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Introduction

There are strong cosmological evidences [1, 2] that the universe is experiencing an
accelerated expansion. However, according to general relativity [3, 4, 5], if the universe
is made of ordinary matter and radiation, the two known components of the universe,
then it should collapse due to gravity. This mismatch could be explained by two
alternative scenarios, either of which would profoundly affect our understanding of the
universe. The first scenario is that general relativity does not hold at the cosmological
scale; it must be modified or replaced with a different theory of gravity. The second
is that much of the energy of the universe, approximately 69% 1 , consists of a new
form of energy that gives rise to an overall negative pressure. This energy, which is
dubbed as Dark Energy, could be responsible for the observed accelerating expansion
of the universe. For a detailed study of the different approaches to explain the cosmic
acceleration, see [7, 8, 9, 10].
In recent years, scalar fields have been widely investigated as an interesting candidate
for the cause of the accelerated expansion. Despite the rich framework of these
theories, they face substantial limits when confronted with terrestrial experiments
of gravity, inverse law, equivalence principle, and fifth force. The results of these
experiments suggest that any newly proposed scalar field must either be weaker than
the detection limits of the experiments reported so far or have a sort of screening
mechanism that allows the field to evade the experimental tests.
In 2004, Khoury and Weltman [11] proposed a scalar field, named the Chameleon
field, with a screening mechanism. The name of the theory stems from the idea that
this peculiar field can adapt to its surrounding. More precisely, the mass of the field’s
associated particle depends on the density of the surrounding matter. The field’s
potential couples to matter by the an extra term:
1

Estimated value for the Dark Energy from 2015 Planck results. Planck mission is space observatory operated by ESA [6]
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Vef f (φ) = V (φ) + ρ eβ φ/Mpl
where ρ is the local density of matter, β is a coupling parameter, φ is the chameleon
field value, and Mpl is the Planck mass. Even though V (φ) can take many different
forms, throughout this thesis, we will limit our analysis to Ratra-Peebles potentials
of the form V (φ) = Λ0 (1 + Λn /φn ) [12], where Λ0 = 2.4 × 10−12 GeV is the energy
density leading to the observed acceleration of the Universe and Λ is a constant of
the order of Λ0 . This choice is in line with the vast majority of the literature.
On cosmological scales, across vacuum, the Chameleon field provides the negative
pressure needed to justify the expansion observed. However, if Chameleon particles
exist, they should generate an additional force between massive objects that should
have been observed in terrestrial experiments. However, it is important to note that,
because of the form of the Chameleon potential, the field produces a force that depends not only on the distance between the interacting objects and the density of
the intervening medium, but also on the mass of the interacting objects themselves.
Objects with large masses (such as, for instance, thick macroscopic slabs) actually
suppress the Chameleon interaction – a phenomenon known as thin shell effect. For
this kind of objects, in fact, the Chameleon field is constant everywhere inside the
object except for a narrow region close to the surface. Since the force is the gradient of the potential, it is only this narrow region that will contribute to the force.
Experiments reported so far mostly use test masses that suppress the Chameleon
interaction via the thin shell effect. In addition to that, some experiments make use
of a metallic screen positioned between the two interacting objects as an expedient
to screen electrostatic forces. This electrostatic screen further decreases the strength
of the Chameleon interaction. Therefore, all previous terrestrial experiments can not
set stringent limits on the parameters that describe the Chameleon particle (β and
n). It is thus worth asking whether it be possible to design an table-top experimental
setup that could test the Chameleon theory in the absence of thin shell effects and
electrostatic screens.
Experimental approaches and current constraint
For the past decade, there has been a growing interest in investigating and testing
Chameleon interactions. The current constraints on the theory come either from
reanalysing existing data from past precision measurements such as gravity related
experiments [13, 14, 15], fifth force tests [16, 17, 18] and Casimir force measurements [19, 20, 21], or from specialized Chameleon experiments such as the GammeV CHameleon Afterglow SEarch (CHASE) [22], Gravity Resonance Spectroscopy
measurements of ultracold neutrons (GRS) [23], Atom-Interferometry experiments
at Berkeley (AIB) [24], Chameleon searches via radio astronomy [25, 26], neutron
interferometry experiments at ILL [27] or similar experiments by the INDEX collaboration [28].
This section presents an overview of the available parameter space for future
Chameleon experiments. The analysis focuses on the latest constraints on the cou-
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pling parameter β and the Ratra-Peebles index n. Figure 1.1 shows the limits from
GRS, neutron interferometry and AIB.
The limit from GRS is the result of measured quantum state of neutrons bouncing
from the surface of a flat neutron mirror. Since neutrons due to their size do not have
the thin shell effect, the Chameleon field is not suppressed. Therefore, the disturbance
of the Chameleon field near the surface of the mirror can affect the wavefunction, and
the value of the bound state energies, as well as the relative phase of the coherent
superpositions of the gravitational bound states of neutrons. The results exclude the
Chameleon interaction for values of β > 5.8 × 108 for 1 < n < 10.
Neutron interferometry experiments cover parts of the parameter space of the
Chameleon interaction with β > 4.7 × 106 for n = 1 and β > 2.4 × 106 for n = 6.
It has been shown [29] that a neutron Lloyd’s interferometer can be used to obtain
the phase shift of the wavefunction of cold neutrons. The idea used in [27, 28] is
to have two arms of interferometer passing from two different gas cell with different
pressures. Therefore, neutrons passing through two arms would experience different
Chameleon field due to different density in the each cell. The interference signal can
thus set a limit on the strength of the Chameleon interaction.
The AIB experiment [24] holds the strongest limits on the Chameleon parameter.
The idea behind this experiment is to measure gravitational acceleration of trapped
atoms and search for a deviation due to the modulated density caused by a sinusoidal
approach of a spherical aluminum block to the trapped atoms. This experiment places
an upper bound on the coupling parameter β at 105 for 1 < n < 10.
The green area of Fig.1.1 further represents the lower bound from fifth force
experiments, which have been obtained by considering nonlinear effects of the density
of test masses on the Chameleon field profile.
This thesis presents an experimental effort to test the Chameleon theory based
on a proposal by D. Iannuzzi and his collaborators in 2010 [30]. This novel approach
exploits the offered peculiarity of the Chameleon theory – density dependency of the
Chameleon field, to test its existence in a semi-table top experiment. The thesis is organized as follows: chapter two will introduce the idea and the motivation behind our
experiment. In short, we would implement an experiment, in which the background
density of the environment is varied from ultrahigh vacuum to ambient pressure to
test the Chameleon interaction between two plates kept parallel at separation of a few
micrometers. Chapter three presents the experimental apparatus, which was designed
and implemented over the past five years. In chapter four the design, fabrication and
characterization of a novel force sensor will be outlined. Chapter five discusses and
discloses the performances of an anti-vibration isolation stage, which is used to remove external disturbances. In chapter six the results of the preliminary tests of the
setup are presented. In chapter seven, a new experimental approach is presented,
which is meant to tackle some of the obstacles that we came across while testing the
first setup. Finally, in the last chapter, a summary of our work along with a list of
solved and remaining milestones are outlined, as a concussion to this thesis.
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Neutron gravity resonance

Neutron
interferometry
Atom interferometry

5th Force tests

Figure 1.1: Limits on the parameter β as a function of the parameter n defining the
Chameleon potential (see Eqn. (2.6)), 5th force tests (green area), and direct searches
(blue area).

2

Motivation and idea behind Cannex

The goal of this thesis is to design and test the first generation of a table-top experimental setup that, measuring the force between two plates kept parallel at close
separation, could set new limits on the existence of the Chameleon particle. As it will
be explained later, the setup also adapts well to Casimir force experiments that may
finally settle a long standing debate about the role of temperature in this interaction
mechanism. For this reason, the apparatus has been dubbed as Cannex (Casimir and
Non-Newtonian experiments).
This chapter describes the original idea that lies behind the experiment and the
motivation that guided us during the design phase, which was building upon our
earlier experience in constructing and operating Casimir setups [31, 32, 33, 34, 35, 36].

2.1

Chameleon particles in Casimir experiments

Most of the high precision and high accuracy Casimir force experiments reported to
date have been performed by measuring the force between a gold coated microscopic
sphere and a conducing plate kept at a separation on the order of 100 nm [37]. So
far, the data collected in those experiments agree with the magnitude of the force
expected from theory. On the basis of the error of the measurement, one can thus
set limits on the existence of other forms of interactions, including those due to
Chameleon particles [38, 39, 40]. These limits are, however, not very stringent. At
the probed separation, in fact, the Chameleon interaction becomes measurable only
for extreme values of the coupling constants. Furthermore, the comparison between
theory and data is reliable only in the absence of systematic errors. Unfortunately,
the calculation of the expected attraction is based on several approximations. In
the original paper of Casimir, in fact, the force was calculated assuming two ideally
conducting (reflectivity = 1 at all frequencies), perfectly flat plates. To calculate
5
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the attraction in the experimental configuration, one must add ad hoc corrections
to account for finite conductivity, surface roughness, and geometry (sphere-to-plate
rather than parallel plates). These corrections often introduce systematic errors in
the theoretical calculation. These details are extremely important to understand the
reason why we design our apparatus from scratch instead of upgrading our Casimir
setups. Improving the sensitivity of the latter would not have allowed us to provide
the scientific community a significant improvement over the existing literature.
Our line of reasoning finds support in a seminal paper published by Brax and his
collaborators in 2007 [39]. In that paper, the authors presented a detailed study on
the possibility of detecting the Chameleon interaction in Casimir force experiments,
concluding that:
...the new generation of Casimir force measurements have the potential
to increase what is currently known about the nature and origins of dark
energy.
Indeed, the study shows that measuring the force between two plates kept parallel in
vacuum at a separation of approximately 10 to 100 microns with the same precision
and accuracy of the previous experiments, one could exclude a large area in the plot
of Chameleon parameters. At these separations, the Chameleon force, if it exists,
for a reasonable coupling parameter becomes comparable to (or even large than) the
Casimir force. The new experiments, however, must be designed keeping in mind
that the two plates may perturb the Chameleon interaction mechanisms via the thin
shell effect described in the previous chapter. In practical terms, to avoid the thin
shell effect, one can simply choose at least one of the two interacting objects to be a
plate much thinner than the separation between the interacting objects [39].

2.2

From Casimir experiments to Cannex

In 2010, a novel approach to test the Chameleon theory was proposed [30]. The idea is
to monitor the separation between two parallel plates as a function of the pressure of
the gas that they are immersed in. Since the Chameleon interaction at fixed distance
is only a function of the local matter density, one would expect a variation of the
force with changing the background density. As the pressure of the gas increases,
the Chameleon field changes, and so does the strength of the interaction. Therefore,
if one of the two plates is mounted on a spring, it will move to a new mechanical
equilibrium point.
Figure 2.1 illustrates the principle behind the experiment. Two plates form a
parallel plate capacitor, in which the top plate is part of a force sensor that follows
Hooke’s law:
Ftotal = −k ∆d,

(2.1)

where k is the spring constant, and ∆d is the displacement of the spring, which is
measured by a capacitance bridge.

7
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Figure 2.1: An illustration of the principles of Cannex: a thin gold-coated plate
is attached to a set of springs and is placed opposite to another gold-coated plate,
which creates a parallel-plate capacitor inside a vacuum chamber. The readout is
a capacitance bridge that can detect the value of the capacitance between the two
plates.

2.3

Interactions at the micron scale

Electrostatic, Casimir, and hydrodynamic forces are the known interactions that one
must consider in any micrometer-scale experiment. In our experiment, the hydrodynamic force can be neglected. The Cannex experiment, in fact, uses a DC method to
measure interactions between two static surfaces. Hence, the hydrodynamic force will
not play a significant role in the measurements. That means when two surfaces have
negligible movements relative to each other, hydrodynamic force can not create a correlated signal with background density variation in a DC level. The following sections
analyze the strength of the electrostatic and Casimir forces, which are then compared
to what one should expect from a hypothetical Chameleon interaction. To simplify
the discussion, the analysis is limited to the assumptions with which we have designed
our setup, i.e., that we perform measurements between two gold coated parallel plates
with an interaction area of A = 1 cm2 , kept at a separation of d = 10 to d = 20 µm,
using gaseous xenon as intervening medium.

2.3.1

Electrostatic force

In Cannex, the electrostatic force Fes stems from three main contributions: the electrostatic force due to the capacitance bridge, the Volta potential between the two
surfaces V0 , and the patch potential emerging from discontinuity of the Volta potential. The first two terms can be written as:
Fv =

2
A
V0 + Vbr cos( 2πf t )
2
2d

(2.2)
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where  is the absolute permittivity of the intervening medium, and Vbr and f are the
excitation amplitude and frequency of the capacitance bridge detector, respectively,
and Vbias is a DC voltage that we apply between the two plates. The effect of Vbr can
be reduced by decreasing Vbr to the minimum value that still allows one to perform
the measurement, which, in our case, is 100 mVrms . To minimize the force due to V0 ,
a voltage source Vbias is connected in parallel to the plates. Eq. 2.2 thus becomes:
2
A
V0 + Vbias + Vbr cos( 2πf t )
2
2d

A 
2
2
,
=
(V
+
V
)
+
2(V
+
V
)V
cos(2πf
t)
+
(V
cos(2πf
t))
0
bias
0
bias
br
br
2 d2

Fv =

(2.3)

Clearly, setting Vbias = −V0 , one can eliminate the effects of the Volta potential.
V0 can be measured before the start of the measurement by sweeping Vbias from −V
to +V to detect the value of the bias voltage that generates minimum force on the
upper plate (i.e., on the force sensor). Alternatively, it is possible to connect the force
detection system to a lock-in amplifier and measure the amplitude of the signal at
frequency 2f . This signal is proportional to V0 + Vbias , and thus allows one to build
a negative feedback loop to maintain Vbias = −V0 throughout the measurement, as in
Kelvin probe microscopy [41].
Patch effects represents a major hindrance in all surface force experiments, as
they can not be directly compensated for.1 The patches can be created by surface
contaminations, strains in the surfaces, or chemical impurities they might contain.
The force due to patch potentials can be calculated according to [30]:

 2
Z kmax
2σS2
k3
σL
+ 2
,
(2.4)
Fpatch = A
2
2
2d2 kmax
− kmin
kmin sinh (kd)
2
are the variances of the long and the short wavelength components of the
where σL,S
surface potential, and kmin,max = 2π/λmax,min are the short range variations of the
surface potential.
Assuming that Vbias = −V0 , we can now calculate how the electrostatic force influences our measurement. As mentioned above, the minimum voltage we can achieve
without affecting the performance of the bridge is Vbr = 100 mVrms . In vacuum, for
d = 10 µm, this voltage gives rise to a DC force of Fv = 20 × 10−9 N. From Eqn. (2.4),
assuming σL,S = 50mV [46], and following the procedure indicated in [42], we can
further estimate that, in vacuum, the strength of the patch potential interaction between the two plates is Fpatch = 2 × 10−9 N. Therefore, the total electrostatic force
between the plates at the distance of 10 µm is about 22 nN.
It is clear that, by injecting gas into the system, the permittivity of the medium
increases. Subsequently, both Fv and Fpatch increases, causing an extension of the
1

For instance, it is known that patch effects are one of the most relevant limits in Casimir force
experiments [42, 43, 44, 45].
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force sensor to a new equilibrium position 2 . To estimate the magnitude of this
effect, we can first calculate the permittivity of xenon via the Lorentz-Lorenz equation
 = 0 + N α, where α = 4 × 10−40 Fm2 is the atomic polarizability of xenon [47] and
N is the density. Using this method, one can find that the value of ∆ for a pressure
change from 10−9 mbar to ambient pressure is approximately 0.01%, which yields a
linear increase of the electrostatic force of up to ' 2.2 pN.

2.3.2

The Casimir force

In 1948, Hendrik Casimir[48, 49, 50] predicted that, if one places two metallic plates
at a close separation, they will attract each other according to the following equation:
π~c A
,
(2.5)
240 d4
where ~ is the Plank constant, c is the speed of light, A is the surface area, and d
is the distance between the two plates. Although this equation holds only for ideal
metallic plates at zero temperature, it is still sufficiently accurate to estimate the
effect of the Casimir force in our experiment.
Figure 2.2 shows a comparison between the Casimir force calculated according to
eq. 2.5 and the electrostatic force calculated in the previous section. At separations
between 10 µm to 30 µm, the total Casimir force is 3 to 4 orders of magnitude weaker
than the electrostatic force. Because the Casimir force scales, in first approximation
like −1/2 [51], we can conclude that the effect of the electrostatic force will always
overcome that of the Casimir interaction.
T =0
=
FC(||)

2.4

Chameleon interaction and Cannex

In this section3 , the expected Chameleon force between two parallel plates immersed
in a gaseous atmosphere of density ρ is estimated. Note that the used equation is
adopted from reference [39, 30]. In this estimation, we have focused on the Chameleon
potential Vφ the Ratra-Peebles form:
Vφ = Λ4 +

Λ4+n
,
φn

(2.6)

where φ is the Chameleon field, and Λ ' 2.4 × 10−12 GeV is chosen to match the
cosmological constant associated with dark energy. The couplings of φ to all other
matter fields [11] lead to an effective potential Vef f (φ) = V (φ)+ρeβφ/Mpl , where β and
Mpl are the (common) coupling constant and the reduced Planck mass, respectively.
Interestingly, Vef f has a local minimum φ0 , which yields a definition of a mass m2φ =
∂φφ Vef f (φ)|φ0 depending on ρ. As it has been shown in detail in [39], the equation of
2

We assume that the injection of gas in the chamber does not affect the patch potentials at the
surface of interacting plates.
3
This section is partially adopted from our published paper at Physical Review D [52]
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10 -4
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Casimir force T = 0 o K
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Figure 2.2: The comparison between the electrostatic and the Casimir force is presented in a loglog graph. The blue solid curve is the superior electrostatic force
which is approximately four orders of magnitude stronger than the Casimir force,
represented by the black dashed curve.

motion for φ can be solved for a parallel plate geometry. Denoting by mb and φb the
mass and the field in the space between the plates, respectively, this solution can be
written as an implicit relation between distance and field,
√
Z
2(z)(1+p)/2 1
xp−1 dx
p
(2.7)
d=
mb
hp−1 (x) − zhp (x)
0
 1/p

with z = φφ0b
, p = (1 + n)−1 , and hp (x) = (1 − xp )/p.
Using 2.7 one can then find from the gradient of Vef f (φ) an expression for the
Chameleon pressure,
Fφ (d, ρ)
n + 1 Λ4+n 1−p
=
z
[h1−p (z) − zh−p (z)] ,
A
n
φnb

(2.8)

between the plates. Fφ (d, ρ) decreases with the local density ρ, while the electrostatic
and the Casimir forces increase. This qualitative difference can be utilized to identify
possible contributions of Chameleon effects to the total measured force in the experi-
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ment. The amplitude ∆Fφ = Fφ (d, ρ1 ) − Fφ (d, ρ2 ) of the difference in the Chameleon
force for two densities ρ1 6= ρ2 depends directly on the value of the parameter β. As
proposed in [30], such a variation in ρ could be achieved by immersing the plates in
a gas of different pressures P . Hence, in a measurement of ∆Fφ for different P , one
could either see Chameleonic effects, or set an upper limit for the coupling constant
β, based on the force resolution of the experiment. The following Fig. 2.3, printed
from [30], represents an estimated change in the Chameleon interaction between two
plates at a distance of 30 µm as a function of the change in the pressure of xenon
inside a vacuum vessel. The solid line represents the change of the electrostatic force
between the plates, and the different symbols depict different coupling parameters β.

Figure 2.3: Printed from [30], the graph shows the estimated change in the Chameleon
interaction between the parallel plates at a distance of 30 µm as a function of the
change in the pressure of xenon inside a vacuum chamber for n = 4. The solid line
represent the change of the electrostatic force between the plates, and the different
symbols depict the different coupling parameters β.

2.4.1

Preliminary Chameleon force estimations

This section presents numerical calculations of the dependency of the Chameleon interaction to β, d, and n. By using Eqn. (2.8) one can calculate variations of the
Chameleon force due to modifications of the background density. The initial parameters used for this numerical calculation is presented in table 2.1. Our goal is to vary
the pressure of the chamber with injecting xenon from 10−5 mbar to the atmospheric
pressure. We know that the molar mass of xenon is Mmol = 131.29 g/mol, and
this allows one to calculate the gas density ρi for each pressure Pi via the following
formula:
ρi =

Pi Mmol
,
RT

(2.9)
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where R is the gas constant, and T is the temperature of the gas. Hence, the background density varies from 4.9554 g/cm3 to 4.9554 × 10−11 g/cm3 at a room temperature of 27 ◦ C.
Table 2.1: Estimated parameters for the initial calculation of the Chameleon force
between the two surfaces at a fixed distance.
parameters
ρ1
values
4.95
units
g/cm3

ρ2
4.95 × 10−11
g/cm3

Molar mass
131.29
g/mol

T
A
300
1
K cm−2

Figure 2.4 shows ∆F as a function of the distance between the two interaction
surfaces for β = 10000, 50000, 100000. ∆F decreases as the distance increases, and
this decline strongly depends on β.
β = 100000

n=5

β = 50000
β = 10000

n = 10
n = 20

Figure 2.4: The change in the Chameleon force as the background density varies
plotted as a function of the distance between the interaction surfaces for a different n
and β. The plot on the left represents the change of the Chameleon force for a fixed
n = 10 and for different β. The graph shows that for a bigger coupling parameter
we have larger force changes. The plot on the right presents the same effect for fixed
β = 105 and different Ratra-Peebles indexes n: the smaller the indexes the bigger the
∆F .

As explained previously, the goal of our experiment is to test the Chameleon
interaction in a DC measurement, in which the background density inside the vacuum
chamber varies. A scanning range of below 10 µm, the large interaction surfaces of
1cm2 , and the absence of the thin shell effect [39] help us avoid the limitations of
previous fifth force experiments in the microscopic domain, such as the electrostatic
shield or the thin shell effect. Figure 2.5 shows current constraints on the coupling
parameter β as a function of the Ratra-Peebles index n for future measurements,
which will be conducted using xenon gas at room temperature for plates separated
by a distance of 10 µm. Assuming that the force sensor has a sensitivity of 1.2 pN, as
we will argue in chapter 4, one can see that our setup could reach the limit β < 1×105
given in Ref. [24]. If the resolution of Cannex eventually reaches 0.3 pN, as expected
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in the future, a further improvement of 2 orders of magnitude could be achieved.
Hypothetically, with a sensitivity of 0.1 pN, one could test the complete range of β,
and therefore, perform an absolute test for the existence of Chameleon interactions.
Using α = 2β 2 and λ = m−1
b in Eqn. (2.7) and Eqn. (2.8), it is possible to express our
limits on β in the form of the familiar α-λ graph for Yukawa type (non-Newtonian)
interactions, leading to the results shown in Fig. 2.6. Note that the Eöt-Wash [14]
and Stanford [17] experiments, despite having a higher sensitivity for general Yukawa
interactions, are not sensitive to Chameleon forces because of the presence of an
electrostatic shield [39].

Neutron gravity resonance

Neutron
interferometry
1.2 pN

0.3 pN

Atom interferometry
Cannex
with sensitivity

5th Force tests

Figure 2.5: Limits on β as a function of the parameter n defining the Chameleon potential in Eqn. (2.6). Dashed lines present upper achievable bounds in our experiment
for the sensitivity levels estimated in this thesis for measurements at d = 10 µm. The
best current limits found in the literature from gravity resonance spectroscopy [23] and
torsion balance fifth force measurements [15] are included for the comparison. The
black stripes represent the latest limits from the atom interferometry experiment [24].
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Cannex
with sensitivity

1.2 pN
0.3 pN

Figure 2.6: Limits on Yukawa-type forces concluded from the estimated levels of
sensitivity for the upcoming Cannex experiment (dashed lines). The shaded area
marks parameter ranges already excluded thanks to the results of experiments by the
Eöt-Wash [14], Stanford [17], Yale [53]. and Tokyo [18] groups. Interested reader can
find a shorter interaction length limits in [54, 55, 56].
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Discussion and conclusion

The Cannex experiment measures the deflection of a force sensor in the presence and
in the absence of a background gas in order to detect the variation of the interacting
forces between two plates kept at a separation of a few µm, and compares the results
to the expected variation of the Chameleon interactions. However, for an experiment
of this kind, one must consider the effect of other interaction mechanisms that may
overcome the change of the force due to the Chameleon field, the most relevant of
which is the electrostatic force. The estimated change for the electrostatic force is
approximately 2.2 pN, which is up to a factor 20 larger than the expected change of
the Chameleon force. It is, however, important to stress that the signature of the
Chameleon force would initially appear as an overall decrease in the force, as opposed
to a force increase emerging from the electrostatic contribution – an important feature
that allows one to set more stringent limits on the parameters that describe the
Chameleon interaction [38, 30].
Taking into consideration the obvious challenges of modulating gas pressure at
high-frequency regimes (f  1 Hz), which could yield a higher force sensitivity, we
decided to conduct a DC experiment. The idea behind the experiment is to pump
down the chamber where the detection plates are placed to a pressure of 10−9 mbar,
and then slowly vary the pressure by allowing xenon in. The major drawback of this
approach has to be searched in the presence of drift in the setup. After introducing
xenon inside the chamber, in fact, there are multiple systematic effects that may
affect the measurement, including distance change or change of the extension of the
force sensor as a result of temperature variations, a drop in the sensitivity of the force
sensor due to the decrease of its mechanical quality factor in the presence of gas, or
the effect of gas flows in the measuring chamber.
As it will become clearer in chapter 4, to increase the signal, we decided to maintain the position of the two interacting objects as close as technically possible, targeting a final separation of 10 µm. Furthermore, we set the area of the sensor to the
maximum value that could guarantee sufficiently flat surfaces (A = 1 cm2 ). Finally,
we opted for the use of a heavy inert gas such as xenon, which yields a larger density
contrast and thus should result in a larger variation of the Chameleon force. Under these circumstances, the estimated change of the Chameleon force for a set of
reasonable coupling parameters is ∆F ≈ 0.1 pN. Since the achievable displacement
precision obtainable with commercial capacitance bridge detectors is 1 pm, we need
to have a transducer with k ≈ 0.1 N/m. More information about this transducer will
be given in chapter 4.
As a final note, it is worth stressing that all of the experiments performed so far
are based on modulating the Chameleon force via a modulation of either distance
or density of the test mass. Cannex is the only experiment that proposed to use a
variation of the background density instead.

3

Experimental apparatus

This chapter discusses the core of our experimental setup (see Fig. 3.1), which is
made out of three main elements: (i) a parallel plate force measurement system, (ii)
a mechanical position adjustment system, and (iii) a thermal control system. The
core is further mounted inside a vacuum chamber via an isolation system that will be
discussed in chapter 5.

3.1

Detection method and related hardware

The top plate of the force measurement system is a mass-spring transducer with three
spiral arms, etched from a 100 µm silicon wafer and coated with a layer of gold on
both sides. This plate has a round disk with a diameter of 11.74 mm at its center.
This design choice, which will be discussed more in depth in the next chapter, was
made to ensure that the sensor has a low spring constant, that it is robust, and that
its vertical mode dominates over the horizontal one. A stainless steel bracket clamps
the force sensor on top of a machined ceramic holder, which in turn is fixed to a
stick-slip piezoelectric motor with the help of three cylindrical rods. The purpose
of the piezoelectric motor is to facilitate a coarse approach and to allow plate-plate
distance modulation. For the lower plate of the system, we used a polished fused silica
disk with a height of 6 mm and a diameter of 11.74 mm. The disk is mounted on top
of a round ceramic holder that is attached to three piezoelectric motors equipped
with capacitive sensors for close-loop motion control with sub-pm resolution. These
piezoelectric motors are part of a tilt mechanism that keeps the two plates parallel,
and they allow us to fine tune the separation between the lower and the top plate.
To set limits on the Chameleon field with our method, one needs to determine the
separation between the two plates in vacuum and to measure how it varies as a gas
is introduced into the chamber. This separation is obtained by measuring the capac16

17

CHAPTER 3. EXPERIMENTAL APPARATUS

1

5

2

3

4

Figure 3.1: Sketch of the final design of the core, which is anchored to the inner
chamber of the setup. 1. Force sensor (top plate). 2. Slip-stick piezoelectric motor for
distance modulation and coarse approach. 3. Piezoelectric motors with sub picometer
resolution. 4. Heaters for thermal control of the core. 5. Metallic holder of the lower
plate. Inset: top view of the core as implemented in our laboratory.

itance between the plates via a capacitance bridge Fig. 3.2. It is however important
to distinguish between two different phases of the experiment. During calibration
of the spring constant of the sensor, one needs to measure the absolute value of the
capacitance; during the actual test of the Chameleon field, one can rely entirely on
relative measurements, which are notoriously more precise (albeit less accurate). For
this reason, we made use of two different bridges: a commercial capacitance detector
for absolute measurements, and a hybrid custom-made capacitance bridge for relative
measurements. The first one is a digital capacitance bridge (2700A Andeen Hagerling)
with an accuracy of about 1 ppm at a nominal capacitance of 100 pF, with approximately 1 s the integration time. The second one is an analog capacitance bridge with
a sensitivity of 0.1 ppm, with approximately 1 s the integration time. The two capacitance meters share a few common features. An AC excitation voltage is applied
to the unknown capacitor Cx , which is compared to a reference variable capacitor
C0 . If C0 is equal to Cx , there is no voltage oscillation at the excitation frequency
at the output of the bridge detectors. One can thus lock on the zero output via a
lock-in amplifier synchronized with the excitation voltage. Any mismatch between
Cx and C0 can be detected as an oscillatory amplitude by the lock-in amplifier. The
custom-made bridge, specifically, is equipped with a function generator (HP 33120a)
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with sinusoidal output V = Vbr cos(ωb t) and TTL output to be used as reference
signal in the lock-in amplifier. The amplitude of excitation Vbr is adjusted depending
on the distance between the two surfaces, in order to avoid the force sensor to snap
to contact, from 1 V (rms) for d = 100 µm to 100 mV (rms) for d = 10 µm. The
frequency of the oscillation is in the order of a few kHz. A lock-in amplifier (SR850)
is used as a null detector in the output of the bridge. If the unknown capacitance
Cx is equal to the value reference capacitance C0 the in-phase output of the lock-in
amplifier is zero. This output will change with the change in the capacitance, which
is the result of a distance change between the lower and the upper plate.

Vbr

Lock-in

Figure 3.2: Basic bridge circuit, printed from [57]
A three-terminal method is used evaluate the capacitance between the two surfaces
directly as the shield covers both terminals from outside disturbances. The threeterminal connection is suitable for high precision measurements and depends less on
the length of the cables that connect the capacitor to the bridge.
As far as the measurement is concerned, it is important to point out that, for
the entire set of measurements relevant to the search for limits on the Chameleon
field, we rely on a static approach. However, for the measurement of the resonance
frequency and the quality mechanical factor of the force sensor, and in the feedback
system that maintains the two plates parallel, we also make use of a dynamic scheme.
Both schemes are described here below.
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Figure 3.3: Use connection method that measures the unknown capacitance Cx with
unknown conductance Rx . Chs,ls are the stray capacitances of the high and the low
terminals, including the cables.

3.1.1

Dynamic measurements

Dynamic measurements are used to characterize the mechanical features of the force
sensor. The measurement can be performed in two different ways (see Fig. 3.4). In
the first method, we derive the transfer function of the force sensor by applying a
mechanical oscillation to the base of the force sensor while looking, with the capacitance bridge, at the oscillation induced on the sensor at the excitation frequency. In
the second method, we apply a sinusoidal electrostatic force between the two plates
of the capacitance and measure, via the capacitance bridge, the displacement of the
top plate induced by that force at the excitation frequency.
In the first method, a function generator (HP 33120a) drives, at a known frequency, the piezoelectric motor that holds the force sensor. The oscillation of the
motor is translated to the force sensor via the force sensor holder. This causes an
oscillatory movement of the top plate, which can be monitored via the capacitance
bridge. The output of the bridge is sent to a lock-in amplifier locked at the excitation
frequency, which, in turn, provides the transfer function. It is worth stressing that
this method may induce some systematic error, in that the measured transfer function may be the convolution of the transfer function of the force sensor, that of the
piezoelectric element that excites it, and that of the mechanical parts that connect
the two. Furthermore, the excitation amplitude cannot always be carefully controlled.
If the excitation amplitude exceeds certain limits, there is a significant risk that the
top plate jumps to contact with the bottom one, giving rise to a permanent damage
of the two surfaces.
The second method is more accurate and does not entail the damage risk of the first
one. However, it is more complicated than what one may initially expect. To create
a sinusoidal electrostatic excitation, in fact, one cannot simply apply an AC voltage
on top of that used in the capacitance bridge, as that would compromise the working
principle of the bridge itself. To overcome this impasse, however, one can implement
another modulation step, where the very same amplitude of the bridge excitation
voltage Vbr is modulated at a sweeping frequency ω2 . To modulate Vbr , we connect a
second function generator to the amplitude modulation input of the function generator
that excites the bridge, which is set to the external amplitude modulation mode. In
this way, we can modulate the amplitude of the output signal of the first function
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generator with a value between 0 and 5 V corresponding to 0 % and 100 %. Note that,
due to the mechanical characteristics of our force sensor (resonance frequency much
lower than 1 kHz), in the region of interest ω2 is always much lower than the bridge
excitation frequency ωb ; there is thus no crosstalk between the two modulation terms
that cannot be distinguished via lock-in amplifier techniques. The following equation
presents the different terms of the applied electrostatic force between two plates:

Fes ≈ γ

2
Vbr + M Vbr cos(ω2 t) cos(ωb t)


γ
(4Vbr2 + 2M 2 Vbr2 + 4Vbr2 cos(2ωb t) + 2M 2 Vbr2 cos(2ωb t)
8
+ 8M Vbr2 cos(ω2 t) +2M 2 Vbr2 cos(2ω2 t) + M 2 Vbr2 cos(2ωb t − 2ω2 t) + ...),
|
{z
}
≈

(3.1)

aimed excitation force

where M is the amplitude modulation factor, ω2 is the excitation frequency, and γ
is a calibration factor. Clearly, the motion of the top plate has one component that
oscillates at frequency ω2 . Using a second lock-in amplifier, one can thus monitor the
amplitude of the oscillation of the top plate as a function of ω2 and, therefore, obtain
information on its dynamic response.

3.1.2

Static measurements

Static measurements are used for the main part of the characterization and for the
final test of the Cannex project, which, for the arguments reported above, should be
performed with the custom made capacitance bridge (higher precision). However, for
the sake of simplicity, in the debugging phase, we used the commercial capacitance
bridge, which provides absolute values of capacitance and conductance, giving more
comprehensive and easier to interpret information. This fully digital bridge has an
input terminal that applies a bias voltage of up to 100 V between the plates via a
relay connection. This terminal is used to apply a DC potential between the plates
either for V0 compensation, for calibration purposes, or for the characterization of the
force sensor.
To characterize the force sensor, we apply a static voltage between the plates
via the bridge. This static voltage generates an electrostatic attraction between the
plates, which causes the top plate to move closer to the bottom plate. Measuring how
the capacitance changes as the static voltage is slowly swept from −V to +V , one
can measure the spring constant of the force sensor and obtain the contact potential
V0 (see chapter 2).
To find the equation that provides the mechanical deflection of the force sensor as
a function of the applied voltage, one can start with the text book equation for the
parallel plates capacitors C =  A/d, which yields:
d − d0 = ∆ d =

A
∆ C,
C0 (C0 + ∆ C)

(3.2)
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Piezo motor
1616 GaRd Capacitance
bridge

HP function generator (2)

Figure 3.4: Diagram of the dynamic and static measurement techniques, which include
detection units, modulation units, and a control system.
where d0 and C0 are the initial separation and the initial capacitance, respectively,
d is the real time separation, and A is the interaction area. Assuming that the
displacement is much smaller that the initial separation between the plates (C0 
∆ C), Eqn. (3.2) can be written as:
∆d =

A
∆ C.
C02

(3.3)

The electrostatic force equation for two parallel plates in the presence of contact
potential V0 and applied voltage Vdc + Vbr cos(ωb t) can be calculated by:
Fes = −

1 ∂C 2
A
V = −
(V0 + Vdc + Vbr cos(ωb t))2
2 ∂d
2(d0 + ∆d)2

(3.4)
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Furthermore, the previous assumption also implies that ∆d is much smaller that d0 ,
therefore, one can rewrite eEqn. (3.4) as follows:
Fes ≈ −

A
(V0 + Vdc + Vbr cos(ωb t))2 .
2d20

(3.5)

Finally, combining Eqn. (3.3) and (3.5) with Hooke’s equation (F = −k ∆d), one
obtains:
( A)2
(V0 + Vdc + Vbr cos(ωb t))2 .
(3.6)
∆C ≈ −
4
2 k d0
Equation 3.6 can be used to obtain V0 , C0 and k as free parameters of a parabolic
unweighted fit of measurements of the capacitance between the two plates C (which
yields ∆C as ∆C = C − C0 ) plotted as a function of Vdc . However, it is to note
that the approximations used in the derivation of ∆C may introduce non-negligible
systematic errors. Unfortunately, because we measure C while also applying an electrostatic force between the plates, without those approximations, it is not possible
to derive an analytic equation that relates C to Vdc . To cope with this problem,
we have introduced an empirical model from Comsol simulation to fit data obtained
from our measurements. Full details of this method is explained in chapter 4. The
parabola method of Eqn. (3.6) is still useful as a first approximation approach in the
debugging phase. It is fair to mention that this problem would not be an issue if
one could directly measure the displacement of the top plate by means of an optical
readout system or if one could excite the sensor with forces that are not related to
the measurement principle.
The spring constant of the force sensor and the contact potential of the parallel
plates obtained via the method described above can be then used as input parameters
during the test of the Chameleon field. The idea behind the final measurement is to
set the separation of the plates at 10 µm. We then apply Vdc = −V0 as a counterbias voltage between the two plates to compensate for the contact potential difference.
Finally, we monitor the displacement of the force sensor as xenon is gently introduced
into the chamber. The introduction of xenon will cause a change in the distance of
the two plates due to the changes of the interactions between them.

3.2

Parallelism

The interpretation of the experimental data, both during calibration and actual measurements, heavily relies on the assumption that the two plates are parallel one with
respect to the other. Maintaining the two plates parallel, however, may be considered
as one of the most challenging technical details of our experiment. To solve this issue,
we have designed the active feedback system described here below.
The capacitance between two rectangular plates that are facing each other at a
separation d with tilt angle θ0 (see Fig. 3.5) is given by:
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Z

d+x Tan[θ0]

L Cos[θ0]
θ0

X
L

Figure 3.5: A detailed view of a system of two non-parallel plates with a tilt angle θ0
in x-z coordinate.

Z
C = w

L
2

cos(θ0 )

dx
−L
cos(θ0 ) d + x tan(θ0 )
2







1
1
=  w cot(θ0 ) log d + L sin(θ0 ) − log d − L sin(θ0 )
,
2
2
(3.7)
where L and w are the length and width of the plates, respectively. Note that, if θ0
goes to zero, Eqn. (3.7) becomes C =  L w/d, as expected. Using Taylor’s expansion
for a small angle for Eqn. (3.7), we obtain:
 Lw θ02 (w (L3 − 6d2 L − d3 ))
+
+ O(θ0 )4 .
(3.8)
d
12d3
With reference to Fig. 3.5, let’s now suppose that the bottom plate undergoes a
periodical motion around the x−axis, so that the tilting angle θ varies according to
θ = θ0 + ∆θ cos(ωt). Eqn. (3.8) then becomes:
C=

C=




 Lw
2
2
2
2
2
CC
−
4θ
∆θ
6d
−
L
cos(ωt)
−
∆θ
6d
−
L
cos(2ωt)
,
0
24d3

(3.9)

where CC is a DC term that is not relevant for the implementation of our parallelization method. Clearly, the term that oscillates at the tilting frequency ω goes to zero
only if the two plates are perfectly parallel (θ0 = 0) (see Fig. 3.6). The output of
the capacitance meter can thus be fed to a dedicated feedback system that adjusts
the position of the three piezoelectric motors that hold the bottom plate in order to
minimize the amplitude of the oscillation at frequency ω. To adapt this approach to
both the x− and the y−axis, one can further assume that the tilting motion of the
bottom plate is given by the sum of two sinusoidal motions: one around the x−axis
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and one around the y−axis. If the two oscillating motions are 90 degree phase-shifted,
then, using a quadrature lock-in amplifier, one can build two independent feedback
loops and thus separate the two different degrees of freedom (x− axis and y−axis).
In our system, the bottom plate is tilted via three piezoelectric motors. Therefore,
our system also includes a coordinate conversion box that allows us to calculate the
voltage that we need to apply to the three piezoelectric motors to generate the tilt
angles required.
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Figure 3.6: A tilt modulation ∆θ of one of the plates will result in a modulated output
of the capacitance bridge, if there is an initial tilt θ0 between the plates. Using the
amplitude of the modulation as an error signal for a controller, one can improve the
parallelism.
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Thermal control

Long term stability is essential for static measurements. Even though the core of the
experiment is already mounted inside a two-stage vacuum chamber located inside a
temperature controlled cleanroom, to achieve the desired level of thermal stability it
is mandatory to also implement an active control system that locally maintains the
temperature of the core constant throughout the measurements. For this reason, we
have developed a temperature control system that, relying only on an analog proportional, integral, and derivative (PID) controller, a resistance thermometer (PT1000),
and three heat elements (high power resistors 10 Ω ), can still offer a local thermal
stability of a few mK.

3.4

Conclusion

The core of the Cannex experiment is a capacitive detection system with an interaction area of 1 cm2 , designed to achieve 0.1 pN/cm2 at a 10 to 20 µm scanning range.
This chapter has highlighted the most relevant aspects of the measurement methods
implemented, focusing on the complexity of the experiment and highlighting some of
its limits. The next chapter is entirely dedicated to the most important element of
the experimental setup, namely, the force sensor. Chapter 5 will then describe the
anti-vibration stage that we have developed to effectively damp low-frequency seismic
vibrations – an essential element for a good outcome of the experiment.

4

Force sensor

This chapter introduces a novel force sensor that is designed to achieve the pressure
sensitivity of 0.1 pN/cm2 . Two different methods were chosen to fabricate the sensor.
The first method uses a wet etching process, as opposed to a laser cutting technique
used in the second method. Both of them use silicon wafers with a thickness of 100 µm.
The first method yields better quality sensors, but at a high cost of production. The
second method is less refined, but it allowed us to debug the system at a contained
cost.
This chapter is organized as follows. In the first section, we introduce the design
of the sensor. Then, we present the manufacturing methods. Later, our detection
method is discussed, and the results of characterization are presented. Finally, a short
summary and conclusion end the chapter.

4.1

Design

The force sensor consists of a spring-like structure that mechanically responds to forces
orthogonally applied to a 1 cm2 disk that is at its center. The resulting displacement
is detected by measuring the capacitance between the disk and a fixed flat plate,
placed parallel at a short separation. If the two plates rest at a separation of a few
tens of µm, one would measure a capacitance on the order of 100 pF. This value could
be determined using a high precision capacitance bridge [57] with a sensitivity of 0.1
ppm. That level of precision would then translate into a displacement sensitivity
This chapter is partially based on:
Force sensor for Chameleon and Casimir force experiments with parallel-plate configuration,
A. Almasi, P. Brax, D. Iannuzzi, and R.I.P. Sedmik, Phys. Rev. D 91, 102002 [52]
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on the order of 1 pm. In order to be able to detect force changes of 0.1 pN, the
spring constant of the sensor should thus not exceed 0.1 N/m. A design complying
with this requirement is shown in Fig. 4.1. The geometry consists of three spiralshaped arms extending tangentially from the central disk. The spacing of their center
lines (dash-dotted curves in the figure) is even and described by the radius r(θ) =
R + w0 /2 + θN/(2π)(wL + s), where R is the radius of the disk, s is the minimum
spacing between arms, N = 3 is the symmetry, θ ∈ [0, θmax ] is the angle relative
to the inner starting point, and w0 = w(0) and wL = w(θmax ) are the widths at
the inner and outer ends of the arm, respectively. In order to make optimal use of
the available length and to achieve an approximately linear radial height profile (of
the spring deformation), the width is chosen to follow a polynomial profile given by
1
w(θ) = w0 + [f L(θ)]3 , where f = (wL − w0 ) 3 /L, L(θ) is the length of the spiral at the
position θ, and L is the total length. The geometric dimensions have been selected to
minimize spatial requirements and the respond to off-axes and tilt excitations while
maximizing stability and sensitivity.

Figure 4.1: Top view of the force transducer. Tangential spring arms extend from a
central disk onto which the measured forces act. Insert: enlarged view and geometric
definitions.
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Fabrication

We have fabricated the force sensor described above following two different manufacturing techniques: wet etching and laser cutting of a silicon-on-insulator (SOI) wafer.
The first method allows one to define the spring elements with lateral tolerances below 3 µm, and results in perfectly clean surfaces. On the downside, it appears to have
a high drop-out rate and proved to be costly. The second method is limited to larger
lateral tolerances (∼ 10 µm). Furthermore, the carving process exposes the sample to
significant thermo-mechanical stress, which leads to crack formation at the edges of
the mechanical structures, and contaminates the surfaces with back-sputtered debris,
which has to be removed by immersing the devices in hydrogen fluoride (HF) solutions. The latter process leads to the formation of holes, eroded edges, and rougher
surfaces. Due to the high costs of production and the high drop-out rate, it was not
possible to perform a systematic study of the devices fabricated via the wet etching
procedure. Because this chapter only aims at showing the overall feasibility of the
force detection scheme, we have thus decided to focus on the second method. The results presented in this chapter have exclusively been obtained with laser-cut devices,
using slightly different implementations (with respect to θmax and w0 ) of the geometry
defined in Fig. 4.1. For the sake of completeness, we note that, at the time of writing,
a further production process using reactive ion etching is under development. The
latter technique holds the promise for low tolerances and high-quality surfaces at a
comparably lower cost.

4.2.1

Quality investigation

To investigate the quality of the sensors produced, we have used a Scanning Electron
Microscope (SEM). Because the maximum size a sample can have to enter the SEM is
about 2 × 2 cm2 , broken pieces of the sensors were used. Three different samples were
investigated, which differentiate in the fabrication methods. As explained in detail
later in the text, the first two were obtained via laser cutting method but treated with
two different preparation methods. The third sample was obtained via wet etching.
Figure 4.2 presents SEM images of the first laser cut sample, which was cut
from polished silicon wafers, carefully cleaned with solvents, and finally sputtered
with thin layers of chrome (10 nm thickness) and gold (100 nm thickness). The
images reveal a few major limitations of this fabrication method. The first issue is
the formation of debris between two separated parts of the sensor. This debris can
cause irregular motion of the central disk or can block the extension of the springs.
The second problem, which could compromise reaching a scanning range below a few
tens of micrometers, is the formation of debris that, at the end of the cutting process,
remains hot-welded to the surfaces. The ablation process also creates large asperities
around the ablation lines, with height up to about 10 µm.
To avoid these two problems, we have designed a second generation of force sensors
with a larger gap between the arms. Furthermore, before the start of the ablation
process, we covered the silicon wafers with a photoresist layer. After laser ablation,
this protective layer was removed by immersing the sensor first in a Piranha solution
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Figure 4.2: SEM images of a force sensor manufactured by laser ablation via the
first method. a) Image of the space between two arms; one can note the unwanted
debris; b) Micro-cracks on the surface and on the coating of the force sensor. c)
Cross section of the force sensor; one can note the large asperities formed by the
laser ablation process; d) Image of a dust particle produced during the laser ablation
process and solidly welded to the surface.
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and then in a water based solution of KOH and HF. Unfortunately, this process
proved to have undesirable side effects: the KOH-HF solution, in fact, also partially
etch the silicon wafer, creating small dots at the surface and a saw-tooth like profile
on the edges of the arms (see Fig. 4.3.b and .c). Furthermore, the cleaning procedure
leaves chemical traces behind, which seriously compromise the quality of the surface
(see Fig. 4.3.d).
The sensors obtained via the etching process1 , on the contrary, do not suffer
from these problems (see Fig. 4.4). It was thus decided to continue with laser cut
sensors only in the debugging phase, saving the etched ones only for the very final
measurements.

1

This sensor was produced as an ad hoc project in collaboration with American company Norcada
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Figure 4.3: SEM images of a force sensor manufactured by laser ablation via the
second method. a) Image of the space between two arms with teeth shape edges a
result of cleaning process of photoresist . b) Black dots on the surface of arms and
holes caused by the cleaning process of the force sensor. c) Cross section of the force
sensor; note that the asperities observed with the previous fabrication method are
now not present anymore; d) Image of the traces left behind by the solvent on the
surface of the sensor.
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Figure 4.4: SEM images of the first generation of force sensors etched out of 100 µm
polished silicon wafer. a) Image of the space between two arms. b) Image of the
surface of the sensor; note that there are no traces of contaminants; c) Image of a
dust particle; these particles are not welded to the surface and can be removed by
gently blowing a clean gas flow onto the sensor; d) A closer look at the quality of the
edge.
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4.3

Detection system

For the experimental characterization presented in this chapter we have constructed
a simple setup, shown in Fig. 5.2. The sensing element described in Section 4.1
is mounted with its frame on top of a calibrated feedback-controlled piezo-electric
translator (PI-P753, resolution 50 pm), which in turn is fixed to a stick-slip motor
(Attocube-ANP101Z). The latter translator can be operated either in stick-slip mode
for rough alignment (d can be varied roughly from zero to 5 mm), or in piezo mode,
which allows one to directly apply an external voltage VAC (ωe ) to the piezo-electric
transducer element to obtain continuous motion. Finally, the stack of actuators is
mounted on a massive aluminum plate, which is thermally controlled to remain stable
slightly above room temperature. A gold coated circular mica substrate of surface
area 1 cm2 is fixed with epoxy glue on top of a manual tilt mechanism (two-axis tilt
adjustment plate for optical mirrors with an approximate range of ±10 deg.) and
placed directly on the central disk of the sensor, thereby creating a parallel plate
capacitance Cpp . The entire setup is placed inside a vacuum chamber (not shown)
held at a pressure below 10−3 mbar. As detailed below, two different detection
circuits are utilized to monitor d (and changes ∆d thereof) between the movable part
of the transducer and the substrate.
First, we determine the dynamic mechanical response in an AC measurement
by applying a small excitation ∆dpz (ωe ) = ∆dpz cos(ωe t) to the sensor frame via
the stick-slip motor operated in piezo mode 2 . The response amplitude ∆d of the
sensor plate around the nominal fixed distance
d corresponds to a relative change

∆Cpp = ε0 ATzz (ωe )∆dpz /d2 + O δd2pz /d3 , where,
ω02 + iω mγeff
∆d
eff

,
≈
Tzz (ω) ≡
γeff
∆dpz
2
2
ω0 − ω + iω meff

(4.1)

is the transfer function from base vibration to absolute movement of the sensor plate.
Note that we have assumed here that Tzz (ω) can be approximated by a simple onedimensional mechanical oscillator with effective mass meff , damping coefficient γeff ,
and fundamental resonance frequency ω0 . For amplitudes ∆dpz = O(1 nm) and
d ≈ 100 µm, we have a signal amplitude ∆Cpp (ω)/Cpp = O (10−5 ). In order to measure ∆Cpp (ω) as function of frequency up to ω/(2π) = 100 Hz we use a differential
analog capacitive bridge (General Radio 1616) driven by an external supply voltage of
amplitude VAC (ωb ) = VAC,b cos(ωb t) at frequency ωb = 2π · 5 kHz  ωe . Any variation
∆Cpp (t) results in an output ∝ ∆Cpp (t) cos(ωb t) of the bridge. In order to extract the
net signal 3 ∆Cpp (t) = ∆Cpp cos(ωe t), demodulation via a dedicated lock-in amplifier
(Princeton research, P128-A) is required. The amplitude ∆Cpp can finally be mea2

Note that the driving voltage VAC (ωe ) of the stick-slip piezo is generated directly by the internal
generator of the utilized lock-in amplifier.
3
Both the differential bridge circuit and the mechanical system introduce additional phases ϕb
and ϕe , respectively. For the sake of clarity, these have been dropped here.
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Figure 4.5: Schematic view of the experimental setup. Note that the two different
configurations for AC and DC measurements of the dynamic response and static
deflections, respectively, are shown together.
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sured by means of a second lock-in amplifier (Stanford research, SR830), referenced
to ωe .
In DC measurements we detect slow variations (< 1 Hz) of the absolute value of
Cpp (and hence d) using an Andeen-Hagerling 2700A bridge, which for d . 100 µm
(Cpp & 9 pF) reaches 2.7 ppm resolution and 6.3 ppm accuracy. We perform static
deflection measurements to demonstrate the principle of force detection with the sensor. In order to do so, a known fixed voltage VDC is applied between the sensor plate
2
and the substrate, resulting in an attractive force Fes (VDC ) ≈ (ε0 /2)AVDC
/(d − ∆d)2 .
The resulting distance shift ∆d = d − d(VDC ) corresponds to a change ∆Cpp =
Cpp − Cpp (VDC ), which can be measured conveniently for various settings of d and
VDC .

4.4

Force measurements

For the characterization of our design, we have recorded the dynamic response
∆Cpp (ω) as described above. In Fig. 4.6 the acquired data are shown in normalized
form and compared to a least squares fit to Eqn. (4.1) with free parameters ω0 , γeff ,
and meff . Clearly, the model fails to predict the shape of the peak. It has been
demonstrated in the literature [58] that effective (lumped parameter) models may
not capture significant mechanical properties, even for simpler geometries than the
one of our sensors. For this reason, we resorted to numerical 3D finite element
computations using the geometry described in Section 4.1 with silicon as the material
(assuming the elasticity tensor described in the literature [59] and a mass density of
2329 kg/m3 ), and a vertical harmonic oscillation of the frame as excitation.
As can be seen in Fig. 4.6, the numerical results agree very well with the measured
response. Both the primary resonance at 15.20 ± 0.15 Hz (representing a translational
mode of the sensor plate) and the secondary resonance at 29.4±0.5 Hz (corresponding
to a tilt mode) are matched by the simulation within 3 %. The deviations in amplitude between numerical and experimental results for higher modes can be explained
by considering several effects. First, tolerances of the laser cutting process create
asymmetries and cross-couplings between different modes, which could not properly
be taken into account in the numerical model. Second, the limited mechanical stability of the connection between the piezo stack and the transducer frame (see Fig. 5.2)
results in a small angular tilt in addition to the vertical excitation, which amplifies
the mode around 30 Hz. Finally, the spectral resolution of the measurement is insufficient to resolve all peaks properly. Being thus assured of the validity of the numerical
results we computed the vertical displacement due to static forces, from which follows
an elastic constant k = 0.63±0.01 N/m. This value can be compared to an estimation
kest ≈ w02 meff = 0.30 ± 0.01 N/m based on Eqn. (4.1), where meff ≈ md + ms /3 is the
effective sensor mass with contributions md of the central disk and ms of the spring
arms. The mismatch between k and kest shows again that a one-dimensional effective
model is not applicable in this case.
Contrary to the dynamic measurements discussed above, where only the relative
amplitude in dependence on the frequency was important, the experimental determi-
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Figure 4.6: Normalized dynamical response of the force transducer to mechanical
excitation ∆dpz . A numerical simulation of the geometry using a constant base vibration amplitude (solid line) agrees very well with the experimental results (dots).
The slight mismatch of 3 % between the frequencies of the first resonance seen in experimental and numerical results (15.20 ± 0.15 Hz and 14.85 ± 0.05 Hz, respectively)
is a consequence of fabrication tolerances. Contrary to that, the simple model of
Eqn. (4.1) (dashed line) fails to qualitatively predict the response.

nation of the static response to forces acting on the sensor’s central plate demands
an accurate knowledge of the dependence of the capacitance on all involved parameters. Since in our test setup the angular alignment between the two plates is done
manually, we have to take into consideration a residual relative tilt angle θ between
them. The dependence Cpp (d, θ) can be estimated via dedicated computations using
commercial finite element software (Comsol Multiphysics R ), leading to the results
shown in Fig. 4.7.
Especially at short surface separations the change in Cpp due to even small tilt
angles is significant. While fringe fields contribute to errors at the percent level 4 , the
limited accuracy of the manual setting for θ in our test setup (estimated 0.5 deg.)
may yield changes in Cpp of 10 % or more.
4

The measured capacitance will contain an offset due to fringe effects, which can be estimated [60,
61] to account for an error of 2.5 % at d = 30 µm and 0.6 % at d = 10 µm, respectively. An efficient
way to reduce these effects is to use a ring-shaped Kelvin capacitance around the parallel plate
configuration which is, however, beyond the scope of the current chapter.
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Figure 4.7: Correction factor Cpp (d, θ)/Cpp (d) due to the relative tilt angle θ between
the plates for several separations d, as defined in the insert.

In the static response measurements, electrostatic forces:
Fes (d, θ, Veff ) =

2
∂Cpp (d, θ)
Veff
,
2
∂d

(4.2)

with Veff = VDC + Ve cos(ωe t) + V0 , is generated by applied voltages VDC , the bridge
excitation with amplitude Ve (see Fig. 5.2), and the offset due to (local) intrinsic
surface potentials V0 [62]. Generally, such forces result in a change ∆d of d, and
hence a variation ∆Cpp (d, θ, Veff ) in the capacity according to,
k∆d = Fes (d − ∆d, θ, Veff ) ,
Cpp (d, θ, Veff ) = Cpp (d − ∆d, θ) ,
and ∆Cpp (d, θ, Veff ) = Cpp (d, θ, Veff ) − Cpp (d, θ, 0) .

(4.3a)
(4.3b)
(4.3c)

We interpolate the numerical results for Cpp (d, θ) shown in Fig. 4.7 using a multidimensional spline fit to simultaneously compute Fes (d − ∆d, θ, Veff ) and to solve
Eqn. (4.3a) for ∆d. This procedure yields a numerical parametric model which, again
using spline interpolation, is amenable to extract d, θ, and V0 for known VDC and
Ve from experimental data on Cpp (VDC ) by performing least squares fits. Numerical
curves corresponding to the fitted parameters are shown together with experimental
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Table 4.1: Fitted parameters d, θ, V0 , and the χ2 for the curves shown in Fig. 4.8. σ
gives the standard deviation of the fit residuals, which can be considered as a measure
for noise.
d [µm]
93.8 ±2.6
73.76±0.17
44.63±0.20

θ [deg]
V0 [mV]
0.45 ±0.10 −20±29
0.632±0.003 −14±7
0.377±0.004 −6±4

χ2
σ [fF] nF [nN]
0.922 3.7
5.1
1.000 10.9
14.9
0.998 8.0
10.9

data for three different distances in Fig. 4.8. Explicit parameter data corresponding
to these fits are given in Tab. 4.1.
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Figure 4.8: Measured ∆Cpp as a function of the applied VDC for three different nominal
distances. The solid curves represent the best results obtained by least squares fits
to the numeric model in Eqns. (4.3a)–(4.3c).

Note that the occurrence of three free parameters in the fits leads to large uncertainties, especially in V0 . For this reason, in the forthcoming Cannex experiment
it will be of vital importance to actively reduce θ to below 1 µrad via a feedback
mechanism.
The sensitivity of our DC measurements can be estimated from the standard
deviation σ(∆Cpp ) of the normally distributed fit residuals given in Tab. 4.1. Noting that σ(∆Cpp ) ≈ (εA/d2 )σ(d), and (for frequencies ω  ω0 ), σ(d) = σ(F )/k,
we can extract the corresponding force noise nF ≈ σ(F ) listed in Tab. 4.1. nF is
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approximately 5 orders of magnitude larger than the targeted level for the Cannex
experiment, which can intuitively be explained by the almost complete absence of
isolation from electric and vibrational disturbances in the test setup in Fig. 5.2. This
immediately demonstrates the necessity of an effective shielding and isolation system
for the final experiment.

4.5

Expected performance of the sensor in force
measurements

It is worthwhile to study the ultimate expected sensitivity limits imposed by the
sensor design presented in this chapter. To start with, we assume the idealistic case
that only the thermo-mechanical force noise nt of the sensor and the electronic noise
nb of the bridge circuitry are present. Then we have [63],
s
4kB T ω0 meff
,
(4.4)
nt =
Q
where Q is the quality factor of the sensor, kB is Boltzmann constant, and T stands
for temperature. From the simulation results, we estimate Q, ω0 and meff for the
current sensor. Furthermore, we consider an effective bandwidth of our bridge circuit
√ of ∆BW = 0.86 Hz [57]. Therefore, we obtain an RMS noise amplitude nt,RMS =
nt ∆BW ≈ 0.7 pN. Electronic noise nb presumably determines the resolution of the
capacitance bridge. nb in units of capacity (∆Cpp ) can be computed via an empirical
model given by the manufacturer [57]. Using nbF ≈ k∆d and ∆d = d2 nb /A, we
can rewrite nb in terms of force noise nbF . For room temperature, k = 0.63 N/m and
Ve = 0.3 Vpp, we obtain the results shown in Fig. 4.9. Assuming nt and nbF to be
statistically uncorrelated,
we compute the total RMS noise level for force measureq
5
2
ments as ntot = nt,RMS + n2bF & 1.2 pN (light solid line). For comparison, we also
include a model calculation assuming Q = 600 and an advanced version (‘option E’)
of the commercial bridge, yielding a much improved result (dashed line). The latter
implies a sensitivity of better than 0.3 pN at plate separation ≤ 10 µm and can be
regarded as the ideally achievable limit on the precision of Cannex in the current
configuration. Further improvements could be made by altering the sensor design to
allow for a larger md , and a higher Q-factor, or by using modulation techniques and
a narrow detection bandwidth.
The mentioned limits regard the theoretically achievable precision with the sensor
presented in this chapter. A full estimation of the accuracy would have to take into
account the precise geometry, as well as residual fringe fields, parallelism, surface
properties, external vibrations, electrical noise, and all occurring surface interactions.
Yet, such an analysis is beyond the scope of the current chapter. Based on the estimated resolution shown in Fig. 4.9 we can, however, state expectations regarding
Note that the value Q ≈ 100 used in an averaged estimation is only valid for 10−6 < P <
10 mbar.
5

−3
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Figure 4.9: Theoretical prediction of RMS noise levels in the final Cannex setup for a
bridge detection bandwidth of 0.86 Hz [57]. The thermal noise (dotted line) of lasercut sensors and the bridge resolution (black line) are the main limiting factors for the
achievable precision. Using an advanced version of the bridge and assuming a higher
Q-factor for etched sensors leads to significantly better results (dashed line).
new limits on hypothetical chameleon forces, which will be measured in a differential
experiment where sensitivity is more important than accuracy

4.6

Conclusion

The Casimir and non-Newtonian force experiment (Cannex) is poised to overcome the
limitations of present precision force measurements by the utilization of macroscopic
plane parallel plates, sub-pN force resolution, and an effective isolation system. In
this chapter we characterize the core element of this experiment – the force sensor.
This micro-machined device could be fabricated by wet etching, reactive ion etching,
or laser cutting from silicon or SOI wafers. Geometrically, it consists of a flat central
disk of area 1 cm2 , which is supported by spiral-shaped spring arms, allowing for a
vertical translation of the disk. The design has been optimized to maximize the force
sensitivity, while being robust enough for handling and to avoid instability under expected experimental conditions.
We have presented a static and dynamic characterization of the sensor structure. For
this purpose a test setup was constructed in which the central disk is opposed to
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a fixed plate to form an electric capacitance. Using piezoelectric actuators we mechanically excited the sensor structure and monitored the vibration amplitude via
a capacitive bridge circuit. We found that the mechanical response can not be efficiently described by a one-dimensional, lumped parameter model, but can be matched
by a numerical simulation taking into account the precise geometry. By comparing
numerical and experimental data we were able to determine the static force constant
k = 0.63 N/m, and the quality factor Q ≈ 100 of a prototype device with largerthan-usual tolerances. In static measurements we could demonstrate the feasibility of
force detection by applying an electric DC potential between the sensor and the fixed
plate, resulting in a displacement which was again sensed capacitively. Due to the
absence of electrical and vibrational insulation in our test setup, noise was found to be
the limiting factor, leading to a force sensitivity of only ∼ 10 nN. Assuming that external influences (mechanical, electrical, and thermal) can sufficiently be attenuated,
we estimated the residual Brownian noise of the sensor using the measured Q-factor
and resonance frequency. Considering these results and the known electrical noise of
the detection system we could eventually estimate the ideally achievable precision for
Cannex to be around 1.2 pN (and 0.3 pN with straightforward improvements) at a
plate separation of ∼ 10 µm. This result gives confidence that the planned measurements can give new limits to hypothetical chameleon forces, which could explain the
nature of dark energy.
Before these measurements can be performed, however, we need to fully implement
mechanisms to measure and maintain parallelism between our plates better than
1 µrad, and to isolate our system from seismic, acoustic, thermal, and electric influences.

5

Seismic isolation system

One of the main challenges for experiments based on high precision mechanical
measurements is to isolate from seismic noise. The isolation strategies in these experiments depend mainly on the measurement frequency. As one moves towards lower
frequency ranges, the challenge of isolating noise becomes technically more difficult.
Since Cannex is a high precision measurement experiment in a low frequency regime,
no commercial solution that could deliver the necessary noise isolation is available.
Thus, we started a collaboration with the National Institute for Nuclear Physics and
High Energy Physics in Amsterdam (Nikhef), which has accumulated extensive experience on low frequency seismic attenuation systems, while developing vibration
isolators for the Virgo gravitational wave interferometer. In this chapter, we will
present the seismic isolation system.

5.1

Noise

Our experimental setup is designed to measure forces at the level of 0.1 pN at frequencies between DC and 1 Hz with a sensor consisting of a mass-spring system,
characterized by a 15 Hz natural frequency and an effective mass of about 70 mg.
Therefore, to use the experimental setup at its full potential, one must design an
isolation system that can reduce the power spectrum of the acceleration noise to
approximately 2 × 10−18 (m/s2 )2 /Hz.
This chapter is partially based on a paper which is under preparation:
A Low frequency active and passive isolation system for Cannex, R. Sedmik, A. Almasi, A.
Bertolini, E. Hennes, D. Iannuzzi
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Figure 5.1 shows the noise spectrum measured by a commercial 1-Hz natural
frequency geophone (Sercel L4-C) positioned on the floor of the Cannex laboratory 1 .
In the region of interest, the spectrum is dominated by the seismic noise, which, if not
properly isolated, can be transmitted to the experimental setup via its support both
in the vertical and horizontal directions. To cope with this issue, we have designed a
low frequency anti-vibration system that could attenuate vibrations in both directions
down to the level required.
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Figure 5.1: Ground noise of the Cannex laboratory measured for a week at the floor
by using a commercial geophone connected to a custom-made data acquisition card
based on N I − 6009 with a 128 amplification factor. Note that below 0.1 Hz the
measurement is limited by the self-noise of the sensor.

1

After finalizing
the thesis, we have noticed that the measured signal level is surprisingly low,
√
namely 1 nm/ Hz at 3 Hz. This result hardly can be correct considering the position of the Cannex
lab in the city of Amsterdam. However, the result can be used for the comparative analysis of the
isolation system performance.

45

CHAPTER 5. SEISMIC ISOLATION SYSTEM

5.2

Anti-vibration solution

1
2

2.20 m

4
3

5

Figure 5.2: The final design of the Cannex setup, which is currently located at VU
university of Amsterdam, is shown. 1. Outer chamber. 2. Geometrical Anti-Spring
system. 3. The inner chamber and the core. 4. Eddy current dampers, secondary
pendulum. 5. Ion Getter Pump. Inset: the Cannex setup as it stands in our laboratory

Anti-vibration isolation systems can be based on active or passive elements. An
active isolation system uses a broadband sensor to monitor the motion of the load and
actively creates a counter force that attenuate the motion. This approach is limited
by sensitivity and bandwidth of the sensor, and by the speed and precision of the
feedback circuit. A passive anti-vibration isolation system is typically made out of a
mass-spring system or a pendulum, which act as second order low pass filters. This
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approach provides an effective vibration suppression above the resonance frequency
of the passive element. However, around its resonance frequency, the ground motion
is amplified.
To solve the aforementioned problems, one can combine passive and active elements in one hybrid system. Implement a hybrid vibration isolation system consisting
of a low natural frequency suspension, providing passive seismic attenuation, and a
feedback system providing active damping of the suspension and additional broadband noise suppression down to very low frequencies. The suspension is a combination
of a GeomeGAS filter for vertical isolation and a 1.7m long pendulum for horizontal
and angular attenuation. The low frequency rigid body modes of the pendulum are
damped by means of eddy current dampers.
In this chapter we will present the design of the suspension system and its measured
passive performances. The feedback system is still under development and falls out
of the scope of this thesis.

5.2.1

Horizontal isolation:
dampers

Pendulum and eddy current

To provide at least an attenuation factor of four orders of magnitude at 10 Hz in the
horizontal direction, as needed in our experiment, a pendulum must have a resonance
frequency of a few hundreds of mHz [64], corresponding to a length of 24 m. It is
obvious that a pendulum with this length is not practical. One possible alternative
is to rely on an inverted pendulum geometry, which, notoriously, provides lower resonance frequencies than standard pendula with similar dimensions. Unfortunately,
this solution is also not viable, because the costs associated to the development and
implementation of a set of inverted pendula would exceed the resources available.
To cope with this issue, we have decided to mount our setup on a much shorter
pendulum equipped with eddy current dampers that could increase the efficiency of
the pendulum at the frequencies of interest. It is important to note that the eddy
current dampers only smooth down the resonance and they don’t provide extra seismic
attenuation.
The pendulum
itself acts as a second order low pass filter with a corner frequency
p
of f0 = 1/2π g/l, where l = 1.7 m is the length of the pendulum from the hinge point
to the center of mass and g is the gravity acceleration, for a resonance frequency of
380 mHz. To hang the inner chamber (82.6 kg mass), we used a 1.2 m long wire made
of Maraging steel with a diameter of 5 mm, which can hold up to 150 kg, considering
the strength of the two welded anchoring disks at the end of the wire. As for the eddy
current dampers, we designed a hanging frame that encloses the core of the setup; the
frame is equipped with a set of magnets that juxtapose a set metallic disks mounted
on the core (see Fig. 5.3). The working principle of the system is described more in
details in the next section.
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spring
k ~ 0.1 N/m

1.60 m

secondary
pendulum

pendulum

aluminum pipes
geophone

12 sets
of
eddy current dampers

Figure 5.3: The horizontal isolation system, which consists of a primary pendulum
made out of Maraging steel attached to the inner chamber and secondary pendulum
for eddy current damping.
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Eddy current dampers
Any conductor passing through a magnetic field experiences a damping effect, e.g.
a force proportional and opposite to its velocity. This damping is the result of the
interplay between the permanent magnets and the currents induced inside the conductor. This effect can be used to create a passive horizontal damper that reduces
the amplitude of the oscillations of the pendulum stage at its resonance. If the oscillating mass is equipped with a permanent magnet and the pendulum is mounted
above a metallic disk, when the pendulum swings around its equilibrium position it
will experience a force opposite to its velocity, creating a deceleration in the motion.
In our setup, the situation is actually reversed. Twelve permanent magnets are
mounted on the top and bottom plates (six on each side) of a 25 cm radius frame,
which is attached to the setup in the same plate as the primary pendulum via a set
of springs with spring constant smaller than 1 N/m. The frame encloses the core
chamber, which is equipped with six conducting disks juxtaposed to the magnets.
The springs are used to limit the vertical noise induced on the measuring chamber
by this damping system. In the absence of the springs, in fact, ground motion could
induce oscillations on the frame, which could then couple into the measuring chamber
via the magnetic interaction in the eddy current damper.
The damping of our eddy current system depends on the dimensions of the conductors and of the magnets, the material they are made of, and the distance between
them. To estimate the strength of the damping, one can first calculate the magnetic
field generated by the permanent magnets [65]:
µ0 R M0
By (y, z) =
4π

Z

0
0

Z

(z − z )
−L

0

2π

sin(φ)
(R2

− 2 R y sin(φ) +

y2

+ (z −

z 0 )2 )3/2

dφ dz 0
(5.1)

µ0 R M0
Bz (y, z) =
4π

Z

0

−L

Z
0

2π

R − y sin(φ)
(R2 − 2 R y sin(φ) + y 2 + (z − z 0 )2 )3/2

dφ dz 0

(5.2)

where µ0 = 4π ×10−7 is the permeability of vacuum, M0 is the magnetization per unit
length of the permanent magnets, and L and R are the thickness and the radius of
the magnets, respectively. Figure 5.4 shows the results obtained via a Mathematicabased numerical calculation performed according to the previous equations using the
parameters of our experiment (see table 5.1). As expected, the amplitude of the
magnetic flux is larger on the surface, and closer to the edges. The results illustrated
were verified via a Comsol simulation.
We can now calculate the amplitude of the damping generated by a single magnet
and a juxtaposed conductor. The magnetic force (damping) can be obtained from
Lorentz’s force equation:
Z
F = J × B dV
(5.3)
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Table 5.1: Parameters used to obtain magnitude of the damping between the magnets
and the conductors.
parameters
radius of magnets
thickness of magnets
magnetization of NdFeB 40
thickness of Al conductor
radius of Al, Cu conductor
conductivity of Cu conductor
conductivity of Al conductor

Value
3 cm
1 cm
876 kA/m
0.5 cm
2 and 3 cm
5.96 × 107 S/m
3.5 × 107 S/m
B [T]

1.0

Bz[T]

0.5
0.0

0.8

- 0.5
0.4
- 0.04

- 0.02

0.02

0.04

0.6

R[m]

0.2
By[T]

0.00

0.4

0.0
- 0.2

0.2

- 0.4
- 0.04

- 0.02

0.00

0.02

0.04

R[m]

Figure 5.4: A 2D illustration of the magnetic flux density for a disk shape NdFeb 40
with a radius of 3 cm and a thickness of 1 cm.

where J = σv × B is the current density induced by a moving conductor plate with
velocity of v through a magnetic flux density B, with σ representing the conductivity
of the metallic disk.
Figure 5.5 shows how the damping coefficient varies as a function of magnet-metal
separation for different dimensions and materials of the conductor plate. Clearly, conductor plates with larger conductivity provide larger vertical and horizontal damping
coefficients. Furthermore, to obtain a larger damping in the horizontal direction without effecting the vertical movement, it is preferable to use disks with smaller diameter
and smaller thickness. Unfortunately, due to a miscalculation at the beginning of the
design phase, the system was initially equipped with a suboptimal solution, consisting
of aluminum plates with a radius of R = 3 cm and thickness of 6 mm.
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Figure 5.5: Parametric study of the damping coefficient for different dimensions of
the conductor plate.
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Vertical isolation: Geometrical anti spring (GAS)

Guided by the experience of Nikhef with GAS filters used in the Virgo interferometer
(Gravitational wave detection site in Italy), we designed and built a three-blades GAS
filter for vertical isolation (see Fig. 5.6). The filter is made of three blades that are
radially placed on a metal frame.The blade tips are connected to a common central
disk called keystone. The blades are machined flat, then they are bent and compressed
against each other and loaded. The compression generates an elastic negative stiffness
that cancels the restoring force due to the bending. By adjusting the compression,
the natural frequency of the system can be arbitrarily reduced till bi-stability. The
blades are built out of a 2.122 mm thick Maraging steel plate shaped in a nearly
triangular geometry, with base of 104 mm and height of 400 mm. Because each blade
can support a weight of approximately 27.5 kg, to hold the weight of the measuring
chamber (82 kg), we must rely on three blades. The measuring chamber is attached
to the keyston via the primary pendulum wire.
The resonance of the filter can be tuned between 0.1 Hz and 1 Hz by acting on the
compression rate which can be adjusted simply by shifting the blades anchoring point.
In Fig. 5.7 the tuning curves are shown. To obtain these curves, we first changed the
compression of each blade (by varying the base distance L) and we then varied the
working point y by adding small masses on the measuring chamber to adjust the load
hung to the pendulum.
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3

1

6
5
4
2

Figure 5.6: Illustration of the Geometric Anti-Spring (GAS). 1. Maraging steel blades.
2. Keystone. 3. Magic wand, consisting of a silicon carbide tube and its counter weight
cylinder. 4. Linear variable differential transformer (LVDT). 5. Voice coil. 6. Base
plates. Inset: the GAS filter as it stands in the Cannex laboratory.
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Figure 5.7: Tuning resonance frequency curves for the GAS blades with different
compressions and loads.
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Geophone

A geophone is schematically made out of two parts: a permanent magnet, fixed with
the geophone frame an the ground, and a seemingly free coil. Measuring the emf
produced in the coil, one can measure the seismic motion of the ground (see Fig. 5.8).
To be more precise, geophone consists of a 1 kg test mass attached to a set of soft
springs with a resonance frequency of 1 Hz. The relative velocity (ẋ − ẋg ) of the test
mass M can be obtained by measuring the voltage produced across the coil. Then,
the signal can be calibrated using the calibration method mentioned in [66, 67], and
extracted parameters form the geophone data sheet provided by the manufacture 5.2.
Furthermore, with a combination of the natural internal damping b and a shunt
resistance Rs = 8900 Ω, geophone operates in a critically damp region, namely total
damping ζ = 0.707 . Finally, in our experiment, we used a commercial geophone
(L4C, Mark Products) to measure the seismic vibration the Cannex lab and to study
the performance of the isolation system.

Figure 5.8: An illustration of the L4C Geophone printed from [66], where M is the
mass of the proof mass, Rc and Lc are the internal resistance and inductance of the
geophone, Rs is the shunt resistance, b is the damping and k is the spring constant.

Table 5.2: L4C parameters used to calibrate the measured signal.
parameters
Transduction G
Natural Frequency ω0
Coil Resistance Rc
Shunt Resistance Rs
Total Damping ζ

Value
256.6 V/(m/s)
1 Hz
5674 Ω
8900 Ω
0.707

To reduce the influence of long cables onto the seismic measurements, we mounted
a preamplifier in close proximity with the coil. We tested two preamplifiers. The first
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one was built using the op-amp INA128 with a gain of 100; the second preamplifier,
borrowed from the one used in the Virgo collaboration, is based on an op-amp CS3002
and was designed to provide a gain of around 980. Figure 5.9 compares the noise
measurement of both the preamplifiers tested in the same conditions. The comparison
clearly shows that the second preamplifier offers lower 1/f noise.

Equiv . accel. [m/(s2 Hz)]

10- 4

INA128
-6

10

CS3002

10- 8

10- 10
0.001

0.010

0.100

1

10

100

Frequency [Hz]

Figure 5.9: A comparison between a preamplifier based on INA128 (red dots) and
a preamplifier based on a CS3002 (black dots). Note that this measurement was
performed before calibrating the system. The scale on the y−axis is thus only indicative and not quantitatively correct. Clearly, the relative comparison between the two
measurements is still valid.
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Results

This section presents the initial performance of the passive anti-vibration isolation
stage measured by the commercial geophone. To measure the displacement noise of
the system, we mounted the geophone directly on the inner chamber. This configuration allows us to monitor the input noise that will affect the force sensor and the
performance of the isolation stage. The results are illustrated in Fig. 5.10. The red
curve is a reference measurement that was acquired for over one hour when the isolation system was locked (i.e., inactive), and can be thus taking as the ground reference.
The black curve is obtained with the pendulum and the GAS filters unlocked (but no
eddy current dampers). There is a the straight slope between 0.3 and 1.5 Hz, which
is not natural. We think that pendulum is rubbing or touching somethings. It is
clear that the pendulum and the GAS filters provide a significant damping of noise.
However, in the black curve, one can recognize three resonances. The resonance at
215 mHz is the resonance of the GAS filters, and, in principle, can be attenuated via
an active damping system. The resonance at 380 mHz corresponds to the resonance
of the pendulum, and should be taken care of by the eddy current dampers. The
resonance at 2.3 Hz is an unexpected effect due to the tilt mode of the measuring
chamber. To limit this effect, we mounted three aluminum pipes (refer to Fig. 5.3,
diameter of 1.5 cm) that could physically limit the tilt motion of the chamber. The
green curve of Fig. 5.10 refers to the measurements obtained with the complete system, i.e., with the pendulum and the GAS filters unlocked, the eddy current dampers
installed, and the aluminum pipes mounted. Note that, for this phase of the experiment, we actually used only the eddy current dampers on the bottom of the chamber.
Indeed, the system seems to work according to design. In an other word, we have
two sets of low pass filters (GAS filters and the pendulum) that attenuate the seismic
motion bellow their resonance frequency according the expectation. Furthermore, a
set of eddy current dampers that damps the resonance peak of the GAS filters and
the pendulum.

5.4

Conclusion

In this section, we presented the design and implementation of an anti-vibration
system designed to attenuate seismic noise between 0.1 to 10 Hz. The anti-vibration
system consists of two parts: vertical and horizontal attenuation systems. For the
vertical part, we use a set of GAS filters tuned to 215 mHz; for the horizontal part,
we rely on a 1.7 m pendulum, coupled with a set of eddy current dampers. The
performance of the system proved to be close to expectations for both directions.
To finalize the isolation system, we still need to implement an active control for the
vertical mode to remove the resonance peaks of the GAS filters and of the pendulum,
which is expected to provide an additional damping of 20 dB in frequencies below
1 Hz.
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Figure 5.10: A comparison between the ground reference (all damping systems locked)
(red), the system with unlocked pendulum and GAS filters (black), and with unlocked
pendulum, unlocked GAS filters, installed eddy current dampers, and installed aluminum sideband tubes (green).

6

Preliminary tests

Despite all the work over the past few years on the Cannex experiment, we could
not arrive at the desired force sensitivity of 0.1 pN at the time of writing this thesis.
Hence, the final Chameleon test was not performed. Having said that, we did
preliminary tests and measurements on Cannex and its sub-systems. These tests
provided useful information about the Cannex experiment and helped us modify
or redesign some of its parts. Some of these studies revealed a need for a minor
adjustment (e.g. dimensions and size of the eddy current dampers), while some
others unveiled a flaw of the initial design, or uncovered an error in the initial
estimations of certain parameters. We believe that providing these results could be
helpful for improving the setup in the future. Some of the intrinsic limitations of the
force sensor and the anti-vibration stage were already discussed in chapters 4 and
5. In this chapter, the main focus is on the performance of the force sensor in the
context of the final experiment, on the long-term stability of the system, and on the
effects of introducing gas into the inner chamber.

6.1

Static response of the force sensor

This section discusses the performance of the laser cut force sensor assessed via the
measurement methods that are discussed in the greater detail in chapter 3 and 4.
We conducted the measurements to determine the minimum plate separation that
one can achieve before the force sensor snaps to contact. In addition to that, we
performed various investigations that helped us obtain the dependency of the contact
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potential difference V0 on the separation of the plates d 1 . Furthermore, we conducted
investigations to obtain displacement noise for different pressures of the intervening
gas and different plate separations. We also performed a series of tests to find an
upper limit to the long-term stability of the detection system. Finally, we studied the
behavior of the entire measurement system for the introduction of gas into the inner
chamber. These measurements were conducted using the static method explained
in chapter 3. As a reminder, we use a capacitive detection system to measure the
distance between the force sensor and a disk-shaped plate, kept parallel at a separation
of a few tens of micrometers. Then to calculate the relative position of the force sensor
to the plate, we plugged the obtained values into d =  A/C, where A is the area of the
plate, C is the measured capacitance, and  is the dielectric constant of the intervening
medium. For a detailed discussion about how we obtain the displacement, the reader
is invited to refer to chapters 3 and 4.

6.1.1

Minimum scanning range

To test the Chameleon theory, we need to bring two plates, with 1 cm2 interaction
area, close to each other at a separation of 10 µm to 30 µm, and keep them parallel.
At this separation, for certain parameters of the Chameleon theory, the Chameleon
interaction is comparable to the other microscale interactions, therefore making the
Chameleon interaction testable. However, in practice, detecting the Chameleon interaction using the parallel plate configuration is proven to be extremely challenging.
One of the challenges is the constraint on plate parallelism. Another challenge is the
occurrence of jump-to-contact at the measuring separation (i.e., the sudden movement
with which the sensor snaps into contact with the opposite plate).
For the first challenge (parallelism), we need to use a feedback mechanism with an
optical or capacitive readout to reduce the relative tilt between the two plates [69, 70].
Surface quality of the plates and external mechanical noise are issues to be considered
before implementing the feedback mechanism. In our case, we have a force sensor,
which is an accelerometer, with small spring constant( 0.63 N/m) and low resonance
frequency (15 Hz). Therefore, the sensor is very sensitive to mechanical noise at
low frequencies, where the passive anti-vibration stage alone can not provide enough
isolation. As a result, when the gap size between the two surfaces is in a range of
few tens of micrometers, the external disturbances become a dominant part of the
capacitive signal. This situation makes the feedback mechanism ineffective. To solve
this problem, we can run the feedback mechanism between the two plates at larger
distances, where the disturbance due to the low frequencies noises is not the dominant
part of the signal. Then we bring the plates closer to the desired distance and assume
that the parallelism is maintained.
After improving the parallelism between the two plates, the next step is to bring
the two surfaces close to the desired plate separation. In order to accomplish this
step, we need to overcome a few limiting factors. First, we need to minimize the
1

In sphere-plate Casimir force experiments, it has been shown that V0 can be a function of
separation of the two surfaces [68]. Due to the large interaction area of the plates in our experiment,
we are expecting to see a stronger dependency of V0 on d.
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number of dust particles ending up between the two surfaces, as they can potentially
prevent the two surfaces from reaching the desired distance. To avoid this problem,
we mounted the setup inside a cleanroom (a modular softwall class ISO 8.2 ) and took
vigorous cleaning steps before assembling of the core.
Secondly, external disturbances such as acoustic noise or seismic vibrations also limit
the possibility of reaching the desired plate separation. They can introduce oscillatory
movements or a sudden shock to the force sensor, which will jump to contact to the
lower plate before reaching the desired value of d. The larger the disturbances, the
larger the chance to have an early contact. To minimize this effect, as we discussed
in chapter 5, we introduced an isolation system, which damps external disturbances.
However, this solution does not completely eliminate the noise especially at frequencies below 1 Hz. The effect becomes even more problematic when the core part is
operated in vacuum. In this case, due to the higher mechanical quality factor of the
force sensor, the coupled noise creates larger swings of the central disk of the sensor.
As a result, the snapping distance becomes larger in comparison to ambient pressure.
After this short introduction about possible challenges of bringing two surfaces
close to each other, we present a method to estimate the reachable plate separation
in our experiment. We developed a routine using the so-called parabola method
explained in chapter 3. The parabola method uses the scanning of a DC bias voltage
from −V to + V with steps of ∆V and records the displacement of the force sensor.
The spring constant determines the amplitude of the displacement for each ∆V . In
our experiments, we use a manual parallelism mechanism to reduce the tilt angle
between the force sensor and the lower plate. Next, we clean the surfaces with an oil
free duster to reduce the number of the dust particle between two surfaces. Then,
we run each parabola measurement after changing the initial distance by a fixed
value of ∆ds . To move the force sensor, we use the stick-slip piezoelectric motor (see
chapter 3). A Labview code is used to apply a linear ramp to the motor and to
perform parabola measurements for each value of d. Decreasing of d continues until
the force sensor jump to contact to the lower plate. The obtained data points for
the each parabola measurement can be finally used to investigate the behavior of the
sensor under controlled conditions for different separations.
Figure 6.1 shows the obtained results for parabola measurements at different initial distances 3 . The first important point to consider is the difference between the
minimum of each parabola. We use equal steps to vary d. It means that the measured change of d have to match the piezoelectric motor step ∆ds . In other words,
we should be able to connect the minima with a straight line. However, as it is represented in the figure, the connected minima do not follow a linear behavior To explain
this discrepancy between the expected d and measured d, we need to closely examine
the electrostatic force between two interacting surfaces. This interaction exists due
to the contact potential V0 between the two surfaces and the excitation voltage of
the bridge Vbr that is applied to them. Clearly, the electrostatic force increases, if we
reduce the distance between the interacting surfaces. The increase of the electrostatic
2
3

http://www.iso.org
The measurements are performed at ambient pressure and room temperature of 20◦ C
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force causes an additional extension due to Hooke’s law. Therefore, the separation
of two surfaces d is the sum of ∆ds (the applied step by the piezoelectric motor) and
∆x (the extension caused by the change of the net electrostatic force between two
surfaces).
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Figure 6.1: Series of consecutive parabola measurements with different initial distances between the two plates.

The second observation from the presented results is that, as the separation between the two plates gets smaller, the curvature of the parabola becomes much larger.
This effect can be explained if one considers the inverse quadratic relation between the
distance and the electrostatic force4 , combined with Hook’s law for the force sensor.
Since Fes = −k ∆d, one can write:
V2
1
A
= −k (∆ d),
2
(d0 − ∆ d)2

(6.1)

where d0 is the initial separation, and ∆d is the displacement of the force sensor
(d0 − d) at the measured separation d. For ∆d  d0 , we can write ∆d as function of
V:
AV 2 
∆d = − 2 .
(6.2)
2d0 k
However, for ∆d comparable to the initial distance, the real part of the solution is
given by:
4

Note that, the distance is not small enough to factor in the other microscale interactions such
as the Casimir force or the hypothetical Chameleon force either, especially, considering the 1/d4
dependency of the Casimir force.
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1
∆d = (2d−
3
p
√ √
3
3 3 27A2 k 4 V 4 2 − 8Ad3 k 5 V 2  − 27Ak 2 V 2  + 4d3 k 3
22/3 k
22/3 d2 k
p
)
√ √
3
3 3 27A2 k 4 V 4 2 − 8Ad3 k 5 V 2  − 27Ak 2 V 2  + 4d3 k 3

(6.3)

This solution shows the nonlinear relation between the applied voltage and the displacement of the force sensor. To make the differences between the outcome of equations Eqn. (6.2) and Eqn. (6.3) more clear, we plot ∆d as a function V . The result presented in Fig. 6.2 shows that if ∆d is not small enough to approximate d ≈ d0 , the response of the force sensor can not be accurately investigated by Eqn. (6.2). Note that,
in the final experiment, the expected displacements due to the electrostatic force and
the Chameleon force are much smaller than the initial distance d0 = 10 µm. Therefore, monitoring the plate separation with the capacitive bridge and using Eqn. (6.2)
to convert the measured values to displacements is a valid approximation.

5
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Figure 6.2: Comparison between different outcomes of the two equations (6.2) and
(6.3), with or without assumption that ∆d  d0 , respectively.
There is another point that one can see from the results presented Fig. 6.1. In the
presented data, small parabolas are appearing at the closer distances at the end of each
parabola arms. These new parabolas have smaller curvatures, which means by varying
Vdc , the force sensor extension ∆d is limited. Therefore, the new parabolas represent
a larger effective spring constant kef f . We think that the secondary parabolas can be
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a result of a dust particle or a silicon debris between the plates or of a partial contact.
In this case, the force sensor can not extend accordingly to the change of the applied
electrostatic force. Therefore, a stiffer response from the force sensor is observed.
From these results, we estimate that the minimum separation we can place the two
plates at, without being stopped by dust particles or partial contact, is about 46 µm,
which is the distance at which the secondary parabolas appear. We used ISO 8 (Class
100000) cleanroom environment to mount the plates. If particles are the main reason
for the secondary parabolas, mounting and running experiment in a higher standard
cleanroom could help.

6.1.2

The displacement noise

Measuring and calculating displacement noise is a great diagnostic tool to investigate
possible issues in the detection system and can be used to estimate the achievable
sensitivity in Cannex measurements. In order to obtain the displacement noise, we
repeated the parabola measurement for each separation with better controlled conditions, and a sampling rate of 1 S/s for the measurement period of 200 s. Assuming ∆d  d0 one can calculate the relative displacement ∆d =  A ∆C/C 2 , where
∆C = C0 −C, with C corresponding to the measured capacitance and C0 to the initial
capacitance. Then, Eqn. (6.2) can be used to relate ∆d to the applied bias voltage Vdc .
The calculated displacement data points can be fitted with ∆d(V ) = a (Vdc + b)2 + c,
where a, b and c are fit parameters. Two different values can be extracted from this
fit: the residual of the fit, and RMS noise for each measurement as a function the
initial plate separation d0 .
To start, we present the obtained RMS values of two parabola measurements
at two different separations, namely, 65 µm and 110 µm. The measurement settings
and setup conditions were kept identical for both the measurements. The core was
mounted inside a vacuum chamber, placed on a commercial anti-vibration stage. The
room temperature and humidity of the lab were controlled by an air condition unit
in the lab during both measurements. The results presented in Fig. 6.3.a show that
the RMS value of the measurements increases when the gap between the two plates
becomes smaller, changing from 6 × 10−9 m to 11 × 10−10 m. To investigate this
trend in depth, a complete series of new measurements for different separations were
performed. The results of this investigation are presented in Fig. 6.3.b, in which
each point represents RMS noise (µm) as a function of plate separation. The curves
represent two different gas pressures. The result for both pressures shows an increase
of the RMS noise as the separation of the plates becomes smaller.

6.1.3

Contact potential of the detection system at different
pressures

For the ideal scenario, where two uniform gold surfaces are kept parallel at a few
tens of µm separation, the contact potential V0 can be considered independent from
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Figure 6.3: a. Parabola measurements for two different plate separations; 110 µm
(indicated by square data points) and 65 µm (indicated by circular data points) with
RMS value of 11 × 10−10 m and 6 × 10−9 m, respectively. b. RMS noise for different
distances for two separate measurements at two different vacuum pressures, 8 mbar
and 100 mbar.

the pressure in the inner chamber, in first approximation5 . However, since the two
surfaces have patch potentials that are affected by the gas pressure changes inside the
5

There are adsorption and absorption effects that may affect the measured displacement signal
between the two plates. These effects are expected to be negligible (ref. to [30])
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vacuum chamber V0 can vary. This effect can be a result of a change in water layers
of the surfaces when introducing or removing gas from the measurement chamber or
could be a result of a change of the temperature of the surfaces.

Figure 6.4: Obtained V0 for different distances at two different vacuum pressures.

We used again the parabola method to obtain the contact potential different V0 as
a free fit parameter of ∆d(V ) = a (V +V0 )2 +c. Figure 6.4 presents the obtained values
of V0 as a function of the initial plate separation for two different pressures of 8 mbar
and 100 mbar. The results were obtained from the same data that is used to calculate
the displacement noise in the previous section. The error bars were calculated from
the variance of the fit parameter V0 . The results suggest that the pressure change
from 8 mbar to 100 mbar caused a variation of 10 mV in the obtained V0 . V0 can be
compensated by adding a counter-bias voltage, Vdc = −V0 . The error bars defines the
effectiveness of the V0 compensation. We can fairly assume that the error bars will not
dramatically change for other pressures. Therefore, considering 0.01 % change of  for
the pressure range of 10−9 mbar to ambient pressure (see chapter 2), the interaction
change due to variation of V0 will not exceed 2.2 pN caused by the existence of the
capacitance bridge excitation voltage (see chapter 2) 6 .
6

We have repeated these measurements with the etched sensor as well. The outcomes agree with
what we concluded with laser cut sensor.
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Long term stability of the readout signal

As discussed in chapter 2, a DC method is chosen to test the Chameleon theory.
Therefore, it is necessary to minimize drift in the signal. As a first approximation,
the interval of one hour is a minimum time needed to complete one set of measurement. Each set consists of recording data in the initial pressure (P0 < 10−5 mbar),
injecting Xe or Ar inside the chamber, waiting for stabilization of the system and
finally acquiring data at ambient pressure. This means that we have to reduce the
drift of the signal, and have a model to predict and subtract the remaining drift from
the measured signal. Still, because of the accuracy requested, one should implement
an active feedback loop to control the distance between two surfaces. Due to the use
of the capacitance bridge, however, the implementation of such a feedback that keeps
the distance between the two surfaces constant was not possible in the first version
of the setup. The capacitance bridge measures the distance between two surfaces.
The feedback using the capacitive signal would compensate for any change in the
distance regardless of which surfaces is moved. In other words, the measurement
procedure prevents us from separating the displacement of the force sensor, the motion of the lower plate, and the extension of the force sensor due to the interaction
change between two surfaces. To solve this problem, we would need a distance control mechanism designed to keep the distance between the frame of the force sensor
and the lower plate constant. The extension of the sensor due to interactions with
the lower plate could be then measured separately by the capacitance bridge with
high precision. The feedback system is under construction, and it was not completed
by the time of writing this thesis. In this section, initial investigation of the longterm stability of the detection system, involving the thermal control and the passive
anti-vibration system are presented.
Figure 6.5 presents a long-term DC measurement of the capacitance between the
lower plate and the force sensor at a fixed initial distance, with fully implemented
passive anti-vibration stage. The blue curve is a result of a 20 hours long measurements of ∆C with a sampling rate of 5 mHz without the temperature control system.
The periodic drift over few hours matches the temperature variation of the laboratory
of approximately 0.7 ◦ C. To reduce the effect of the thermal drift of the signal, we
turned on the active thermal control system (see chapter 3). The obtained data with
the thermal control system on are presented in Fig. 6.5. It is clear that the periodic
behavior of the data has been reduced, but there is an increase of the RMS noise
from 13.9 nm to 38.8 nm, which comes from the switching output of the controller.
The output is a Pulse Width Modulated (PWM) waveform at a frequency of a few
hundred Hz. Despite proper shielding of the heat elements, the thermal control unit
creates this high-frequency noise at the measured capacitance signal. Since our measurement is less sensitive to high-frequency noise rather than the low frequency noise,
we are not concerned about this effect, which can be eliminated by means of a PID
controller with a DC output.
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Figure 6.5: Thermal stability of the system with (black curve) and without (blue
curve) thermal control. A smoothing function with moving window of 100 is used to
show the clear contrast between two measurements.

6.3

Injection of Ar into the chamber

Despite the fact that the force sensitivity of the detection system is still a few orders
of magnitude above 0.1 pN, we decided to test the main proposal of the experiment
by injecting inert gas into the inner chamber. In this way, we can test and study
the effects of the introduction of gas into the measurement chamber and search for
any issue that the setup might encounter during this process. Due to the high cost
of Xe, we performed these preliminary tests with Ar. Since we are in the developing
phase of the injection mechanism in the inner system, we designed and implemented
a temporary injection system. Note that, at a later stage, one will need to overcome
one major technical obstacles that was here neglected, namely, how to connect cables
and vacuum hose without shortcutting the anti-vibration stage.
The temporary injection system consists of an aluminum flexible hose, a motorized
valve to control the flow rate, a vacuum gauge and a PID based controller to control
the pressure inside the chamber. This system does shortcut the anti-vibration mechanics. Therefore, we performed the entire gas injection measurements in a different
vacuum chamber mounted on a commercial anti-vibration stage with a corner frequency of 0.5 Hz, although the effect of the anti-vibration stage was reduced due to
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the aluminum hose that connects the chamber to the vacuum pump. In the following
sections, the results of these measurements are presented.

6.3.1

Anomaly in the capacitive measurements in different
pressures

To vary the pressure inside the chamber, a square waveform is applied to the controller
of the injection valve via a Labview program, while the vacuum pump is continuously
running. The controller, in turn, sends a signal to the valve while monitoring the
pressure using the vacuum gauge. The pressure is varied between two set points
according to the initial settings of the program. The PID setting of the controller
adjusts the amount of Ar introduced inside the chamber according to the set points.
A manual fine adjustable value is also used, in order to change the pump rate to avoid
high flow rates in the chamber.
Figure 6.6 shows that the measured capacitance between the lower plate and
the force sensor varies as the function of pressure according to the applied square
waveform. The two set points are 6 × 10−3 mbar and 7 × 10−2 mbar. These pressure
variations change the output of the capacitance bridge of approximately 100 fF, which
corresponds to about 500 nm. It is immediately clear that this value represents a
serious problem, comparing to the 1 pm displacement sensitivity that we need. By
repeating the measurement for different pressures, we see repeatably this measured
anomaly.
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Figure 6.6: Study of the repeatability of the measured anomaly, which depends on
the injection of gas in the measurement chamber.

The first step to find the source of this anomaly is to investigate its time dependency, as a transient effect due to the introduction of Ar. We used two different time
windows for the step function. Figure 6.7 presents the measured data for a square
wave with 30 s and 60 s width applied to the motorized valve while the vacuum pump
running. The pressure of the gas inside the chamber varied between 5 × 10−2 mbar
to 1 × 10−2 mbar. The measured capacitance shows that in the both cases the capacitance value drops when we pump out Ar and recovers when we allow Ar in. These
results show that the measured anomaly does not have a time dependency at least in
the measured time windows.
To investigate more, we conducted another measurement allowing the pressure to
change from 1 × 10−5 mbar to 1600 mbar and waiting for two hours to allow that the
system stabilizes. The results presented in Fig. 6.8 show that the anomaly is either
time independent or have a very large time constant τ > 2 h.
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Figure 6.7: Two sets of capacitive signal and measured pressure in left and right
y-axes, respectively, versus time (red line for the pressure of Ar and blue covered are
for the capacitive signal) a.) Time window = 30 s. b) Time window = 60 s.

To investigate the source of the effect, we explore for temperature as one of the
possible cause for it. The thermal effect of introducing Ar into the chamber can
be studied by repeating this experiment as a function of the initial settings of the
temperature controller. Since we use an active control system to set the temperature
at a fixed value, our initial estimation was that any thermal transient effects would be
corrected by the control system. However to check that this is the case, we repeated
the introduction of Ar to the chamber with different settings of the controller. As a
reminder, the thermal controller stabilizes the temperature of the core part using heat
elements, the thermal sensor, and the PID control. The controller uses an input signal
from a PT1000 sensor to produce an output signal by multiplying the error signal by
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Figure 6.8: Study of the repeatability of the anomaly in the capacitive measurement,
with pressure change over time, inset is the same plot with the logarithmic x-axes to
indicate the lower pressure effect on the signal.

proportional, integral, and derivative constants, (denoted P, I, and D respectively).
We changed the PID settings and noticed that the permanent effect did not go away.
However, when we changed the temperature set point of the controller, the anomaly
behavior changed. Figure 6.9 shows the results that clarify that the observed effect is
a function of the set point of the temperature controller. By varying the set point from
26◦ C to 43◦ C, we record different behaviors of the capacitive measurement during gas
injection Fig. 6.9.
To understand this effect, we need to look into the basic of the controller. The
temperature is obtained by reading the resistance of the PT1000 sensor. This value
is compared with the set point, and an error signal is calculated. The outcome is
multiplied by the PID parameters and is added to the output value of the controller.
Any disturbance in any of these procedures can explain the observed trend.
We are guessing that there is a change in the thermal system that the PID controller
is actively stabilizing. In other words, in vacuum, the force sensor temperature is
stabilized through radiation and conduction via the inner surface of the chamber and
the core part, as opposed to the ambient pressure where all three types of heat transfer
are involved. The force sensor and the lower plate are mounted on ceramic holders.
In vacuum, low thermal conductivity of ceramic causes a slow thermal stabilization
of the two plates, as opposed to the ambient pressure. In the presence of gas, the
convection and transmission via conduction of gas offer faster thermal stabilization
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Figure 6.9: The effect of PID setting for the thermal control system in the anomaly
of injecting gas to the chamber. The black curve is measured with a set point for the
temperature T = 26 ◦ C, as opposed to the blue curve with T = 43 ◦ C.

of the two plates. We would like to stress that this explanation is, at present, only
speculative. More rigorous investigations are necessary to conform its validity.
Our solution for this problem is to design a thermal control system that stabilizes
the outer chamber using various heat elements and sensors on the body of the outer
chamber, instead of placing them inside the inner chamber. In this way, by creating
a more uniform heating system, the distance between two plates is less dependent on
the pressure inside the chamber. This new design is under construction during the
writing of this thesis. However, the concept is tested in a different setup, which is
explained in chapter 7.

6.4

Conclusion

The initial tests revealed significant information about the performance of the different parts of the experiment. Some of the issues were solved during the testing,
such as the thermal trends observed with the introduction of gas. Some others need
more tests and even more fundamental changes of the designed experiment to remove
the problems, such as increase of the displacement noise in lower pressure due to the
high-quality factor of the force sensor.
To summarize, we measured that displacement noise increases as we make the gap
between two plates smaller, and decrease as we lower the pressure of the gas that they
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are immersed in. We also detected a correlation between the pressure of the chamber
and the measured signal. This correlation is understood to be due to change in the
thermal system that is actively stabilized by the temperature control system. These
results also show that we need to improve our noise isolation system, the cleaning
process, and parallelism mechanism.

7

A different approach

In the previous six chapters, we presented the work done on the Cannex experiment,
in which a static measurement method based on a force sensor with spring constant of
k < 1 N/m was chosen to investigate the change of the Chameleon force induced by a
change in background density [30]. This approach, however, leads to huge demand in
terms of noise isolation and signal enhancement to reach the desired force sensitivity
of 0.1 pN. Indeed, during the assembly phase, we faced many hurdles, several of which
remain unsolved. Low frequency was not suppressed to the aimed level, especially in
the range of frequencies below 1 Hz. Furthermore, it was not possible to reduce the
gap size below 30 µm because of dust particles or partial contact caused by imperfect
parallelism. Thermal instability was another, extremely relevant source of systematic
error because it introduced a change in the capacitive signal upon the introduction
of the inert gas. Finally, without the implementation of an active distance control
mechanism, mechanical and thermal drift could not be reduced below a picometer.
Considering all of these hurdles, even some of the necessary preliminary tests of the
main proposal [30] could not be performed. To progress and test other aspects of the
proposed experiment [30], we thus decided to explore another idea that we deemed
to have a better chance to achieve our final goal. It is to note that this approach is
much more similar to the original proposal [30] than the approach described in the
previous chapters.
In our alternative setup, we consider all the mentioned hurdles and try to either
eliminate them or limit their effect in the experiment. First of all, we use a stiffer
force sensor (a silicon nitride membrane [72, 73]) with a higher resonance frequency
to avoid low frequency noise disturbances. Then, we fix the distance between the
frame of the force sensor and the lower plate, using four identical spacers on the
frame. This design decreases mechanical drift, eliminates the risk of early snapping,
and reduces the size of the core by removing the piezoelectric motors. Furthermore,
we use an optical readout, which offers two advantages compared to the capacitive
74
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readout: it allows us to move beyond the 1 pm displacement sensitivity reached with
the capacitive bridge, and it separates the actuation mechanism from the readout
mechanism, unlike in Cannex where they are combined in the capacitive readout.
Having a more compact setup in comparison to the Cannex approach helps us
to thermally stabilize the measurement chamber, and to avoid the drift observed in
the Cannex experiment upon introduction of the inert gas. Moreover, since the force
sensor and the lower plate are fixed and mounted once, and the cross section of the
gap between the plates is very small (3.5 × 10−7 m2 ), the chance that, after cleaning,
a dust particle can go between the plates is very small.
Finally, keeping the distance constant and using a stiffer force sensor allow us to
apply a frequency modulation technique. The idea, in fact, is to modulate the pressure
inside the measurement chamber to induce a periodical change in the background
and, thus, in the Chameleon force. Using a lock-in amplifier, we can then detect the
response of the force sensor to the variation of the Chameleon interaction.

7.1

Chameleon estimation

Before designing and constructing the setup, it is necessary to estimate the strength
of the expected Chameleon interaction due to the background density modulation,
which can be calculated according to (see Eqn. (2.8)):
n + 1 Λ4+n 1−p
Fφ (d, ρ)
=
z
[h1−p (z) − zh−p (z)] ,
A
n
φnb
where z =

 1/p
φ0
φb

(7.1)

, φb is the value of the Chameleon field in vacuum, φ0 is the

minimum value of the field between two plates, p = (1 + n)−1 , hp (x) = (1 − xp )/p,
ρ is local density of the intervening medium, Λ ' 2.4 × 10−12 GeV, and n is the
Ratra-Peebles index. The background density is modulated by introducing inert gas
(Ar or Xe) into the vacuum vessel using sinusoidal pulses applied to the injection
valve, such that the pressure of the vacuum vessel is modulated between 10−5 mbar
and 10−3 mbar. Table 7.1 lists the parameters used to numerically solve Eqn. (7.1),
where we assumed d = 20 µm.
Table 7.1: Parameters used in the initial calculation of the Chameleon force between
the two surfaces at a fixed distance, d = 20 µm.
parameters
ρ1
units
g/cm3
values for Xe 5.25 × 10−9
values for Ar 1.60 × 10−9

ρ2
g/cm3
5.25 × 10−11
1.60 × 10−11

Molar mass
g/mol
131.29
39.94

T
K
300
300

A
cm2
1
1

The results of this calculation are presented in Fig. 7.1. The estimated values
show an exclusion graph for different force sensitivities for this setup. As the force
sensitivity increases, a smaller coupling β of the Chameleon with the local density can
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be explored. The larger the coupling parameter, the larger the Chameleon interaction
differences between the two pressures. Therefore, a large part of the parameter space
of the Chameleon theory can in principle be covered in a macroscopic regime, even
with a moderate sensitivity of 100 pN/cm2 and with small density modulation.
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Figure 7.1: Estimated exclusion graphs β − n according the achievable sensitivity for
the background modulation between 10−5 mbar to 10−3 mbar at d = 20 µm.

7.2

Experimental apparatus

The force detection system, shown in Fig. 7.2, is a combination of a high-Q silicon
nitride membrane and a silica plate. The low stress silicon nitride membrane is
manufactured on a 1.75 × 1.75 cm2 frame of 200 µm thickness and is 1 × 1 cm2 and
200 nm thick. The frame has four pads of 1 mm × 1 mm × 20 µm that serve as spacers
to create a fixed distance with the juxtaposed surface. The membrane is coated with
80 nm gold deposition on top of 5 nm chrome, which is used to increase the gold
adhesion. The membrane normally has a quality factor Q of around 106 , but it drops
significantly after the deposition of the metallic films [74].
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Figure 7.2: A general scheme of the new setup. The high quality factor silicon
nitride membrane is commercially available in different dimensions. The lower plate
is custom made using a silica substrate. The four spacer pads are custom made onto
the membrane frame by the supplying company.
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The cleaved end of an optical fiber is placed on top of the membrane as illustrated
in Fig. 7.2, creating a Fabry-Perot cavity between the surface of the membrane and
the cleaved end of the fiber. The other end of the fiber is fed into an OP1550 – a
commercial optical fiber interferometer consisting of a tunable telecom wavelength
laser 1528 − 1563 nm with 6 − 25 mW output power, a 90/10 fiber coupler, a photodetector, an internal amplifier, and an analog to digital converter. The output of the
interferometer is connected to a lock-in amplifier (Zurich instrument). The electrical connections of the plates are connected to the internal function generator of the
lock-in amplifier.
The membrane and lower plate are placed inside a 3D printed holder equipped
with a groove for anchoring the optical readout fiber on the top part, facing the center
of the membrane (Fig. 7.3). The holder has two fitting parts, which are fixed with a
single screw with a spring placed between them. The lower part has a 17×17×15 mm3
groove that accurately envelops an extension on the top part. Together they clamp
the force sensor and the lower plate with the appropriate pressure, which is applied by
the screw and the spring. The holder is anchored to a C-160 flange containing a fiber
feed-through and an electric feed-through. The flange is part of a vacuum chamber
(see Fig. 7.3). The entire chamber is thermally controlled by an Euroterm 94 unit (a
programmable logic controller (PLC)), a heating element, and a PT100 RTD, which
is in thermal contact with the outer wall of the chamber. The temperature is set
to be around 24◦ C – a few degrees above the laboratory temperature. Finally, the
chamber is placed on top a passive isolation stage to provide some damping of outside
vibrations.

Figure 7.3: Membrane setup with optical readout, 3D print holder clamps, Silicon
Nitride sensor, with 4 spacers, and lower plate.
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7.3

Initial characterization

To characterize the detection system, we investigated the resonance frequency of the
force sensor, the contact potential difference between the force sensor and the lower
plate, and the long-term stability of the detection system. The main method to
conduct these investigations is a combination of electrostatic excitation and lock-in
techniques.

7.3.1

Electrostatic force of the detection system

The electrostatic force between two conductive plates forming a parallel plate capacitor can be written as follows:
1 V2
(7.2)
Fes = A 2 ,
2 d
where V is the potential difference between the two plates, A is the interaction area,
d is the distances between the two plates, and  is the dielectric permittivity of the
intervening medium. If we consider the contact potential V0 , an applied DC bias
voltage Vdc , and an AC voltage Vac between the two surfaces, Eqn. (7.2) becomes:
1 (V0 − Vdc + Vac sin(ωt))2
,
Fes = A
2
d2

(7.3)

which can be re-written as:

Fes =



A 
1 2
1 2

2
((V0 − Vdc ) + Vac ) + (V0 − Vdc )Vac sin(ωt) + Vac cos(2ωt) .
2
{z
}
|
2d |
2 }
|2
{z
{z
}
first harmonic
DC term

(7.4)

second harmonic

The first term in the equation above is a DC term, which results in a static offset
force. The second term is the first harmonic response of the sensor, which is used
to investigate the dynamic response of the membrane. The third term is the second
harmonic response, which is normally used for force calibration.
Resonance frequency measurements
To obtain the resonance frequency, we swept the frequency of the AC voltage and
recorded the amplitude of the oscillation using the lock-in amplifier locked on the
first harmonic. Figure 7.4 presents the first harmonic response of the membrane as a
function the frequency to an applied sinusoidal signal with the amplitude of 1 V. Using
a Lorentzian function as a fitting model, we obtain the resonance frequency of the
membrane fR = 5408 Hz, and the quality factor of the membrane Q ≈ 345 in vacuum.
These values can be used to estimate the Brownian force
p noise of the membrane at
the operating temperature, which is given by Fmin = 4kB T mfR2 /Q, where kB is
the Boltzmann constant and m = ρ V is the mass of the membrane. This yields
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Figure 7.4: Resonance frequency curve of the membrane as obtained by varying the
electrostatic modulation frequency.
√
1.14 × 10−13 N/ Hz. Since Brownian noise usually limits the sensitivity of micromachined sensors, this value determines the minimum detectable force that we can
achieve with this system. Using the lock-in technique we can further reduce the noise
by lowering the bandwidth of the measurement. For example with a time constant of
100 s at 0.1 Hz modulation frequency we can in principle reach 1.14 × 10−14 N.
Contact potential difference between two surfaces
Connecting two interacting surfaces to a circuit always creates a contact potential
difference V0 between them, even with two surfaces from the same material [75]. In
chapters 3 and 4, we used the so-called parabola method to extract V0 . However,
there is another method (initially developed for Kelvin probe microscopy [41]) to
obtain V0 . In this method, the interaction between two surfaces is modulated by
a sinusoidal excitation voltage. The response of the oscillator is detected by either
an interferometer or an optical lever. Then, the output of the detector is fed into
a lock-in amplifier to measure the amplitude of the first harmonic referenced to the
excitation voltage frequency. As it is clear from the second term of Eqn. (7.4), one
can make the first harmonic zero by applying a counter-bias voltage Vdc that is equal
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to V0 . Hence, V0 can be obtained by varying Vdc until the amplitude of the first
harmonic becomes zero. Figure 7.5 shows the result obtained with this method for
three different pressures of 4×10−3 mbar, 6×10−5 mbar, 3×10−5 mbar. The obtained
value of V0 is 230 mV and appears to be independent of the pressure in the range that
we are interested in. There is, however, an amplitude difference of the detected first
harmonic. This difference is the result of damping, which is stronger at 4 × 10−3 mbar
compare to 6 × 10−5 mbar and 3 × 10−5 mbar.
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Figure 7.5: Measurement of the contact potential V0 measurements under different
pressures between the membrane and the lower plate.

Long term stability
As mentioned in chapter 6, the method of stabilizing the temperature of the core
to reduce the thermal drift in the Cannex setup was creating a systematic error
in the capacitive readout signal when injecting gas into the measurement chamber.
Therefore, we proposed to stabilize the entire setup to improve the long-term stability
of the system. In the Cannex setup, this was not trivial, due to the large size of the
setup. With the new setup proposed here, the reduced size of the experimental
chamber is expected to allow better thermal stabilization.
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To measure the long-term stability of the detection system, we recorded the output
of the OP1550 for 85 hours. The results are presented in Fig. 7.6. The blue curve
is the data obtained by a data acquisition card (National Instrument) with 10 Hz
sampling rate. The readout signal has a long term drift of ∼ 50 nm over 85 hours
measurements, which is equivalent to 588 pm/h. Since we use the lock-in technique
to test the Chameleon theory, this amount of drift does not pose a problem to this
newly designed experiment.

Figure 7.6: Long term stability of the optical readout. The inset is the probability
density function of data. The blue curve was obtained by a NI-DAQ card with 10 Hz
sampling rate. The readout signal has a long term drift of ∼ 15 nm over 24 hours. A
smoothing function with moving window is used to obtain the long term drift (orange
curve).

7.4

Chameleon test with pressure modulation

To test the Chameleon theory, we use an automated valve of the gas injection system
to modulate the gas pressure inside the measurement chamber. The modulation of
the gas pressure leads to a modulation of the background density. If the Chameleon
interaction exists, the force sensor should start oscillating at the modulating frequency
in response to the background density modulation. Having said that, there are two
issues to consider. First, the sensitivity of the detection system must be in the range
of the Chameleon interaction. Second, all systematic errors must be eliminated from
the final results. For the first issue, we need to perform a calibration to obtain the
minimum force that the detection system can measure at the specific frequency. For
the second issue, we expect that the most relevant source of systematic error may
stem from the pressure variation between 10−3 to 10−5 mbar. By increasing the time
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constant of the lock-in amplifier, we will allow the system stabilized and then start
measurement. In this way most of the systematic errors should become negligible.
However, moving toward larger time constant will be limited by 1/f noise and drift
in the signal.

7.4.1

Achievable Sensitivity

To obtain the value of the achievable force sensitivity, we need to know the distance
between the two surfaces with high accuracy. This value is necessary in order to estimate the applied electrostatic force between the two surfaces. We use a digital capacitance bridge detector (Andeen-Hagerling 2500A) to determine the distance between
the two plates. In our test, the capacitance was measured to be C = 73.11 ± 0.01 pF,
and considering A = 1.75 ± 0.06 cm2 , which yields a separation of d = 21.1 ± 0.6 µm
(as obtained from d =  A/C). According [76], there is no need for the consideration
of the edge effect in the calculating the errors, due to the small aspect ratio of 0.002.
To calibrate the system, and to show the ability of the setup to detect pN forces,
we use the electrostatic force to excite the force sensor. This is done by applying a
sinusoidal potential with an amplitude of 10 mV at 100 mHz. The amplitude of the
resulting modulated force between the membrane and lower plate can be calculated
with Eqn. (7.4), which yields a value of 49 ± 1 pN 1 . A lock-in amplifier is used to
detect the response of the membrane using the output of the OP1550. The time
constant of the lock-in amplifier is set to 100 s. In the post-processing, we have reconstructed the signal by replacing the obtained R and θ from the lock-in amplifier
into S = R cos(ωt + θ). The reconstructed signal is presented in blue (solid line)
in Fig. 7.7.a. In this figure, the slow amplitude fluctuation of the signal could be
due to low frequency thermal and mechanical noise. We tried lower frequencies but
could not get the lock-in amplifier to lock on the response of the signal. Therefore,
we concluded that a smaller amplitude or lower frequency was not within the range
of our detection system unless the 1/f noise and the drift could be reduced even more.

7.4.2

Pressure modulation

After establishing that the setup is sensitive enough to detect a 49 pN force at
100 mHz, we modulated the background density using Ar, between 10−5 mbar and
10−3 mbar. The response of the membrane is recorded by using the OP1550 and is
fed to the lock-in amplifier. We know that the relative variation of  while changing
the pressure from 10−3 mbar to 10−5 mbar is small. To estimate the magnitude of this
effect, we can first calculate the permittivity of Ar via the Lorentz-Lorenz equation
 = 0 +N α, where α = 1.63×10−40 Fm2 is the atomic polarizability of Ar [77] and N
is density. Using this method, one can find that the value of ∆ for a pressure change
from 10−3 mbar to 10−5 mbar is approximately 0.0001%. Because of this small relative change, the residual electrostatic force from uncompensated contact potential
1

This is the second harmonic term of the electrostatic force between two parallel plates with
oscillation potential differences. The first harmonic vanishes by applying Vdc via a high gain feedback
loop locked at frequency ω.
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and patch potentials will not produce comparable modulated electrostatic force in
comparison with the expected Chameleon interaction. If we don’t see any correlated
signal with the excitation force raised by modulation of the background density, we
can exclude β larger than 109 from the Chameleon theory based on our numerical
calculation earlier in this chapter (see Fig. 7.1). Unfortunately, the results presented
in Fig. 7.7.b show otherwise, where, to better visualize the modulated force, we reconstructed the modulated response of the detection system using R and θ obtained
from the lock-in amplifier. The reconstructed signal presents a detected sinusoidal
signal at 100 mHz. However, we think this signal is related to a spurious effect as
discussed in the following section.
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Figure 7.7: a) Detected signal (solid blue line) at the modulated frequency. This
is a confirmation that the force of 49 pN can be detected. The results are not used
to calibrate the system rather to demonstrate the detection of the applied electric
force. To create this signal, we have applied a sinusoidal signal of 10 mV at 100 mHz
frequency between the two plates. The response of the membrane was recorded
using a lock-in amplifier synchronized with the input excitation voltage, while the
counter bias voltage was used to compensate the contact potential difference V0 . b)
The dashed black line is the recorded output of a lock-in amplifier locked on the
modulation of the gas density inside the vacuum chamber at 100 mHz.
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Pressure lag2
In appendix A we derive an expression for the pressure difference between the volume
between the plates and the volume surrounding the plates. In case the surrounding
pressure is increased linearly, the resulting expression is:


t
∆P = rτ 1 − e− τ ,
(7.5)
where, ∆P is the amplitude of the varied pressure, r is pressure change rate, t the
duration of gas change, and the time constant τ is given by
r
2V
m
,
(7.6)
τ=
A kT
where V is the volume between two plates, A is the area that gas can flow in and out
of the gap between the two plates, m is the mass of Ar, k is Boltzmann constant and
T is the temperature. When t  τ , Eqn. (7.5) is reduced to:
∆P = rτ.

(7.7)

For our case, with modulation frequency of 100 mHz, this limit applies for t on the
order of a second.
The sensor is a 1.75 × 1.75 cm2 parallel plate capacitor with a plate distance of
21 µm. Hence, V = 6 × 10−9 m3 . Three sides of the space between two surfaces
is closed. Therefore, only one side is open, so A = 3.5 × 10−7 m2 . For Ar, m =
6.64 × 10−26 kg. From Eqn. (7.6), for T = 300 K, we obtain τ = 0.16 ms. In this
experiment, where the chamber pressure is modulated with a period of 10 s between
10−5 mbar and 10−3 mbar, the average pressure changing rate in the 5 seconds between
a maximum and a minimum is 0.02 Nm−2 s−1 . Hence, a pressure difference of at least
3.2 × 10−6 Nm−2 can be expected, which corresponds to a force on the membrane of
320 pN. Such a large modulated pressure difference force will make it very hard to
detect or exclude Chameleon forces in a relevant parameter range with this method.
However, according to Eqn. (7.5) the pressure difference force is proportional to the
pressure changing rate. Thus using slower modulation might alleviate this problem.

7.5

Conclusion

In this chapter, we presented a new setup designed to test the Chameleon theory. The
idea is to fix the distance between two plates using four identical spacers, therefore
eliminating any distance control system. We also use an optical readout to improve
the sensitivity of the detection system. By introducing a gas modulation technique in
low vacuum (5 × 10−5 mbar), the density change is expected to vary the Chameleon
interaction between the two surfaces. Therefore, the absence of a detected signal
would help to exclude parts of the parameter space for the Chameleon interaction.
2

The calculation and discussion presented here are part of an internal note of Leo Polak
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Unfortunately, we detected a signal at the pressure modulation frequency that is not
connected to the Chameleon interaction. Further considerations allowed us to relate
this signal not to the Chameleon interaction but to a modulated force generated
by the pressure difference between the interior and the exterior part of the parallel
plate sensor generated when the pressure in the chamber is modulated. One might
ask what the reason is to modulate the pressure instead of a static measurement.
Choosing the static measurement method requires a force sensor with k < 1 N/m
to reach the sensitivity of 0.1 pN/cm−2 . The low spring constant of the force sensor
creates many hurdles as they were discussed in previous chapters: high susceptibility
to external noise, thermal and mechanical drift, complex parallelism and distance
control mechanism, and finally a need for a cutting-edge displacement readout system.
Considering the static measurement method used in Cannex, one can clearly see
that a static measurement would hardly reach the required sensitivity (current force
sensitivity: ∼ 1 nN) and stability (current stability: ∼ 6nm/h). However, by selecting
a gas density modulation technique, we could use a stiffer force sensor and a lockin amplifier. Therefore, many of the mentioned problems become irrelevant or less
stringent. Now that we have a more stable and more sensitive detection system, we
can vary the pressure with a smaller amplitude in comparison to the Cannex setup.
Adding a fixed distance and optical readout, we reached a force sensitivity of 49 pN
without major difficulties. However, initial tests showed a systematic error due to
the rate of pressure modulation. Since, according Eqn. (7.7), the rate of the pressure
change in the chamber is linearly related to the amplitude of this force modulation,
reducing the frequency of the modulation, which leads to a smaller rate of pressure
change, would reduce this force linearly. However, at the time of writing the thesis,
our attempts to detect force modulation at 10 mHz, was not successful. The two
main causes for this are 1/f noise and thermal drift. We believe with extra time and
investment, one can reduce this systematic effect significantly.

8

Conclusion
8.1

Motivation and Cannex setup

In the first three chapters, we discussed the theory, the motivation behind Cannex
and the experimental apparatus. As a reminder, the Cannex experiment measures
the deflection of a force sensor in the presence and in the absence of a background gas
in order to detect the variation of the interacting forces between two plates kept at
a separation of a few tens of µm, and compares the results to the expected variation
of the Chameleon interaction.
The detection system is a two plates capacitor with an interaction area of 1 cm2 ,
designed to achieve 0.1 pN/cm2 at a 10 µm to 20 µm scanning range. Assuming that
external influences (mechanical, electrical, and thermal) can be sufficiently attenuated, we estimated the residual Brownian noise of the sensor using the measured
Q-factor and resonance frequency. Considering these results, we were eventually able
to obtain the achievable precision for the Cannex experiment to be about 1.2 pN
(and 0.3 pN with upgraded version of the commercial bridge used for the detection)
at a plate separation of ∼ 10 µm, for an ideal case. Then, we numerically obtained
a forecast on Chameleon parameters for the Cannex experiment with estimated the
sensitivity. The results show that Cannex, with the sensitivity of 1.2 pN, can exclude
β > 104 for n > 20.

8.2

Force sensor

In chapter 4, we presented a static and dynamic characterization of the custom designed force sensor. For this purpose, a preliminary setup was used in which the
force sensor is opposed to a fixed plate to form a parallel-plate capacitor. Using a
piezoelectric motor we mechanically oscillated the force sensor and monitored the
88
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displacement amplitude via a capacitive bridge circuit. The obtained resonance frequency was 15.9 Hz for the laser-cut force sensor. Furthermore, we recorded the static
response of the force sensor to a varied voltage from −V to +V . By comparing numerical and experimental data we were able to determine the static force constant
k = 0.63 N/m, and the quality factor Q ≈ 100 of a prototype device with largerthan-usual tolerances. Since our test setup did not have a sufficient electrical and
vibrational isolation, noise become the major obstacle to a force sensitivity of only
∼ 10 nN.

8.3

Isolation system

In chapter 5, we presented the design and implementation of an isolation system
designed to damp external disturbances between 0.1 to 10 Hz. The main part of the
isolation system is an anti-vibration stage that relies on two major parts: vertical and
horizontal damping systems. For the vertical part, we implemented a set of GAS filters
tuned to 215 mHz; for the horizontal part, we mounted the core setup hanging on a
1.7 m pendulum, coupled with a set of eddy current dampers. The preliminary results
presented show that the performance of the system is close to expectations for both
directions. However, to finalize the anti-vibration stage, we still need to implement
an active control, which is currently under construction using an H-infinity control
system. The active part will also help to remove the resonance peaks of the GAS
filters and of the pendulum. It is expected that the active anti-vibration system will
provide an additional damping of 20 dB in frequencies below 1 Hz. Furthermore, a
large vacuum vessel is chosen to enclose entire setup. The vessel is pumped down to
10−3 mbar to damp acoustic noise and reduce the thermal fluctuations in the inner
chamber.

8.4

Final discussion

The initial characterization of Cannex showed that we need large improvements in
the noise reduction and long-term stability of the detection system. Force sensitivity
of approximately 1000 pN is a few orders of magnitude above the target force sensitivity. One of the issues comes from lower frequency noise which can be reduced if
we implement an active feedback control on top of the passive anti-vibration stage.
This approach will reduce mechanical disturbances that penetrate the isolation system. Another issue is the long-term stability of the system, and its problem with the
introduction of inert gas into the measurement chamber. First, the thermal system
must be upgraded to stabilize the entire outer and the inner chamber. In this way,
we will stabilize the distance between the two plates, and remove any transient effect during the introduction of the gas. The second step is a distance lock loop to
keep the distance between the frame of the force sensor and the lower plate constant.
It is necessary to use three optical readouts monitoring the displacement between
the frame and the lower plates. In this case, the feedback control system will work
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without interacting with the possible extension of the force sensor as a result of any
interaction between the two surfaces.
Despite these improvements, the distance and electrostatic calibrations of the experiments remain the biggest obstacle. The problem is that using a capacitive readout
and electrostatic force at the same time create a complex nonlinear equation to obtain
the distance accurately (see chapter 6). To address the problem, one can introduce
an optical readout to the system in order to decouple the distance measurement from
the electrostatic calibration. In this way, we can directly measure the displacement
without interfering in the various modulation method we use to calibrate our measurements.
An equally significant challenge is the drop of the quality factor by introducing
the gas. The low Q will increase the Brownian noise and will limit our sensitivity.
The offered solution is to increase the sensitivity below10−15 N, which will remove the
necessity of scanning the entire range from UHV to ambient pressure. By remaining
below 10−3 mbar we can lower the Brownian noise limit, while keeping the scanning
range of coupling β as wide as possible. To summarize, here is a list of the problems
that we have faced at the moment this thesis was written and remain still unsolved:
• Capacitive readout alone can not be used to perform accurate measurement
due to systematic errors: parallelism, electrostatic calibration, displacement
calculations. Hence, it is necessary to use an optical readout to read the absolute
displacement of the force sensor.
• Thermal control system has to be implemented for the outer chamber as well
as core to have a long term stability of the detection system 6. Furthermore,
the output of the temperature controller must be a DC signal to reduce the
interference with the read signal, as opposed to the current PWM output.
• The inner chamber can not hold vacuum for a long time under the ion-getting
pump. Therefore, it is impossible, in the current setup, to disconnect the molecular and roughing pumps to close the outer chamber. This can be solved by
first removing all out gassing material used inside the inner chamber, by reengineering the inner chamber to guarantee a low level of outgassing.
• The active anti-vibration stage must be implemented to reduce the energy that
couples to the force sensor at frequencies below 1 Hz. Currently, a digital control
system using H-infinity is being developed which will give us an additional 20 dB
damping.
• Due to the increase of the dissipation of the force sensor in the presence of gas
molecules, the Brownian noise increases. This increase limits the sensitivity
of the detection system. In the current setup, this problem can not be solved
without either designing a different force sensor or performing the pressure
variation in a regime that keeps the quality factor almost the same.
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Beyond Cannex

The second setup was designed and implemented after facing numerous road blocks
on the Cannex experiment, such as the parallelism, the thermal stabilization and
snapping problem of the soft force sensor gap size to 10 µm. To solve these issues,
we designed a setup that can test the Chameleon theory at the fixed distance separation of approximately 20 µm with a low-frequency modulation technique. The
rational behind it was that, if we create a compact force detection system, we can
avoid the challenges that we are facing in Cannex. A 200 nm Silicon membrane with
four spacers in the corners of the membrane frame was placed on top of a silica plate.
Both surfaces were covered with gold to create a parallel-plate transducer. The fixed
spacers allowed us to eliminate most of the long and short term distance variations
in the system. Using an optical readout [78], we improved the precision of displacement measurements and the accuracy of the electrostatic calibration. In addition to
these improvements, we also obtained a better stabilization with the thermal control system. This new thermal control system, with stability of d < 0.6 nm/hour,
was facilitated by a small chamber (∼ 15 × 15 × 20 cm3 ). These changes brought us
closer to reach the sensitivity and stability that was aimed from the beginning. We
reach a sensitivity of 49 pN at 100 mHz which was detected by a lock-in amplifier.
However, we detected a systematic effect due to the modulation of the gas pressure
inside the chamber. To overcome this problem, we need to decrease the modulation
frequency until this systematic effect which is a function of the modulation frequency
(Eqn. (7.7)), becomes negligible.

8.6

Final word

This thesis describes two precision measurement setups which were designed to test
the Chameleon theory by implementing an idea proposed by one of us and his collaborators in 2010 [30]. The idea is to change the background density of gas, which the
force sensor is immersed in and measure the response of the force sensor as a function of the background density. This method offers a novel approach to test scalar
fields with screening mechanism (such as the Chameleon field), which could explain
the accelerated expansion of the universe. However, currently, each setup faces a few
problems that do not allow us to reach the desired performance.

A

pressure lag1

Our alternative approach to testing the existence of the Chameleon force is to modulate the pressure in the measuring chamber. However, the pressure in between the
force sensor and the lower plate, P1 , will lag behind the pressure in the chamber
that contains the plates, P2 , which will cause a pressure difference between the volume inside the capacitor, V1 , and the volume of the chamber, V2 . This will create
an unwanted force on the membrane. Here, we derive an expression for the maximum pressure difference during the modulation when the chamber pressure is being
changed at a constant rate and calculate for a set of typical parameters the resulting
minimum force peak during each modulation period.
Consider a wall perpendicular to a direction labeled x. The time averaged pressure
exerted on this wall by ∆N particles bouncing from an area A is
hP it =

∆N hFx it,N
,
A

(A.1)

where hFx it,N is the force exerted by each particle in the x-direction averaged over
all particles and time. Assuming elastic collisions, this force can be related to the
particle velocity in the x-direction averaged over all particles, hvx iN , through
hFx it,N =

2m hvx iN
,
∆t

(A.2)

where m is the particle mass and ∆t is the time averaging interval. Combining the
two expressions, we obtain an expression for the number of particles bouncing off an
area A in time interval ∆t:
PA
∆N =
∆t.
(A.3)
2m hvx iN
1

The discussion, and calculations presented here are part of an internal note written by Leo Polak
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Hence, if the area A is a hole to an adjacent volume, this is the number of particles
escaping to the adjacent volume in the time interval ∆T . The change in the number
of particles in V1 per time interval ∆t can then be written as
∆N1
A
=
(P2 − P1 ) .
∆t
2m hvx iN
According to the equipartition theorem
q
p
hvx2 iN = kT /m,

(A.4)

(A.5)

where k is Boltzmann’s constant and T is the temperature. Then, using the approx1
imation hvx iN = (hvx2 iN ) 2 and the ideal gas law, P V = N kT , we obtain
∆P1
P2 − P1
=
,
∆t
τ
where
2V1
τ=
A

r

m
kT

(A.6)

(A.7)

is the system time constant. Changing the chamber pressure linearly from some
starting pressure, P20 , with rate r, i.e.
P2 = P20 + rt,

(A.8)

and taking the limit of the pressure change and the time interval to infinitesimals, we
obtain the differential equation
dP1 P1
P20 + rt
+
=
.
dt
τ
τ

(A.9)

Taking the initial value P1 = P20 , the solution is
 t

0
−τ
P1 = P2 + rt + rτ e − 1 .

(A.10)

The pressure difference ∆P = P2 − P1 is then given by


t
∆P = rτ 1 − e− τ .

(A.11)

Hence, when t  τ , the ∆P = rτ

2

2

It is important to note that we used an equilibrium approximation for these calculations In other
word, they are not meant to give an accurate analysis of events inside the chamber and between two
plates during the modulation of the gas pressure inside the chamber.

B

The locality of surface interactions on
colloidal probes

Many of the tests on the contact potential were first obtained in a different configuration, namely, in a sphere-to-plate geometry. During these studies, we found an
interesting feature of the spheres we were using. Theses spheres are also used by many
other groups to perform Casimir force measurements. We thus decided to report our
finding in a paper.

B.1

Abstract

The Casimir and electromagnetic interactions between objects at short separations
are strongly influenced by the local geometry near the point of closest approach.
In this paper, we demonstrate that the assumptions underlying common statistical
analysis of roughness may not hold in experiments using micro-spheres as interacting
objects. Based on an extensive experimental and numerical analysis of the surface
topology of the widely used colloidal particle types 4310A and 4320A, we show that
the actual variation in the local surface curvature may give rise to large uncertainties
in the comparison of experimental data to theories.
This chapter is based on a published paper:
Locality of surface interactions on colloidal probes, R.I.P. Sedmik, A. Almasi, and D. Iannuzzi, Phys.
Rev. B 88, 16542, [79]
In this work, I was involved to perform AFM measurements of the local radius, and SEM imaging
for the global radius of the spheres. I also developed an image processing Matlab code to extract
the global radius of the spheres from SEM images.
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Introduction

Over the past two decades hydrodynamic [80] and Casimir [81, 82, 83] (or van der
Waals) interactions at short surface separations have received increased attention.
Numerous measurements using a wide variety of experimental setups have been conducted in order to better understand these effects. In particular, the technical maturity and availability of atomic force microscopes (AFM) has made these instruments
popular for the measurement of forces at short surface separations. As both the hydrodynamic and the Casimir forces scale with distance as well as with the area of
the opposing surfaces, one would ideally use a parallel plate configuration in order
to maximize the force. Due to the technical difficulty of maintaining parallelism,
however, measurements are mostly performed in geometries with higher degrees of
symmetry such as a sphere opposing a flat plate or orthogonal cylinders.
When comparing experimental results to theoretical predictions, the imperfections of
the experimental surfaces have to be taken into account. For hydrodynamics, a wide
spectrum of influences from tribological parameters, such as wettability [84], surface
contamination [85, 86], trapping of nano bubbles [87, 88], and roughness [89, 90, 91, 92]
have been investigated (for a recent review see [80]). In the field of Casimir physics,
dielectric properties [32, 93, 94, 95, 96], the thickness of surface layers [97], local variations in the Fermi potential (patches) [42, 43, 44], and roughness [98, 99, 100, 101]
have been shown to influence the measured forces significantly. Stochastic irregularities also seem to play an important role for capillary forces [102] and the mechanical
characteristics of micro-electromechanical switches [103].
Being short ranged, hydrodynamic slip effects as well as the Casimir force crucially
depend on the geometrical properties of the interacting objects. In most studies,
geometry is accounted for by considering the global radius of curvature and the
roughness amplitude [104]. While these two parameters represent the extreme scales
of surface geometries, the intermediate scale, namely local variations in the curvature (sometimes referred to as ‘waviness’), are mostly neglected in studies utilizing
spherical (or cylindrical) probes. However, theoretical studies [105] have shown that
precision Casimir experiments performed with lenses of centimeter-size radius are
highly sensitive for non-sphericity. Other authors report variations of several tens of
percents in the hydrodynamic drainage force between a sphere and a plate for local
dents [106], large-scale asperities [107], and generic stochastic variations of the surface
topology [108].
It is the aim of the present study to demonstrate that the basic assumptions of
commonly applied statistical methods for the description of roughness (and general
corrugations) of spheres may not always be met. Based on a series of atomic force microscope (AFM) measurements on commonly used colloidal probes, we derive global
and local values for the surface curvature. At hand of experimental topology data
we show that the Casimir force may vary by several percent in dependence on the
position of the point of closest approach on the sphere – an effect which cannot be
covered statistically.
The paper is organized as follows. Section B.3 gives a theoretical and numerical
assessment of the effective area on colloid surfaces that give the major contribution
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to the Casimir and electrostatic interactions in an experiment. In Section B.4 we
describe the experimental methods used in the present work. A detailed presentation
and analysis of the data on radii and variations of the Casimir force in Section B.5 is
followed by a brief summary and conclusion of our work in Section B.6.

B.3

Locality of surface interactions

Figure B.1: Geometry of a corrugated sphere opposing an ideally flat plate (not to
scale).
Under the sole premise that the smallest curvature R of the interacting surfaces
is much larger than the separation d0 at the point of closest approach (d0  R),
the Casimir force can be estimated by the Derjaguin approximation (also known as
proximity force approximation (PFA)) [109]. In order to quantify the ‘locality’ of the
interaction it is instructive to compute the size of the cap on an ideal sphere that
contributes most to the force between the same sphere and a flat plate. For this
purpose, we write the PFA in the form
Zrc Z2π
dϕ rPC,pp (d(r, ϕ)) ,
FC (rc , d) = dr
0

(B.1)

0

where d(r, ϕ) is the local surface separation, rc is the lateral radius of the cap (see
Fig. B.1), ϕ is the azimuthal angle, and PC,pp (d) stands for the Casimir pressure
for parallel plates, as computed via Lifshitz theory [110]. For
√ a perfect sphere of
radius R, the distance function is d(r, ϕ) = d(r) = d0 + R − R2 − r2 , and we can
compute numerically the ratio FC (rc , d0 )/FC (R, d0 ). A parametric analysis evaluating
Eqn. (B.1) for room temperature, and gold as material for all surfaces (where the
dielelectric function has been computed on the basis of tabulary data and the Drude
model as described for example in [111]), R = 50 µm, and d0 = 100 nm, a fraction
of 95.5 % of the total force is generated within a radius of rc ≡ r3σ,C = 4.65 µm
around the point of closest approach. For a sphere with R = 100 µm, a similar
estimation results in r3σ,C = 6.47 µm. Fig. B.2 shows the dependence of r3σ,C on
distance. Although being based on an approximation, these results for r3σ,C clearly
demonstrate that, in typical AFM Casimir experiments using metal-coated colloid
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particles, the major contribution to the measurement comes from a very small fraction
of the total surface area. We will discuss the implications of these findings with respect
to roughness corrections further in Section B.5.2.
The surface separation is determined in many experiments from a calibration based
on electrostatic forces. Hence, it is interesting to analyze the ‘locality’ of the latter
interaction in a similar way as described above for the Casimir force. For this purpose,
one can use a modified version of the widely used theory by Smythe [112] for the
electrostatic attraction between a plate and a sphere. According to the method of
mirror charges, the potential φ(x) in three-dimensional Cartesian coordinates x =
(x, y, z) can be expressed as,

∞ 
qj
pj
1 X
+
,
φ(x) =
4πε0 j=1 ksj − xk krj − xk



sinh(j − 1)α
where sj = 0, 0, d0 + R 1 −
,
j sinh jα
−1
q
d
sinh jα
,
qj = −pj = 4πε0 d0
d+2R

rj = −sj , and α = cosh−1 1 + Rd .

(B.2)

The force generated by a local cap of radius rc , which is centered around the point
of closest approach (see Fig. B.1) is obtained from Coulomb’s law by integrating the
square of the electric field E = −∇φ(x, d0 ) (standing parallel to the surface normal
vector n of the sphere, with knk = 1), over the cap area,
θ(r
Z c)

dθ (n · E)2 R2 sin θ ,

FE (rc ) = 2π ez

(B.3)

π

where we have used spherical coordinates (R, θ, ϕ) with the relations x = R cos ϕ sin θ,
y = R sin ϕ sin θ, z = d0 +R(1−cos θ), the unit vector in z-direction ez with kez k = 1,
and the definition θ(rc ) = π − sin−1 (rc /R). Eqn. (B.3) is amenable for numerical
evaluation and allows to determine the effective radius r3σ,E for the electrostatic
force from the ratio FE (rc , d0 )/FE (R, d0 )1 . The results of this analysis are collected
in Fig. B.2. At very large d0 , the effective radii contributing to both Casimir and
electrostatic interactions converge to R. For d0 . 1 µm, r3σ,E is approximately a
factor of 3 larger than r3σ,C . We note that the results obtained here for r3σ,C state a
non-trivial extension of the estimates of the effective length scale given in Ref. [113],
which are limited to a power-law description of the forces.
1

Note that the error from neglecting the upper half of the sphere is . 5 % for d0 < 3 µm, but
is irrelevant at all distances due to the normalization by FE (R, d0 ). The same computation with
FE,compl (R, d0 ) (obtained by setting θ(rc ) → 0 in Eqn. (B.3)) instead of FE (R, d0 ) yields slightly
smaller values of r3σ,E at large distance.

98

APPENDIX. B
100

r3σ [µm]

50

10


100 µm
r
50 µm  3σ,E
100 µm
r3σ,C
50 µm

5
0.1

1

d0 [µm]

10

Figure B.2: (color online) Dependence of the effective cap radii r3σ,C and r3σ,E for
Casimir and electrostatic interactions on distance d, for particles of radii R = 50 µm
and R = 100 µm.

B.4

Experimental methods

We have investigated the commercially available colloidal particles 4310A and 4320A
from Duke Scientific, which have found application in numerous experiments using
AFM. These particles have NIST-certified diameters of 201 ± 3.2 µm 2 (standard
deviation 7.8 µm) and 100 ± 1.5 (1.6) µm, respectively.
For both types of spheres large dense arrays of particles were fixed with epoxy glue on
a glass slide. Small conglomerates of 4 × 4 colloids with optically clean surfaces were
then selected for further investigation. The surface topology was measured on several
spots per sphere by using a Veeco Nanoscope III AFM in closed loop tapping mode.
Then, the arrays were RF sputtered with 5 nm Cr followed by 100 nm Au, following
the same procedures and parameters used for the preparation of probes for recent
Casimir and hydrodynamic experiments [31, 114, 32, 36]. All spheres were imaged in
a FEI Phenom SEM, followed by a second series of measurements in the AFM.
For the purpose of this study, a proper calibration of the instruments is of vital
importance. Prior to the first AFM measurements we performed the full calibration
procedure following the steps provided by the manufacturer using a commercially
available NT-MDT TGG1 grating, which consists of a flat surface with well defined
periodical triangular ridges. As a test of the calibration, and in order to give a
proof for the feasibility to accurately measure the surface curvature radius, we have
performed tapping mode imaging on stripped Corning SMF-28 fibers featuring a very
precisely defined nominal diameter of 125 ± 0.7 µm with a maximum non-circularity
of 0.5 %. By fitting the resulting topology data of the cylindrical surfaces we obtained
a value for the radius equal to 62.61 ± 0.01 (0.39) µm. This result demonstrates the
fitness of the applied method to accurately determine the curvature radius of a surface.
For clarity, we have to note that radius values obtained from surface height data
2

Note that NIST-certified values are based on only two measurements and may, thus, not be
statistically representative.
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Table B.1: Results for the sphere radius R, and the roughness σ (weighted averaged mean over results from scans on the same sphere type, format: RMS{PV}), as
obtained by SEM and AFM measurements.
type

SEM
AFM before dep.
AFM after dep.
R [µm]
R [µm]
σ [nm]
R [µm]
σ [nm]
4310A 49.8±0.2 (0.7) 48.93 ± 0.46 (1.3) 1.7 {35} 47.59 ± 0.50 (1.4) 5.7 {137}
4320A 102.3±0.5 (3.6) 100.9 ± 2.8 (6.9) 10.2 {131} 99.3 ± 3.0 (7.3) 13.2 {167}
throughout this work are based on unweighted least square fits (see Section B.5.1).
We perform statistical averaging of radii measured on the same sphere (or fiber), using
the inverse square of the 68.3 % confidence intervals of the parameter R of the fits as
weights, and report the weighted mean, its uncertainty, and the weighted standard
deviation (in brackets).
Tapping mode scans3 are performed along a rectangular raster, resulting in a fast
(along the single lines of the raster, xf ) and a slow (orthogonal to the lines, xs ⊥xf )
scan direction. In the evaluation of the topology of the SMF-28 samples only data
have been taken into account which were acquired with the fast scanning direction
oriented orthogonally to the fiber. Scanning parallel to the cylinder axis (with xs
being orthogonal to the fiber) resulted in deviations from the stated results due to
the presence of drift. We found that this drift was rather constant over all our
measurements and samples, yielding a distance scaling factor fC = 0.70±0.06 between
calibrations performed along xs and xf , respectively. A rotation of the scan direction
by 90 degrees without moving the sample yielded the same value for f . Finally,
using the TGG1 grating, we could completely exclude the appearance of drift along
xf . Therefore, we speculate that this systematic effect is caused by an error in the
scanner of our AFM. However, due to the strong reproducibility, consistency, and
linearity, the drift can be removed from the data by the application of a scaling factor
along xs (see Section B.5).

B.5

Analysis and Results

Several series of analysis have been performed on all data. First, in Section B.5.1
the accuracy and spread in the determination of sphere radii from AFM scans are
investigated. The results are then compared to the outcomes of a more commonly used
method using a SEM. In a second analysis in Section B.5.2, we focus on the influence
of locality on the Casimir force, and the local variation in the surface curvature.
3

We would like to note that the investigation of spherical particles by means of standard tapping
mode measurements has proven to be prone to approach errors, which eventually lead to damage
on the probe surface. For future experiments, it is thus recommended to use the reverse imaging
technique described in the literature [104] to characterize the surface of colloidal tip AFM probes.
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Radius determination via AFM

In order to characterize the investigated sample of particles statistically, and to further verify our method by comparison of the results to the literature [104], the curvature radius of 32 spheres has been measured. For this purpose, AFM topology
data hAF M (x, y) with lateral dimensions 15 × 15 µm2 have been analyzed without the
application of filters or any automatic corrections in order to avoid the introduction
of systematic errors. Using a standard least squares method, hAF M (x, y) was fit by a
function
p
(B.4)
hf (x, y) = h0 + R − R2 − (x − x0 )2 − (fD y − y0 )2 ,
where x and y are the fixed lateral coordinates of the scan, R, x0 , y0 , and h0 are
free parameters representing the global radius of the sphere, and offsets in all three
Cartesian coordinates, respectively. fD is a scaling parameter, which accounts for
the constant drift in the slow scanning direction (see discussion in Section B.4).
Note that, because fD also is a free fit parameter, the possibly erroneous curvature
along the slow scanning direction y ≡ xs does not influence the final result for
R. By averaging over the outcomes of all performed data fits, we obtain a value
fD = 0.75 ± 0.05, which compares very well to the drift factor fC , determined in the
calibration, as mentioned in Section B.4.
The root mean square (RMS) and peak-valley (PV) roughness have been measured
from the fit residuals hAF M − hf . In order to obtain an independent set of measurements to which the results of our AFM analysis can be compared to, we have
determined the radius of all colloids in the present study by means of circular fits
to their circumference in SEM images. Results for the roughness and the global
radius, as extracted from AFM data taken before and after the sputter coating,
and from SEM data (only after the deposition) are given in Tab. B.1. The radii
extracted from SEM measurements generally comply with the NIST certification
of the spheres. In direct comparison, the results for R from AFM fits before the
sputter process show good agreement with the corresponding values from SEM data:
RAFM /RSEM − 1 = 1.9 ± 0.3 (2.1) % on 4310A and 0.4 ± 0.4 (5.8) % on 4320A. After
the deposition of gold, a slight change (of −5.5 ± 3.0 (2.2) %) can be observed in
RAFM for of spheres of type 4310A, while the results for 4310A remain constant
within the error of determination (relative change 0.6 ± 0.5 (10.5) %). The average
roughness obtained from the same data increases after sputtering. This change is
most pronounced for the (initially) relatively smooth 4310A colloids, for which the
RMS value rises by a factor ∼ 3.4, and the peak value by a factor 4.1. With applied
coating, the PV roughness of 4310A and 4320A colloid species are comparable, while
the RMS value still stays clearly lower on 4310A. These observations compare well
with the findings of other investigations on the same sphere types [115, 100].
We would like to note that the method applied to extract the curvature from AFM
topology data in the present work is different from the one of Refs. [104, 106]. These
authors used only the height profile along one single cross section of the data to

101

APPENDIX. B

derive the global radius while our fit to hf (x, y) is applied to the entire data set.

B.5.2

Locality, statistics, and the Casimir force

As discussed in Section B.3, due to the finite curvature the actual area contributing
most to the Casimir and electrostatic forces between a sphere and a plate is very
small. In consequence, it is clear that the interaction measured in an experiment
crucially depends on the local topology of the surface. This issue has been investigated theoretically and experimentally for hydrodynamic forces in the case of a
deformation (flattening) of the colloid [106] as well as for asperities [107] and patterned surfaces [108]. All studies have found variations of several tens of percent
in the force. For the Casimir force, dedicated investigations [116, 117, 118, 119]
have shown a significant dependence of the interaction on the relative lateral position of regular corrugations on a sphere with respect to an opposed flat surface with
structures of the same periodicity. Also, it has been recognized early [120] that nonstochastic large-scale deviations from perfect sphericity have a significant influence
on the Casimir force. However, for standard sphere-plate experiments reported in the
literature, in the analysis of measurements the imperfections of the surfaces of spherical AFM probes are considered statistically only, either via perturbative approaches
(see for example [121, 99, 115]), application of the PFA [122, 123, 111], or combinations thereof [124, 101]. The underlying assumptions defining the applicability of
statistical methods are [121] that:
1. the area associated with the lateral correlation length ξ (see below and
Ref. [125]) of the roughness is much smaller than the effective interaction area:
Rd0 π  ξ 2 π,
2. the roughness profile is invariant with respect to the lateral position of the
sphere.
In typical analysis found in the literature, roughness parameters are determined from
AFM scans, which are flattened in order to remove the curvature (in the case of a
sphere) and to compensate for piezo drift (for open loop scans). Depending on the
applied method of flattening and the size A of the scan area, low-frequency spectral
components are eliminated from the profile h(x, y) (for the sake of simplicity, we
drop the index AF M from now on). This latter process influences the shape of the
auto-correlation function
Z

0
0
0
0
ACF (r) = (1/A)
dx dy kh(x + x , y + y )h(x, y)k ,
(B.5)
A

r

from which ξ can be obtained under the assumption hof purely stochastic
roughness
i
2H
by fitting ACF (r) to the function ACFfit (r) = Γ0 exp − (r/ξ)
, where 0 < H < 1
p
is the roughness exponent, Γ0 is a constant, r = x2 + y 2 , and the notation h ir
indicates averaging over all pairs (x, y) on a circle of radius r. Fig. B.3a shows
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Figure B.3: (color online) Statistical data on the scan shown in Fig. B.4. a) correlation functions ACF (r) as defined in Eqn. (B.5), computed from data in Fig. B.4b
(flattened by subtraction of hf , dashed line), or after subtraction of a free polynomial
of fourth order from the data in Fig. B.4a(solid line), a) differential and cumulative
height distribution of unfiltered data of the flattened AFM scan in Fig. B.4b.
an example of the function ACF (r) obtained from unfiltered AFM data shown in
Fig. B.4. If the best fit of h(x, y) to a sphere according to Eqn. (B.4) is removed
from the data (resulting in the topology shown in Fig. B.4b), a subsequent fit of
ACF (r) results in ξ = 2.5 µm (dashed black line in Fig. B.3a). Despite the fact that
the height distribution (solid line in Fig. B.3b) almost perfectly follows a Gaussian
curve, the spectral distribution ACF (r) in Fig. B.3a cannot be fit satisfactorily by
the model of Eqn. (B.5). As can be seen in the figure, a significant contribution comes
from large-scale corrugations with wavelengths lcorr of several µm 4 , lcorr  ξ. These
4

We note that the large-scale deformations, which have a typical height of several nm
(4.2 nm(RMS), at wavelengths > ξ = 2.5 µm), cannot be explained by piezo drift since all measurements have been performed in closed loop operation with accuracy better than 0.5 nm. Moreover
we could not find any regular patterns or correlations between the irregularities shown by different
scans.
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Figure B.4: (color online) Topology of an exemplary 4310A sphere after sputtering.
a) Actual AFM data (hAF M ), b) flattened by subtraction of the spherical fit hf .
contributions of low spatial frequency break the conditions (1.) and (2.). Consider
for example an experiment with R = 50 µm, and ξ = 2.5 µm. At a separation
2
π, and
d0 = 100 nm roughly three structures of area ξ 2 π fit into a cap of size r3σ,C
2
Rd0 /ξ = 0.8. Therefore, a statistical evaluation of roughness might in this case not
be rectified at d0 . 1 µm. It is interesting to note that, if one removes independent
polynomials of fourth order in both lateral directions instead of the spherical surface
hf , the fit to ACF leads to ξ = 420 nm (solid light blue line in Fig. B.3a). The latter
value compares well with those reported in the literature (200 nm in Ref. [123] and
. 600 nm in Ref. [111]).

Figure B.5: Adaption of the local coordinate system of the cap to the tangential plane
to the sphere at (xc , yc ).
It is further instructive to perform explicit calculations of the Casimir interaction
between an ideally flat surface and the height profile h(x, y) of a sphere obtained from
actual AFM data. We select a representative scan, which was recorded on a 4310A
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sphere after sputtering. Fig. B.4a shows the topology h(x, y) 5 , where, for the purpose
of a more clear illustration, a running mean filter with a lateral width of 100 nm has
been applied. For the unfiltered data, we calculate a statistical (stochastic) roughness
correction χr (d0 ) to the Casimir force based on the established model of Ref. [122],
which applies the PFA. For the ease of computation we use a BSpline-interpolation
of the differential height quantity w(h) of the histogram in Fig. B.3b (based on the
flattened topography in Fig. B.4b), and write
Z

max(h)

χr (d0 ) =

dh w(h)
min(h)
Z max(h)

with 1 =

FC,pp (d0 − h)
,
FC,pp (d0 )

(B.6)

dh w(h) .
min(h)

Results of Eqn. (B.6) will be taken as a reference for the subsequent analysis.
From the unfiltered data of the scan shown in Fig. B.4a, we extract 36 equally distributed caps of radius rc = 4 µm and center positions (xc , yc ) 6 . For each cap c, the
height profile hc has been transformed such that the vertical z-axis is parallel to the
normal vector associated with the global spherical fit at (xc , yc ) (see Fig. B.5). The
Casimir force, which would act between the curved caps with a corrugated surface
profile hc (x, y) and a perfectly flat plate (in this example, both made of gold) at a
distance d0 can be computed by numerical application of the PFA,
FC,c (d0 ) =

Ac X
PC,pp (d(xn , yn )) ,
Nc n

(B.7)

where n runs over all Nc points of the cap, d(x, y) = d0 − hc (x, y), and Ac = rc2 π
is the area of the cap. An important aspect for the application of Eqn. (B.7) is the
definition of the reference d0 for the surface separation. In order to demonstrate the
impact of the latter parameter, we elaborate the data in three different ways:
Electrostatic distance determination. In experiments where the distance between the sphere and the plate is determined via an electrostatic calibration, the
surface separation d0 corresponds 7 physically to the gap between the surface of an
ideal sphere, fitted to a cap of the effective radius r3σ,E , and the flat plate. In the
analysis of the locality of electrostatic and Casimir forces in Section B.3 (Fig. B.2) it
5
Note that the scan in Fig. B.4 was taken from an area of 15 × 15 µm2 . The deviation of the
aspect ratio from unity is a direct consequence of the scaling factor fD (here in the direction of x).
6
We would like to note that the same investigations have been repeated for several different
spheres. In all cases, we obtained equal qualitative (but not the same quantitative) results for all
points of the presented discussion.
7
The Smythe theory for the electrostatic interaction between a sphere and a plate, which is
used in this analysis as well as in the literature, does not take into account local variations in the
solution of the Poisson equation due to inhomogeneous conductivity (patch effects) and corrugations
of the surface. We believe that this is an important point of discussion which, however, goes beyond
the scope of this paper, and we restrain ourselves to the investigation of the influence of different
hypothesis found in the literature regarding the surface separation.
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Figure B.6: (color online) Definitions and results for global radius reference. a)
Definition of the distance reference d0 from the global spherical fit (dashed line, R), b)
results for the normalized Casimir force FC,c /FC,id (R, rc ) as a function of d0 , computed
for 36 caps of rc = 4 µm on the AFM scan shown in Fig. B.4a, c) inverse dependence
of the force on the local curvature radius Rc resulting from higher tips of more convex
areas. Each data point corresponds to a different cap.
could be seen that r3σ,E is on the order of 10 µm in the distance range accessible by an
AFM experiment (50–400 nm). This indicates that the cap size over which the electrostatic interaction is integrated (averaged), is comparable to the one of the entire
scan shown in Fig. B.4. Therefore, we define here d0 between the surface of the spherical fit with curvature R to the entire scan (global fit), and the ideally flat opposing
plate, as depicted in Fig. B.6a. However, the Casimir force is still (effectively) being
generated within a cap of radius r3σ,C < r3σ,E on the curved surface. When FC,c (d0 ) is
computed for each spherical cap, according to Eqn. (B.7) one obtains the force curves
shown in Fig. B.6b. Since we are interested in the deviation of the forces FC,c (d0 )
from a theoretical prediction FC,id (R, rc , d0 ) for a cap of the same rc on an ideally
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shaped sphere of radius R, we normalize all given results by this latter quantity. In
Fig. B.6b, the geometric mean and standard deviation over the 36 caps are indicated
as well as the stochastic correction χr (d0 ). Note that, due to the lateral separation
of 1 µm between the center positions of adjacent caps and the resulting overlap, the
force curves are not strictly statistically independent. Nonetheless, the statistics are
representative for the results in an actual experiment, in which the point of closest
approach would be shifted in the same way by turning the sphere. The large spread of
∼ ±35 % in FC,c (d0 ) at the shortest surface separation can intuitively be understood
from the fact that the top surfaces of some caps lie closer to the opposing surface than
others, resulting in a deviation between the effective surface separations for Casimir
and electrostatic interactions. The caps indicated by ‘c1’ and ‘c2’ (in Fig. B.4) correspond to the minimum and maximum force lines, respectively, in Fig. B.6b, and
represent the caps with the lowest local minimum and highest maximum values of hc ,
respectively 8 . An interesting fact to note is that ‘c1’ is a convex area in Fig. B.4,
which indicates that Rc (c1) < R, while ‘c2’ is concave Rc (c2) > R. The linear dependence on the curvature radius R, as predicted by the PFA [126], is thus overruled
by the influence of the distance shift, as shown in Fig. B.6c.
Distance determination from contact. If the distance is adapted to the local
curvature radius Rc (derived from a fit to the local spherical surface within rc around
patches on the scan shown in Fig. B.4a), the separation between the sphere and
the plate has to be redefined as depicted in Fig. B.7a. According to Ref. [113] this
distance reference corresponds to the one that would be obtained experimentally
by moving the surfaces to contact, and subsequent consideration of the statistics of
the roughness distribution measured on a flattened surface. We note that the local
adaption of d0 to the topology of caps of the size of r3σ,C (instead of r3σ,E ) naturally
increases the variation in d0 but reflects more accurately the situation ‘experienced’
by the Casimir force. Accordingly, the variation in the FC,c (d0 ) between different
caps for this example (see Fig. B.7b) drops by a factor ∼ 7 with respect to the one
shown by the data in Fig. B.6b. As can be seen in Fig. B.7c, the linear dependence
of FC,c on the surface curvature Rc is restored. In accordance with this finding, the
minimum line in Fig. B.7b now corresponds to ‘c2’ and the maximum line to ‘c1’,
which is in agreement with the fact that the convex areas in Fig. B.4 have a smaller
local Rc (and, thus, produce a weaker force) than concave areas. Note that the
lateral distance between ‘c1’, and ‘c2’ is only 6.4 µm, corresponding to an angular
shift of 7 ◦ on the sphere 9 . Note further, that single force curves deviate not only
in amplitude but also in the exponent of the distance. Therefore, the minimum and
maximum lines do not necessarily correspond to actual force curves but show the
8

Due to the circular shape of the caps, the upper left and lower right corners of the scan cannot
be reached, and do not enter the calculations, thus.
9
The same analysis on other spheres lead to shifts of less than 3 µm. Also, the caps giving the
minimum and maximum forces for different height reference are not necessarily the same, as in the
example in the main text. The general conclusions regarding the influence of the distance error and
the local curvature hold.
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Figure B.7: (color online) Definitions and results for local radius reference. a) Definition of the distance reference d00 = d0 − h0 from the local spherical fit (dashed line,
Rc ), b) normalized Casimir force FC,c /FC,id (R, rc ) as a function of d00 , computed for
36 caps of rc = 4 µm on the AFM scan shown in Fig. B.4, c) almost linear dependence
of the force on the local curvature radius Rc .
min. and max. values of all curves at the same distance.

Flattened topography, geometric average reference. Finally, we investigate
the influence of large-scale corrugations on the flattened topology shown in Fig. B.4b,
obtained by removal of the curvature through subtraction of the global reference hf
(corresponding to the global radius R) from the AFM data. As shown in Fig. B.8a,
the reference d0 is defined by the geometric average of the local surface profile within
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P c
10
11
r3σ,C , according to the relation N
is computed
n=1 [d0 − d(xn , yn )] = 0 . If the force
between a perfectly smooth plate at a distance d0 (see Fig. B.8a) and caps at the
same positions as before, but now on the flattened profile of Fig. B.4b, the spread
is again reduced slightly. More important, the change in the topology from curved
to flat also leads to an up-bending of the curves at short distance in Fig. B.8b,
which represents a qualitative change of the results with respect to the case of curved
surfaces. This effect is caused by the geometric (linear) method of statistical averaging
of the values h(x, y). A height distribution following (according to the histogram in
Fig. B.3b) a Gaussian statistic around d0 , will naturally, due to the non-geometric
distance scaling of the force, lead to a distribution of FCPthat is shifted towards
higher values. Mathematically, the average distance d0 = N
n=1 d(xn , yn )/N results
PN
3
in an average force F C = [FC,pp (d0 )/N ] n=1 (d0 /d(xn , yn )) > Fpp (d0 ), where the
distance dependence of the Casimir force FC,pp between ideal parallel plates has been
approximated for the sake of simplicity by 1/d3 . This effect of ‘shifting by weighting’
is pronounced much stronger for the case of the flattened surfaces in Fig. B.8 than
for curved surfaces. Again, the reason is the locality of the interaction. While on
caps with finite Rc the central region contributes most, and only the very realization
of the roughness at the point of closest approach determines the actual force, on a
(flattened) cap with Rc → ∞ all points contribute in the same way, and the statistical
averaging enhances the force. Thus, there is a qualitative difference between the actual
dependence on roughness for flat and curved surfaces.
Numerical evaluation of Eqn. (B.6) results in the blue dotted lines in Figs. B.6b,
B.7b, and B.8b. In all three figures, the statistical prediction χr lies within the
blue (innermost) band corresponding to the standard deviation of the 36 force curves
at each distance. Nonetheless, in the case of curved surfaces, χr shows significant
deviations from the mean of the force curves obtained in our explicit example. For
the computations on flat surfaces, the local averages d0 (c) do not vary strongly, leading
to a better agreement with χr (for which the average distance d0 (χr ) is equal to the
plane given by the global spherical fit indicated by R in Fig. B.8a). However, it has
to be considered that, according to the analysis above, a purely statistical treatment
may not be valid for curved surfaces. As has been indicated by other authors as
well [113, 120], one has to consider that in an actual experiment only one of these
force curves will be effective. The curves corresponding to single realizations show
significant variations in both amplitude and exponent of the distance. Unless the very
point of contact on the spherical surface can be determined with sub-µm accuracy
and the topology at this very point is taken into account in a comparison with theory,
there may always be a significant deviation of analytic and experimental results.
The previous qualitative investigation was based on a single (representative) AFM
scan and can therefore not be used to derive a quantitative estimate of the error due
to local variation of the surface topology. In order to achieve the latter, we assume
10

Note that the this situation of a flattened rough sphere opposing a perfectly smooth plate is
equivalent to the model used to derive expressions for roughness corrections to FC for the sphereplate geometry [122, 121, 124].
11
Note that FC,c is now normalized with respect to the force FC,id (pp, rc ) between ideal flat circular
plates of lateral radius rc .
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Figure B.8: (color online) Definitions and results for a topology flattened by removal of
the global spherical fit R, and the local geometric mean d0 as reference. a) Definition
of the distance reference d0 from the local geometric average of the flattened cap
(short dashed line), b) normalized Casimir force FC,c /FC,id (pp, rc ) as a function of d0 ,
computed for 36 flattened caps of rc = 4 µm on the AFM scan shown in Fig. B.4, c)
only slight dependence of the force on the local curvature radius Rc after flattening
of the profile.
that the distance is determined as outlined in Ref. [113], which corresponds to the case
that the height reference is obtained from the local spherical fit. Then, the variation
of the expected Casimir force scales directly with the curvature radius (see Fig. B.7c).
We have performed fits using Eqn. (B.4) to caps of different rc for all available unfiltered AFM data. The results are shown as histograms in Fig. B.9. For each sphere,
the Rc have been normalized with respect to the corresponding global fit radius R.
Numerical values for the weighted mean Rc and standard deviation σc of each distribution are given in tabulary form in the figures. Throughout, the agreement between
Rc and R is very good, which rules out systematic effects.
Considering variations in the Casimir force, the most important parameter of this
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analysis is σR (r3σ,C ) which, averaged over all spheres of type 4310A for rc = r3σ,C
at d0 = 100 nm, gives a value 1.4 % as compared to the standard deviation 1.8 % of
the 36 caps with rc = 4 µm used in the evaluation of the scan shown in Fig. B.4.
On 4320A colloids, σR (r3σ,C ) takes a similar value of 1.7 %. The widths σR of the
(fitted Gaussian) distributions, naturally increase for smaller cap sizes (corresponding
to smaller surface separations) and approach, in the limit rc → 0 the respective value
of the roughness evaluation using the full resolution of the AFM scans. However, one
has to bear in mind that these statistical measures do not apply in the comparison
of force measurements taken between a single spot on a sphere, and a smooth plate.
As discussed above, an actual experiment will be influenced by the local realization
of the geometry of the surface, and the resulting uncertainty may be much larger
than σR . We would like to point out, that this potential error is neither covered by
a typical statistical analysis based on a stochastic distribution of roughness nor by
consideration of the uncertainty in R determined from SEM images. The resolution
of the latter is clearly insufficient to quantify surface irregularities with a height of
the order 10 nm.
Finally, we note that the present investigation is focused on the experimentally relevant situation of a micro-sphere opposing a flat plate, where at least one of the
interacting surfaces has a finite curvature. In the case of parallel plates (as for example in mirco-electromechanical devices), the area of interaction is much larger.
Therefore, the conditions (1) and (2) mentioned at the begin of Section B.5.2 are
met, and the effect of surface corrugations can be modeled satisfactorily statistically.
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Conclusion

We have investigated the radius and surface roughness for colloid particles of type
4310A and 4320A, which are widely used in experiments on hydrodynamic and
Casimir interactions in the sphere versus plate geometry. Numerical analysis shows
that on curved surfaces only a small fraction of the surface area effectively contributes
to the measured Casimir and electrostatic forces. On the basis of actual AFM topology data, our study indicates that
• surfaces of colloid particles show non-regular corrugations on intermediate
length scales (1–10 µm) of comparable or larger amplitude than short scale
roughness. Flattening procedures, which are necessary to measure roughness
distributions, may filter these irregularities.
• in the presence of such corrugations, the translational invariance and the statistical representativity of the interacting ‘cap’ area may be violated at surface
separations up to a few µm. Therefore, the fundamental assumptions for a
statistical analysis may not hold.
• forces, which are measured on different spots of the same surface vary in both
amplitude and exponent of the distance dependence. The scale of these variations depends on the applied reference for the distance.
• the effective length scale for electrostatic interactions is roughly 3 times larger
than the one for the Casimir force. Thus, the quantum-mechanical force ‘sees’ a
much smaller area on the curved surface than does the electrostatic one. In the
presence of corrugations at intermediate length scales, this may lead to different
offsets and definitions for the distance of the two interactions, which may result
in a spread in measured Casimir forces of several tens of percent.
• in the case that the distance is determined from the contact of the two surfaces, the error which would appear due to an electrostatic calibration (due
to different effective offsets for the surface profile for electrostatic and Casimir
interactions) may be avoided. This is particularly true if the plate is smooth
enough (atomically flat) on all length scales so that its roughness profile does
not influence the distance at contact. Then, the local variation in the Casimir
force is mainly determined by deviations of the surface curvature radius from
its global value, which amounts to 1–5 %, depending on the distance. These
geometrical variations, again, are to be seen on the ‘locality scale’ of the interaction and can only be determined from unfiltered AFM topography data taken
at the very point of the force measurement.
The present work shows that commonly used micro-spheres may feature surface corrugations which influence short-scale surface interactions locally. The very realization
of the geometry at the point of closest approach determines the force quantitatively
and qualitatively. A theory which is compared to data from such experiments must
take into account the real topography of the surface, as statistical measures may not
be sufficiently accurate.

Summary
The universe is experiencing an accelerated expansion, which can not be explained
by General Relativity (GR). According to GR the expansion of the universe should
slow down. One way to solve this problem is to have a scalar field that will explain
the expansion without the need for an alternative theory to GR. There have been
many scalar fields hypotheses that offered a solution. However, most of their parameter space have been excluded by terrestrial experiments. In 2004, Khoury and
Weltman [11] proposed a scalar field, named the Chameleon field, with a screening
mechanism. The name of the theory comes from the idea that this peculiar field can
adapt to its surrounding. Therefore, this field can answer for this problem, without facing the stringent experimental limit that other scalar fields, without screening
mechanism, have faced.
In 2010, a novel approach to testing the Chameleon theory was proposed [30].
The idea is to place two plates parallel, with a large interaction area, at a few tens
of µm immersed in inert gas. By varying the pressure of inert gas, the Chameleon
interaction between two plates are expected to change. Therefore, if other microscale
interactions are accounted for, one can have a possibility to test the Chameleon theory.
Following this idea, we designed an experiment using a custom made actuator (force
sensor) facing an ultra flat surface. The relative displacement of the force sensor
monitored by a high precision capacitance bridge to 7th digit at a nominal capacitance
of 100 pF. Since measurement was done in DC, we designed an isolation system to
reduce disturbances that can couple to the sensor in frequencies below 10 Hz.
Our work over the past five years offered a robust force sensor with a resonance
frequency of 15.9 Hz and spring Constant of 0.63 N, and a passive anti-vibration stage
with 60 dB damping at 10 Hz. However, there have also been setbacks that allowed
us to find a flaw in the design or in the implementation, such as long-term stability of
the detection system, and unnecessary complexity of the detection system due to the
choice of capacitive bridge detection. Replacing the detection system with an optical
readout and reducing the long-term drift of the plate separation are among further
steps to take before testing the Chameleon theory.
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Samenvatting
Het universum ondergaat een versnelde expansie die niet verklaard kan worden met de
Algemene Relativiteitstheorie (AR). Volgens AR zou de expansie van het universum
juist moeten vertragen. Eén manier om dit probleem op te lossen is door te postuleren
dat er een scalair veld is dat dat de expansie verklaard, zonder dat er een alternatief
voor AR nodig is. Er zijn vele scalaire veld hypotheses die een oplossing bieden.
Echter, het grootste deel van de parameterruimte van deze hypotheses is al uitgesloten
door experimenten. In 2004 hebben Khoury en Weltman [11] een scalair veld met een
afschermingsmechanisme voorgesteld. Dit eigenaardige veld wordt het Kameleon veld
genoemd, omdat het zich kan aanpassen aan zijn omgeving. Door deze eigenschap
kan dit veld het probleem van het versneld expanderende universum oplossen, zonder
in conflict te komen met de strikte experimentele grenzen die andere scalaire velden,
zonder afschermingsmechanisme, de das om doet.
In 2010 werd er een nieuwe benadering voorgesteld om de Kameleon theorie te
testen [28]. Het idee is om in een inert gas twee elektrisch geleidende platen, met
groot interactie oppervlak, parallel tegenover elkaar te plaatsen op een afstand van
enkele tientallen micrometers. Door de druk van het inerte gas te variëren zou de
Kameleon interactie moeten veranderen. Dus, door op juiste manier rekening te
houden met alle andere, bekende interacties, is het mogelijk om op deze manier de
Kameleon theorie te testen. Op grond van dit idee hebben we een experiment ontworpen met een speciaal ontwikkelde krachtsensor met een ultravlak oppervlak dat heel
nauwkeurig dichtbij en parallel aan een ander ultravlak oppervlak kan worden gepositioneerd. De relatieve verplaatsing van de krachtsensor wordt bepaald door middel
van een hoge precisie capaciteitsbrug, met nauwkeurigheid tot de zevende decimaal
bij een nominale capaciteit van 100 pF. Omdat het een statische meting is hebben
we een isolatiesysteem ontworpen om verstoringen met frequenties onder de 10 Hz te
reduceren.
Ons werk van de afgelopen vijf jaar heeft geleidt tot een robuuste krachtsensor met
een resonantiefrequentie van 15.9 Hz en een veerconstante van 0.63 N, en een passief
anti-vibratie systeem met 60 dB demping bij 10 Hz. Echter, er zijn ook tegenslagen
geweest. Zo hebben we gebreken in het ontwerp en implementatie gevonden, zoals
instabiliteit van de afstand tussen de parallelle platen over de de lange termijn en
onnodige complexiteit van het detectie systeem, die het gevolg is van de keuze voor
detectie met een capaciteitsbrug. Het vervangen van het detectiesysteem door een
optische uitlezing en het reduceren van ongecontroleerde relatieve verplaatsing van de
parallelle platen op de lange termijn, zijn enkele van de vervolgstappen die genomen
moeten worden alvorens de Kameleon theorie getest kan worden.
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