casimir force in a piston geometry is given by:
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 We also calculated the force on a piston in a three-dimensional geometry, as
In the Bodum above, as well as generalizing the technique to d-dimensions.
That means that it’'s possible to calculate the Casimir Force Iin any
dimension!
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research.




