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A little repetition

+
Thermal effects  
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Energy per area between plane parallel plates, T  = 0:

Starting point: Lifshitz theory
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Energy per area between plane parallel plates, T  = 0:

Starting point: Lifshitz theory

Kramers Kronig transformation:

Ellipsometric data:
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Energy per area between plane parallel plates, T  = 0:
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Starting point: The Drude/Plasma debate (Casimir puzzle)

Kramers Kronig transformation:

Ellipsometric data:
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Starting point: The Drude/Plasma debate (Casimir puzzle)

Kramers Kronig transformation:

Ellipsometric data:
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Physics?
 Neither of the two models are derived from first principles.

 None of these models can be a description for a real material 
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Dissipation at zero frequency or not?  Drude vs. plasma debate (still)

Physics?

Starting point: The Drude/Plasma debate (Casimir puzzle)

Recent data suggests:  No dissipation for vacuum fluctuations (short distance)!

 Situation at large distance (   5 µm) unclear

Bimonte et al, Phys. Rev. B 93, 184434 (2016)
Banishev et al, PRL 110, 137401 (2013)
Bimonte et al. Universe 7 93 (2021)
Liu et al. Phys. Rev. A 100, 052511(2019)
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But ...
 (DC) Dissipation is a proven concept (e.g. Johnson noise)

 ... captured by the Drude model

Q: Why is this still a topic worth investigating?
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Dissipation at zero frequency or not?  Drude vs. plasma debate (still)

Physics?

Starting point: The Drude/Plasma debate (Casimir puzzle)

Recent data suggests:  No dissipation for vacuum fluctuations (short distance)!

 Situation at large distance (   5 µm) unclear

Bimonte et al, Phys. Rev. B 93, 184434 (2016)
Banishev et al, PRL 110, 137401 (2013)
Bimonte et al. Universe 7 93 (2021)
Liu et al. Phys. Rev. A 100, 052511(2019)

?

plasma frequency

relaxation frequency
(dissipation)

oscillator
terms

+

 Neither of the two models are derived from first principles.

 None of these models can be a description for a real material 

But ...
 (DC) Dissipation is a proven concept (e.g. Johnson noise)

 ... captured by the Drude model

Q: Why is this still a topic worth investigating?

A1: Maybe a test of the fluctuation dissipation theorem
A2: Role of Non-locality
A3: Maybe different responses for propagating and evancescent 
waves?
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Thermal Casimir forces (in thermal equilibrium).

M.. Bordag et al “Advances in the Casimir effect”, 
Oxford Science Publications, (2015).

Include the spectrum of thermal Planck photons T   0

Formal replacement: Matsubara frequencies

free energy

Split into vacuum and thermal contributions: 

Casimir energy at non-zero temperature between parallel plates

vacuum thermal fluctuations



17

Idea 1 (the obvious one)

Thermal Casimir forces and the Casimir Puzzle.
Some ideas on what to measure?

Reviews: Mostepanenko, Universe 7, 84 (2021)
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M.. Bordag et al “Advances in the Casimir effect”, 
Oxford Science Publications, (2015).

plate separation [µm]

Measure the force(pressure) at a ~ 10 µm:

vacuum fluctuations thermal photons

Problem: PC less than 10-7 N/m²

Drude
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Idea 1 (the obvious one)

Thermal Casimir forces and the Casimir Puzzle.
Some ideas on what to measure?

Possible to measure with
parallel plates.

Reviews: Mostepanenko, Universe 7, 84 (2021)
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M.. Bordag et al “Advances in the Casimir effect”, 
Oxford Science Publications, (2015).

plate separation [µm]

Measure the force(pressure) at a ~ 10 µm:

vacuum fluctuations thermal photons

G. Klimchitskaya et al, Symmetry 11, 407 (2019)

Problem: PC less than 10-7 N/m²

Drude
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Idea 2

Casimir forces out of thermal equilibrium

Two half spaces at different temperature

T1

T2

equilibrium pressures

pioneering works:
Antezza et al, PRL 95, 113202 (2005) , PRA 77, 022901 (2008),
  PRL 97, 223203 (2006)
Krüger et al. EPL 95, 21002 (2011)
Bimonte et al, PRA 84, 042503 (2011), PRA 92, 032116 (2015)

Half spaces:

a
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Idea 2

Casimir forces out of thermal equilibrium

Two half spaces at different temperature

T1

T2

equilibrium pressures anti-symmetric term radiation pressure

identical plates: ΔPneq→0

graph data: G. Klimchitskaya, V.M. Mostepanenko, 
and R.I.P. Sedmik, PRA 100, 022511 (2019)

pioneering works:
Antezza et al, PRL 95, 113202 (2005) , PRA 77, 022901 (2008),
  PRL 97, 223203 (2006)
Krüger et al. EPL 95, 21002 (2011)
Bimonte et al, PRA 84, 042503 (2011), PRA 92, 032116 (2015)

Half spaces:
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Dorofeyev, J. Phys. A 31, 4369 (1998)

Antezza et al, PRA 77, 022901 (2008)
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Idea 2

T1

T2

equilibrium pressures

Finite plates

a

T1

anti-symmetric term radiation pressure

identical plates: ΔPneq→0

Two plates at different temperature
One plate in equilibrium with environment

Casimir forces out of thermal equilibrium
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Idea 2
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Antezza et al, PRA 77, 022901 (2008)

attraction repulsion
T1=300 K
T2=500 K

Two plates at different temperature
One plate in equilibrium with environment

graph data: G. Klimchitskaya, V.M. Mostepanenko, 
and R.I.P. Sedmik, PRA 100, 022511 (2019)

Casimir forces out of thermal equilibrium

allows for repulsion, spatially oscillating potentials, bound states, self-propulsion...
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Can we measure these effects?
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How to measure these effects?   
A little orders of magnitude comparison  

AFM-type Micro-machined
oscillators

Torsional
balances

Parallel
plates

Geometry

Object size

Effective Area [cm²]

100 µm 100 µm10 cm 1 cm

Sensitivity [pN]

Theory PFA PFAPFA ~exact

Micro-beam

1 mm

Full Theory

0.01 10-6 10-6 10-5 1

10-310-2 0.1
(target)

1 1
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How to measure these effects?   
A little orders of magnitude comparison  

AFM-type Micro-machined
oscillators

Torsional
balances

Parallel
plates

Geometry

Object size

Effective Area [cm²]

100 µm 100 µm10 cm 1 cm

Sensitivity [pN]

Theory PFA PFAPFA ~exact

Micro-beam

1 mm

Full Theory

0.01 10-6 10-6 10-5 1
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(target)
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1000104 0.1
(target)

100 105[pN/cm²]

Advantage Precision Versatility Precision Geometry Precision
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The CANNEX Setup
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keystone

Euler springs

LVDT

voice coil

pendulum wire

tower

support strut

geophone

core chamber
(cut open)

core

ion getter
pump

Eddy current
dampers

2.
4 
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G
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 fi
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Setup (proof of principle, 2018)

CANNEX overview and isolation system
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Force detection

Principle:

Measure the displacement
or resonance freq. of a spring.

Translators (piezo + stick-slip)

Implementation: upper plate (sensor)

(patents pending)

Custom-fabricated Silicon membrane
Force constant: 0.22±0.02 N/m
Disk area : 1.0834±0.0005 cm²
Waviness(disk) < 15 nm (whole area)
Coating:     10 nm TiW + 65 nm Au
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Force detection

Principle:

Measure the displacement
or resonance freq. of a spring.

Translators (piezo + stick-slip)

Implementation: upper plate (sensor)

Custom-fabricated Silicon membrane
Force constant: 0.22±0.02 N/m
Disk area : 1.0834±0.0005 cm²
Waviness(disk) < 15 nm (whole area)
Coating:     10 nm TiW + 65 nm Au
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Force detection

Principle:

Measure the displacement 
or resonance frequency of a spring.

Implementation lower plate:

Custom-fabricated SiO2 disk
Thickness 6 mm
Disk area     1 cm²
Waviness(disk)    < 18 nm (whole area)
Coating  5 nm Cr + 100 nm Au     

+7.54

nm

-10.87

Translators (piezo + stick-slip)
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Force detection (2018)

Detection
Principle:

Forces Chameleon: pressure modulationForce gradients

Parallelism: tilt modulation +
feedback

Control: Separation: Electrostatic fit V0: feedback
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Force detection concepts

base

lower plate
holder

electric
shield 

(opened)

piezo stage

stick-slip
stage

sensor

sensor
holder

1 cm

Forces Chameleon: pressure modulationForce gradientsDetection
Principle:
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First results (under far from ideal conditions)

Calibrated / Measured Parameters
Parallelism (calibrated): < 200 µrad
Residual electrostatic potential:< 8 µV
Drift < 500 nm/h
Total thermal drift error < 2.5 µm/run 

Separation [µm]
5 10 20 40

1
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N

/m
³]

Lifshitz (incl. dissip.)

Lifshitz (excl. dissip.)

Measurements

hypot. patch force (best fit)

patch force (KPFM)

Sedmik and Brax, J. Phys. Conf. Ser. 1138, 012014 (2018)

Take-home message:

CANNEX works in principle.
Proof of concept successful.
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Updates – a new setup
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Planed technical improvements (core)

P

lower       plate

sensor    plate

k/2 k/2 optical
interferometer

optical fiber

piezo-electric
stage (p.e.s.) p.e.s.p.e.s.
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Si
Au

Au
SiO2
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3x optical
interferometer

optical fiber

optical fiberspiezo-electric
stage (p.e.s.) p.e.s.p.e.s.

Fabry 
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cavity
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Si
Au
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Peltier element

Peltier element

heat pipe

radiator

thermopile
sensor

Pt resistor

thermal shroud

● All-optical sensing for parallelism and frequency shift Less ES background

● Independent thermal controls for both plates Enable ΔT = 10 K 
with < 1mK precision

SiO2
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Planed technical improvements (core)
● All-optical sensing for parallelism and frequency shift Less ES background

● Independent thermal controls for both plates Enable ΔT = 10 K 
with < 1mK precision

● In-situ Ar-Ion cleaning and UV irradiation Reduce surface pot.
 to <0.5 mVRMS

P

Lower       plate

Sensor plate

k/2 k/2

Optical fibers

Optical
fibers

Fabry 
Pérot
cavity

a

Si
Au

Au
SiO2

Peltier element

Peltier element

Heat pipe

Radiator

Thermopile sensor

Pt sensor

Thermal shroud

Piezo stage:
Tilt setting and
fine tuning of a

`Stick-slip' translator stage:
Horiz. plate alignment
and rough setting of a

●pressure
gradient

●tilt
●separation

Measurement of:

●pressure
●extension

Sensor frame

Pt sensor

Ar ion gun Ar+

UV LEDs

zs

Optical
interferometer

Optical
interferometer

Base

Fixed 
reference

cavity

Helical springs
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Planned technical improvements (core) Realization

Cu thermal shroud 

Al heat pipe

Upper heat exchanger
Peltier element

SMF28 fiber
(holder not shown)

Upper plate

4x Peltier element
and Pt sensor
Al Frame holder/
heat pipe

Lower plate

8 cm

3x Peltier
elements

Jewel bearing
Pt sensor

3x SMF28 fibers

Cu heat pipe

Al heat pipe

drift-free
xyz `stick-slip' piezo
range 5 mm

Linear piezo
range 150 µm

Lower
heat exchanger

Al EM shield
with windows
(not shown)
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Planned technical improvements (core) Realization
Numerical simulation using 
actual design and feedback circuits:

Difference between the plates: 10 K

Te
m

pe
ra

tu
re

 [K
]

ΔTmax = 0.4 mK

Sensor plate

ΔTmax = 75.6 mK

Lower plate:

with aluminum cover:
ΔTmax = 2.2 mKGoal: <1 mK difference on each surface
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Planned technical improvements: Vibration isolation

actuator

top GAS stage

fixed reference gantry

intermediate
GAS stage

top pendulum

counter weight

inverted
pendulum

lower pendulum

core chamber

ion-getter
pump

copper bars

geophone

horizontal stabilization

thermal insulation

Eddy current
dampers

2.1 m

outer vacuum chamber

access ports
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Metrology
Considered detailed data and models on all relevant systematic and statistical noise sources
For force measurements and gradient measurements different:

● Seismic: ● Non-linearity (stat.)
● RMS noise in different bandwidths (stat.)
● Direct force noise (stat.)
● Phase noise (stat.)

● Surface deformations: ● Stochastic roughness (stat.)
● large-scale deformations (sys. + stat.)

● Thermal expansion (stat.)
● Changes of the Young's modulus (stat.)

● Residual tilt (stat.) 
● Thermal fluctuations: 

● Mechanical Brownian noise: (stat.) 
● Detector noise (stat. + sys.)
● Phase resolution (PLL) (sys.) 

● Electrostatic surface potentials (sys.) 

● Voltage noise (stat.) 

● Calibration uncertainties (stat.)
 

Total error:

Detection

● Laser stability/Allen deviation (stat.)
 

Details: Sedmik and Pitschmann, Universe, 7(7), 234 (2021)

● Optical path variations (sys.)
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Metrology
Considered detailed data and models on all systematic and statistical noise sources
For force measurements and gradient measurements different:

Targeted sensitivity 1 nN/m² and 1 mN/m³ achievable at >10 µm

At all separations Measurement of the Casimir force at % level

Tilt Thermal variations
Corrugations

Brownian noise
Electrostat. patches VibrationsDetection

Total
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Error contributions: Signals:
Casimir interaction Electrostatic excitation

pressure

Gravitational interaction Target sensitivityPrev.

pressure gradient

Measurement options:

Advantage: N = 1023 amplification factor
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What can be achieved?

First accurate Casimir measurement beyond 10 µm with parallel plates

Cannex is the only experiment that can distinguish all available models

G. Klimchitskaya, V.M. Mostepanenko, R.I.P. Sedmik, and H. Abele, Symmetry, 11(3) 407 (2019)

+ First accurate Casimir measurement out of thermal equilibrium (ΔT = 10 K)
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What can be achieved?
First measurement of non-equilibrium thermal contributions: gradient
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Difficult but possible with SNR ~ 1.8 (plasma)

T1 = 300 K (sensor),  T2 = 310 K (plate)
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Drude

graph data:  G. Klimchitskaya, V.M. Mostepanenko, 
and R.I.P. Sedmik, PRA 100, 022511 (2019)
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What can be achieved?
Measurement of separation-independent radiation pressure
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Clearly possible to measure (SNR ~ 5)

T1 = 300 K (sensor),  T2 = 310 K (plate)

graph data:  G. Klimchitskaya, V.M. Mostepanenko, 
and R.I.P. Sedmik, PRA 100, 022511 (2019)
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What can be achieved?
Exclusion of the Chameleon as dark energy candidate

Adelberger, et al, Prog. Part. Nucl. Phys. 62, 102 (2009)
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pressure modulation

Complete exclusion possible

Effective potential:

Coupling:

Potential:
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What can be achieved?
Limits on the Symmetron as dark energy candidate

Effective potential:

Measurement via vacuum 
pressure modulation

New limits possible
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At                    symmetry spontaneously
broken and acquires 

At                    symmetry restored,
                    no coupling to matter

Sedmik and Pitschmann, Universe 7, 234 (2021)

Coupling:

Potential:
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What can be achieved?
Limits on the Dilaton as dark energy candidate

Effective potential:

Measurement via vacuum 
pressure modulation

New limits possible

Coupling:

Potential:

0 5 10 15 25 30 35
graph by Hauke Fischer

Fischer et al. submitted.

20
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What can be achieved?
Improved limits on Axion-nucleon (scalar-pseudoscalar) interactions
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G. Klimchitskaya, V.M. Mostepanenko, R.I.P. Sedmik, and H. Abele, Symmetry, 11(3) 407 (2019)

force measurements force gradient measurements
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What can be achieved?
Improved limits on Yukawa interactions
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Conclusion

● CANNEX is about to become 
the first metrological plane parallel plate Casimir experiment

● The proof of principle was successful 
(though solvable technical problems encountered)

● Setup is being rebuilt with many enhancements

● First setup to detect force and force gradient in one measurement
Interfacial and Cavendish configuration possible.

● CANNEX will allow to measure:
● Casimir forces at large separations (>10 µm)
● Thermal effects
● Dark matter and dark energy “fifth” forces
● Gravity
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