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Th C i i Eff t A F t f N thi C i i d C ll id E i t l M tThe Casimir Effect: A Force out of Nothing Casimir and Colloids Experimental MeasurementsThe Casimir Effect: A Force out of Nothing Casimir and Colloids Experimental MeasurementsThe Casimir Effect:  A Force out of Nothing Casimir and Colloids Experimental Measurements g p

f th C i i FIn 1948 D tch ph sicist Hendrik Casimir predicted the e istence of of the Casimir Force• In 1948 Dutch physicist Hendrik Casimir predicted the existence of of the Casimir ForceIn 1948, Dutch physicist Hendrik Casimir predicted the existence of of the Casimir Force
an attracti e force bet een t o s rfaces in a ac m hile orking• Classically a vacuum is a zero temperature an attractive force between two surfaces in a vacuum while working• Classically, a vacuum is a zero-temperature an attractive force between two surfaces in a vacuum while workingy, p
on colloidal sol tions at the Philips Research Laboratories inenvironment which contains no particles In short on colloidal solutions at the Philips Research Laboratories inenvironment which contains no particles. In short, on colloidal solutions at the Philips Research Laboratories in

The first meas rement of the Casimir effect as taken b Marc s Spaarnap ,
Eindho en • The first measurement of the Casimir effect was taken by Marcus Spaarnaythere is no energy or matter in a classical vacuum Eindhoven The first measurement of the Casimir effect was taken by Marcus Spaarnaythere is no energy or matter in a classical vacuum. Eindhoven.

in 1958 He sed t o flat metallic mirrors b t d e to the diffic lt of makinggy in 1958 He used two flat metallic mirrors but due to the difficulty of making
f

in 1958. He used two flat metallic mirrors, but, due to the difficulty of making
I Q t M h i b f th t i t • A colloid is a type of mixture where one substance is dispersed plates perfectl parallel his meas rements had an error of o er 100%• In Quantum Mechanics because of the uncertainty • A colloid is a type of mixture where one substance is dispersed plates perfectly parallel his measurements had an error of over 100%In Quantum Mechanics, because of the uncertainty yp p

S
plates perfectly parallel, his measurements had an error of over 100%.

i i l th i evenly through another Some common examples are milk paintprinciple the energy even in a vacuum can never evenly through another. Some common examples are milk, paint,
S f fprinciple, the energy, even in a vacuum, can never y g p , p ,

• In 1997 Steve Lamoureux of the University of Washington was able tob F l t t t th gelatin and mayonnaise • In 1997, Steve Lamoureux of the University of Washington was able tobe zero For example at zero temperature the gelatin, and mayonnaise. , y g
C fbe zero. For example, at zero temperature, the g , y

measure the Casimir force between a sphere and a plate using a torsioni i f th t h i ill t measure the Casimir force between a sphere and a plate using a torsionminimum energy of the quantum harmonic oscillator The properties of colloidal sol tions are e plained b Frit London
p p g
f %minimum energy of the quantum harmonic oscillator • The properties of colloidal solutions are explained by Fritz-London pendulum to an unprecedented accuracy of 5%!i t ( fi t i ht)

The properties of colloidal solutions are explained by Fritz London pendulum to an unprecedented accuracy of 5%!is not zero (see figure to right) forces long range attracti e forces bet een molec les Ho e er
p p yis not zero (see figure to right). forces; long-range attractive forces between molecules Howeverforces; long range, attractive forces between molecules. However,

Inspired b Lamo re ’s s ccess in 1998these did not properl e plain the meas rements obtained from • Inspired by Lamoureux’s success in 1998• When boundaries are present in a vacuum as these did not properly explain the measurements obtained from Inspired by Lamoureux s success, in 1998• When boundaries are present in a vacuum, as these did not properly explain the measurements obtained from
Umar Mohideen and Anushree Roy of thep ,

e periments on colloids Umar Mohideen and Anushree Roy of thein two metal plates the vacuum energy is altered experiments on colloids Umar Mohideen and Anushree Roy of thein two metal plates, the vacuum energy is altered experiments on colloids.
University of California at Riverside attached ap , gy University of California at Riverside attached a

and leads to a Casimir force C
U e s y o Ca o a a e s de a ac ed a
200 i t h t th ti f t iand leads to a Casimir force. • Casimir and his associate Dirk Polder discovered that the 200-micrometer sphere to the tip of an atomic• Casimir and his associate, Dirk Polder, discovered that the 200-micrometer sphere to the tip of an atomic, , p p
f i t it tt ti tI f t H d ik C i i di t d th t th f interaction between two neutral molecules in a colloidal solution force microscope to measure its attraction to a• In fact Hendrik Casimir predicted that the force interaction between two neutral molecules in a colloidal solution force microscope to measure its attraction to aIn fact, Hendrik Casimir predicted that the force The Quantum Harmonic oscillator f f f metallic disk The Casimir force wasb t t f tl fl ti l t i The Quantum Harmonic oscillator.  could be explained if the finite speed of light was taken into account metallic disk. The Casimir force wasbetween two perfectly reflecting plates in a vacuum N t th t th d i t

could be explained if the finite speed of light was taken into account. metallic disk. The Casimir force was
d i hi 1% f h dbetween two perfectly reflecting plates in a vacuum Note that the ground energy is not

p p g
measured to within 1% of the expectedld b ti l t th f th l t d t

Note that the ground energy is not measured to within 1% of the expectedwould be proportional to the area of the plates and to zero This res lt co ld be e plained in terms of ac m fl ct ations and
p

th ti l l !would be proportional to the area of the plates and to zero. • This result could be explained in terms of vacuum fluctuations and theoretical value!
th i f th di t t th 4th t d i

This result could be explained in terms of vacuum fluctuations, and theoretical value!
the inverse of the distance to the 4th exponent and is 1 Casimir ondered hat o ld happen if t o reflecting plates (insteadthe inverse of the distance to the 4th exponent, and is 1 Casimir wondered what would happen if two reflecting plates (instead F th i t h b d hi hbl l f l f i ! E 1

h
Casimir wondered what would happen if two reflecting plates (instead • Further experiments have been done whichmeasurable on a scale of only a few microns! E0 = hω of t o molec les) ere facing each other in a ac m Th s as • Further experiments have been done whichmeasurable on a scale of only a few microns! E0 2

hω of two molecules) were facing each other in a vacuum Thus was p
th f b t t ld l t d0 2 of two molecules) were facing each other in a vacuum. Thus was measure the force between two gold-plated  2

born the prediction of the Casimir Force! measure the force between two gold-platedborn the prediction of the Casimir Force! g p
li d t bl b Th Ed th hi hborn the prediction of the Casimir Force! cylinders notably by Thomas Ederth which∂E cylinders, notably by Thomas Ederth, which∂E

also have an accuracy of 1%F =
∂E

also have an accuracy of 1%.F = − also have an accuracy of 1%.
∂d∂d

Th s the Casimir force is meas rable ith2 • Thus, the Casimir force is measurable with
h 2A

Thus, the Casimir force is measurable with
hcπ 2A great accuracy!F hcπ A great accuracy! Mohideen & Roy’s experiment measuring theF = − 4

great accuracy! Mohideen & Roy’s experiment measuring theF
240d4 Mohideen & Roy s experiment measuring the 
240d4

attraction between a sphere and a disk  240d attraction between a sphere and a disk 
The forceThe force 

b t tbetween twobetween two 
parallel mirrors 6parallel mirrors 6
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p
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Casimir s parallel plates in a vacuum The Casimir Pistonp p in a vacuum The Casimir PistonHendrik Casimir The Casimir PistonHendrik Casimir Some common examples of colloidal solutionsSome common examples of colloidal solutionsp

Th C i i i t t h i t ti l i t• The Casimir piston geometry has a piston separating a volume into an• The Casimir piston geometry has a piston separating a volume into anp g y p p g
i t i i d t i i i ff B d W4 interior region and an exterior region as in a coffee press or Bodum We4 interior region and an exterior region, as in a coffee press or Bodum. We54 g g p

l l t th f th C i i i t i l di b th i Th lt5
A li ti Mi hi C l l i h C i i F calculate the force on the Casimir piston including both regions The novelty5
Application: Micromachines Calculating the Casimir Force calculate the force on the Casimir piston including both regions. The noveltyApplication: Micromachines Calculating the Casimir Force p g g y

f thi t i th t th t ib ti f th t i i i t k i tApplication: Micromachines Calculating the Casimir Force of this geometry is that the contribution of the exterior region is taken intopp g of this geometry is that the contribution of the exterior region is taken intog y g
t i t t t i k• Since the Casimir force is the strongest force between two objects at distances account in contrast to previous works• Since the Casimir force is the strongest force between two objects at distances Th fl t ti hi h th C i i f b

account, in contrast to previous works.Since the Casimir force is the strongest force between two objects at distances • The vacuum fluctuations which cause the Casimir force can be
p

less than a micrometer it will have a serious effect on microelectromechanical
The vacuum fluctuations which cause the Casimir force can be

less than a micrometer, it will have a serious effect on microelectromechanical th ht f f t h i ill t ith diff t • We found that the piston is always attracted to the base in Region Iless than a micrometer, it will have a serious effect on microelectromechanical thought of as a sum of quantum harmonic oscillators with different • We found that the piston is always attracted to the base in Region I.
systems (MEMS)

thought of as a sum of quantum harmonic oscillators with different p y g
systems (MEMS). f isystems (MEMS). frequenciesfrequencies.

MEMS i i d d i ith i t d h i l l t h• MEMS are micron-sized devices with moving parts and mechanical elements such Th C i i f i d t t bl h th b d i i th• MEMS are micron-sized devices with moving parts and mechanical elements, such • The Casimir force is detectable when there are boundaries in theg p ,
d i d i t ili b t t Th h ibl

• The Casimir force is detectable when there are boundaries in the
as gears and engines carved into a silicon substrate They have many possible h i f ll l ias gears and engines carved into a silicon substrate. They have many possible vacuum such as a pair of parallel mirrorsg g y y p

li ti i i i di i d i
vacuum, such as a pair of parallel mirrors.

applications in engineering medicine and science
p p

applications in engineering, medicine, and science.
W th l l t th C i i b bt ti th

pp g g, ,
• We can thus calculate the Casimir energy by subtracting theWe can thus calculate the Casimir energy by subtracting the

• The Casimir force could hinder MEMS because it could cause the tiny elements in
gy y g

i th ith t b d i f th• The Casimir force could hinder MEMS because it could cause the tiny elements in energy in the vacuum without boundaries from the vacuum energyThe Casimir force could hinder MEMS because it could cause the tiny elements in energy in the vacuum without boundaries from the vacuum energy
the device to stick together

gy gy
ith b d i ∞the device to stick together. with boundaries h ∞

∑ hπ ∫
the device to stick together. with boundaries.
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• However it can also be exploited if the magnitude of the force can be controlled It With boundaries: Without boundaries:2 1

∑
2d 0∫• However, it can also be exploited if the magnitude of the force can be controlled. It 2 n=1   2d, p g
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has been demonstrated by Umar Mohideen and his colleagues that materials with Th bl i th t th lti f i diff fhas been demonstrated by Umar Mohideen and his colleagues that materials with • The problem is that the resulting force is a difference ofy g
hi h h i d iti bj t t hi h C i i f th th ith

• The problem is that the resulting force is a difference of
higher charge-carrier densities are subject to higher Casimir forces than those with

p g
i fi iti H d d l ith thi ?higher charge-carrier densities are subject to higher Casimir forces than those with infinities How do we deal with this?g g j g

l h i d iti Th it ld b ibl t i l t l th
infinities. How do we deal with this?

lower charge-carrier densities Thus it could be possible to precisely control the • In two dimensions the Casimir force in a piston geometry is given by:lower charge-carrier densities. Thus, it could be possible to precisely control the
S l ti J t lik X th h b di l k th t • In two dimensions, the Casimir force in a piston geometry is given by:g , p p y

C i i f b dj ti th d ti ti f th t i l d! • Solution: Just like X-rays go through our bodies we also know that In two dimensions, the Casimir force in a piston geometry is given by:
Casimir force by adjusting the conducting properties of the materials used! • Solution: Just like X-rays go through our bodies, we also know that

⎛ ⎞⎡ ⎤Casimir force by adjusting the conducting properties of the materials used! y g g
hi h f i l k t f th l t W th f dd t ff ∂E bζ (3) ζ (3) b b⎛ ⎞ ∞∞⎡ ⎤ y j g g p p
high frequencies leak out of the plates We therefore add a cutoff ∂E bζ (3) π ζ (3) πb 2 b⎛ 
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Some examples of “regularized” answer   
Some examples of regularized answer.Some examples of g

W l l l t d th f i t i th di i l tnπmicromachines E l • We also calculated the force on a piston in a three-dimensional geometry asω nπmicromachines.  • Example: We also calculated the force on a piston in a three dimensional geometry, asω =
To the left a linear

Example: p g y
i th B d b ll li i th t h i t d di i

ωn dTo the left, a linear
p

in the Bodum above as well as generalizing the technique to d-dimensionsd cutoff functionTo the left, a linear in the Bodum above, as well as generalizing the technique to d dimensions.d cutoff function
rack and to the

g g q
Th t th t it’ ibl t l l t th C i i F irack, and to the That means that it’s possible to calculate the Casimir Force in any

right a single
That means that it s possible to calculate the Casimir Force in any

right, a single-
p y

di i !h ∞right, a single dimension!h λ∑piston microsteam dimension!E h ω −λωn∑piston microsteam E = ω e λωn∑engine
E =

2
ωne∑engine. 2 n∑engine.
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  An example of waves in the vacuum I would like to thank Dr Ariel Edery for his guidance throughout thisLaboratories An example of waves in the vacuum I would like to thank Dr. Ariel Edery for his guidance throughout this Laboratories
di The regularized energy formulafield It can be approximated as a y g g

mems.sandia.gov The regularized energy formula.field.  It can be approximated as a 
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standing wave between two barriers research.standing wave between two barriers. research.standing wave between two barriers.


