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STATUS REPORT ON THE MEASUREMENT OF THE CASIMIR FORCE IN
A CYLINDER-PLANE GEOMETRY
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We report on an ongoing experimental effort to measure the Casimir force in the cylinder-
plane geometry. The experimental technique and some of the recent results are described,
with particular emphasis on the electrostatic calibrations of both the cylinder-plane and the
sphere-plane geometries.

1 Introduction

Experimental and theoretical studies of Casimir forces! have become of growing importance due
to their potential role both in cosmology %3 as a candidate for propelling the observed accelera-
tion of the universe,? and in experimental gravitation since Casimir forces provide the leading
expected background to hypothetical short-range forces of gravitational origin conjectured in
various unification models> An increasing number of demonstrations of the Casimir force have
been realized in various geometries® which represent significant progress with respect to the pi-
oneering measurements ’ (for more detailed accounts on theory and experiment see for instance
8.9 and 10 respectively). Precision studies of the Casimir forces, which may allow for a better
control of residuals to seek novel forces, in all the room-temperature experiments performed so
far, are currently limited by the presence of the thermal photons which manifest themselves in
addition to the zero-point photons responsible for the genuine Casimir pressure!! The thermal
effect, non trivial in the simultaneous presence of finite conductivity corrections}!? is difficult
to measure in the sphere-plane configuration due to the fast drop in the overall Casimir signal
at the distances for which the thermal photons should result in a significant correction to. the
overall force in the 1-8 um range. On the other hand, for the parallel plate configuration, the
parallelism requirements are quite stringent and demand a complex control system!® Recently,
it has been proposed to study the Casimir force in the cylinder-plane configuration, 4 and a
first prototype has been built and calibrated!® The outcome of these preliminary studies showed
that the Casimir force in the cylinder-plane configuration should provide a signal large enough to
detect the effect of the thermal photons, while simplifying the control of parallelism with respect
to the parallel-plane case. Moreover, various recent theoretical analysis have shown that this
geometry is interesting in itself 6 with particular regard to the existence of exact solutions that
could allow for the test of the Proximity Force Approximation!7'8 (PFA) used in all the non-
planar experiments performed so far, and considered to be the source of systematic errors in the
theory-experiment comparison. In this report, we describe the current status of our experiment
with particular focus on various systematic challenges associated with the measurement.
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Figure 1: Schematic of the current experimental setup. A rectangular silicon cantilever of size 2cm x lem X 356m
is driven with a positive feedback by a phase-locked loop. The cantilever is electrically isolated and thermally
stabilized by a Peltier cooler. Below the cantilever a cylindrical lens is mounted on a mechanical frame connected to
two motorized actuators allowing for coarse translational motion if operated in common mode, or for parallelization
when operated in differential mode. An additional piezoelectric transducer is installed for fine translational motion
of the cylindrical lens.

2 Experimental set-up

The overall experimental setup is an upgrade on the one already described in a previous paper, 19
the main distinction being the use of a phase-locked loop scheme *® to drive the cantilever at its
resonant frequency. A schematic of the apparatus is shown in Fig. 1. A rectangular cantilever
made from a laser cut silicon wafer provides the flat surface (with roughness measured at a
scanning electron microscope to be less than 50 nm), facing a plano-convex cylindrical lens of
radius of curvature R = 20.7 mm (with tolerance £1%), length L = (20 £ 0.1) mm, and width
w = (10 £ 0.1)mm. Assuming the density of silicon p = 2.3 x 10°kg/m3, the physical mass of
cantilever is m = 1.64 x 10~ kg. Both the cylindrical lens and the surface of the cantilever are
coated with a 200 nm layer of gold by thermal evaporation. The fundamental flexural mode of
the cantilever at 886 Hz is detected by using a fiber optic interferometer fed by temperature
stabilized diode lasers with an adjustable power in the 5-10 mW range. In different runs we
have used two different lasers at the wavelengths of 670 nm and 770 nm. The output signal from
the interferometer is filtered and amplified through a single reference mode lock-in amplifier and
is fed back into the piezoelectric actuator driving the cantilever motion. The phase between
the input and the output signals is properly chosen to maximize the oscillation amplitude,
typically around 30-40 degrees. One of the advantages of this scheme is that the acquisition
time for a single frequency measurement is significantly reduced with respect to the previous
open-loop scheme in which a white noise was used as the driving source without a feedback,
and the complete FFT spectrum was acquired. This gain may be quantified by estimating the
effective bandwidth, typically in the 10 mHz range, corresponding to an effective mechanical
quality factor of Qeg = 10%, to be compared to the quality factor measured in the open-loop
configuration of the same resonance mode of Qg ~ 103. We have noticed that the resonant
frequency of the cantilever drifts as much as 2 Hz as the ambient temperature fluctuates about
1 K over the duration of a typical run of few hours. The effect of the thermal drifts has been
mitigated at the direct hardware level by stabilizing the cantilever temperature with a Peltier
cooler, and off-line by implementing a proper data acquisition sequence, as described below.

In order to calibrate the apparatus, a controllable electrostatic force is generated by applying
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Figure 2: Assessment of the parallelization through capacitance measurements. Shown is the cylinder-plane
capacitance versus the difference § between the steps traveled by the left and right actuators in a differential mode.
Each measurement is the average of 20 samples with an integration time of 1 s. The error bar represents the
mean standard deviation on each data set. The measurements were performed at an average distance d = 460 pm
and fitted with a parabolic function as C(8) = ko + k18 + k28, shown as a continuous curve, arising from the
leading order term in the expansion of Eq. 3 to quadratic order in @ o< §. The minimum of the curve occurs at
2500 =+ 257 steps, settling the condition for parallelism within the fitting accuracy.

bias voltages between the cantilever and the cylindrical lens. At a given separation, the frequency
of a resonant mode characterized by an effective mass meg is measured both with (v) and without
(1g) the presence of the voltage. This allows for evaluation of the square frequency difference
Av? =12 — 12, related to the voltage V as:

_360\/§Leﬂr V2 a™! a~l V2 d( a! a! )}
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)
where Leg is the effective cylinder length exposed to the cantilever (if, as in our case, the
cylindrical lens is longer than the cantilever). This expression is valid in the proximity force
approximation, which holds in the limit d < R, an excellent approximation in our configuration.
Here d is the gap separation between the cantilever and the cylinder, measured at the mid point
along the axis of the cylinder. The degree of non-parallelism between the cylinder and the plane
is characterized by a = (Leg/2d) sin ¢, where 9 is the tilting angle formed between the axis of
the cylindrical lens and the plane. The use of a cylindrical lens rather than a full cylinder is
incorporated in the coefficient C = % cot (0 /2)(3+2 cot?(8y/2)) —7/4+/2 (here sinb,, = w/2R).
The correction in Eq.(1) containing C is a sub-leading PFA correction, and will be discarded in
what follows (for our cylindrical lens Cd/R = 0.05 for a typical separation d/R = 1073). The
remaining correcting factor due to non-parallelism (first two terms in Eq.(1)) has a quadratic
dependence on a, given as 1 4 35a2/24, valid for small tilting angles o < 1. ‘

The issues arising from the finite degree of non-parallelism can be disentangled from other
systematic sources of inaccuracy by independently calibrating the apparatus using a spherical
lens. Our spherical lens has a radius of curvature R = 30.9mm (with tolerance +0.5%), and
diameter a = (8.00 £ 0.25)mm. In this case, the frequency shift due to the electrostatic force

between the cantilever and the spherical lens is, within PFA, given by

AY2 = eocRV? (14 2d/R— cos8,)(1 — cosb,) @
I I P— (1+d/R — cosb,)? ’

where d is the separation between the sphere and the plane, and sinf, = a/2R. In this case the
correction due to the use of a spherical lens with a finite aperture, instead of a full sphere, is a
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Figure 3: Electrostatic calibration in the cylinder-plane configuration. For each distance, we measure the frequency
shift Av? over arange of bias voltages V. The square frequency shift versus bias voltage V is fitted with a function
AV? = AV2; + Keep(V — V)2, as expected from Eq.(1), where AvZg is an offset due to spurious background.
This results in the coefficients K cp appearing in the plot, with the error bars resulting from the fit. Finally,
fitting Ky cp versus the voltage Vezr applied to the piezoelectric actuator moving the cylinder to approach the
cantilever allows us to evaluate the effective mass of the cantilever and the distance offset do. The fit yields
e = (2.9 % 0.8) x 1072 kg, nearly twenty times the physical mass, and a do = (1.8 £ 0.1)um. This discrepancy
by more than one order of magnitude between the effective mass and the physical mass is attributable to the low
precision of the calibration, due to relatively large do and the corresponding small frequency shifts that do not
allow for stringent constraints on the parameters.

sub-leading PFA correction, approximately equal to 0.1% for a typical separation of d = lum,
and will be discarded in the following considerations. Therefore, we can simply replace the
second factor in Eq. 2 by its leading PFA contribution, equal to 1.

Three factors play a crucial role in the analysis of the calibration data. First, the actual
voltage difference experienced between the two conducting surfaces in general differs from the
applied voltage due to the possible presence of residual potentials, such as Volta potentials. This
can be taken into account by fitting the calibration curves with an extra parameter Vg such that V'
is superseded by V' — V4. Second, although we can determine the relative change in the distance
quite precisely by means of the piezoelectric actuators (which have an actuation coefficient
B = (100 = 10) nm/V), the absolute distance between the two surfaces is not known a priori.
This has to be taken into account by introducing a distance offset dp, such that the absolute gap
is dy = BV — ViSiosest) where V32X is a fitting parameter, representing the voltage required
to make a zero gap, corresponding to a diverging frequency shift, and VS8t is the highest
voltage applied to the PZT during the run, corresponding to the smallest gap. In this way the
absolute distance for a generic voltage Vpzr will be d = dg + ﬂ(V]S’Z"'fF“ — Vpzr). Third, since
the frequency of the resonator drifts due to fluctuations of ambient temperature, we measure
the bare (i.e. without the external potential V) frequency before and after a measurement in
the presence of V. The average of the two bare frequencies vy = (V%™ + 13f7) /2, is then used
to evaluate Av2. Although the overall rate of measurements is slowed down by a factor two,
this technique of averaging the frequencies protects at first order from the thermal drifts of the
resonator frequency during the entire duration of a calibration run.

2.1 Cylinder-Plane Geometry

The parallelism between the cantilever and the cylinder is assessed by minimizing their capaci-
tance. Again using the proximity force approximation, the capacitance between these two bodies
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Figure 4: Observation of a strong attractive force in the cylinder-plane system. Notice the different PZT voltage
scale from the electrostatic calibration shown in Fig. 3 as it results from an independent run after a readjustment
of the cylinder location. The step size of approach is 10 mV, corresponding to 1 nm, and the total explored
distance is 100 nm.

is given by

C:Ml(\/l+a—\/l~a). (3)
ved o

The tilting angle ¢ (and therefore @) is experimentally controlled by operating the two motor-
ized actuators in differential mode, attempting to keep the average distance d (the separation
from midpoint of the cylinder) constant through angle adjustment. The precision of the achieved
parallelism is then determined by the quality of the fitting of the capacitance versus differen-
tial steps number, propagated to determine the dispersion on the number of steps at minima
compatible with the fitting error. This results in a precision of about 257 step units of the mo-
torized actuator and, since one step of the actuator corresponds to 185 nm, this translates into
a displacement precision of 47um. With the two actuators arms being spaced by 6 cm, it yields
an upper bound on parallelism of 8 x 10~* rad. Therefore, given the width of the cantilever of
1 cm, the minimum achievable separation has an upper bound of 8 um. The precision can be
improved by minimizing stray capacitance between various contacts, since the precision of the
capacitance meter is some percentage of the total capacitance in the system, usually 0.056%. An
example of parallelization through capacitance measurements is shown in Fig. 2.

Once the parallelization has been achieved at the best of the available precision, we have
performed electrostatic calibrations by using the piezoelectric actuator located underneath the
cylindrical lens frame. In Fig. 3, the curvature coefficient of the electrostatic square frequency
shift is plotted versus the PZT voltage, and fitted based on Eq. 1, assuming parallelism (o = 0),
and disregarding sub-leading PFA corrections (i.e. setting C = 0). The minimum separation
achieved at 1.8 ym is presumably limited by the presence of micron sized dust particles or
the defects of the surface edges, as we obtained sudden upshifts for voltages immediately higher
than the rightmost point. Despite these apparent limitations in the closest gap, we did observe a
strong distance-dependent attractive force as shown in Fig. 4. The observation of this attractive
force cannot be attributed to the cylinder-plane Casimir force due to the apparently large gap
separation where the Casimir signal is expected to be weak. Notice that Av? ~ —2000 Hz? at
the rightmost data point in Fig. 4, and this is a factor of 40 larger than Av? ~ —50 Hz?/V? of
the rightmost data point in the electrostatic calibration shown in Fig. 3. This strong attractive
behavior could be due to forces of chemical origins caused by the aforementioned defects, such as
dust particles and or layers of dielectric contaminants in which local van der Waals interactions or
an electrostatic force of residual charges cannot be neglected. To simplify this complex situation
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Figure 5: Electrostatic calibration for the sphere-plane configuration (left) and dependence of Vy with respect
to the distance (right). The rightmost data point is taken at 65 V (corresponding to 330 nm of the minimum
separation gap based on the value of Vpzr = (68.3 % 1.0)V from the fit). The determination of the residual
potential Vy from the fit becomes progressively better as the two surfaces get closer, reaching the precision of 6
mV at the closest distance, to be compared with the large dispersion of the data al large distances.

surrounding the cylinder-plane analysis, we have studied the sphere-plane configuration with
the same measuring apparatus and cantilever beam.

2.2 Sphere-Plane Geometry

For the sphere-plane geometry, a plano-convex spherical lens with radius of curvature R = 30.9
mm (tolerance 5%) and diameter ¢ = (8.0 %= 0.25) mm is coated with 250 nm layer of gold.
Electrostatic calibrations for this configuration are performed as shown in Fig. 5, where K gp at
each piezoelectric voltage (left) is plotted versus the PZT voltage along with a residual potential
Vo ‘obtained from the corresponding fitting (right), based on the leading PFA contribution in
Eq. 2. It is evident that the separation gap between the two surfaces is greatly reduced, with
the frequency shift reaching as large as -1200 Hz?/V? at an estimated gap of 330 nm compared
to the highest frequency shift of -50 Hz?/V? at an estimated gap of 1.8 um in the cylinder-plane
case. The electrostatic calibration in this close approach also allows us to better evaluate the
effective mass of the cantilever, which yields meg = (1.6 £ 0.3) x 107* kg, quite close to the
physical mass of the cantilever. The determination of Vy = —(55 & 6)mV gradually converges
as the separation gap is decreased. In the same run, from the rightmost point corresponding
to the minimum gap explored with the electrostatic calibration, we have continued the data
acquisition by applying a counterbias equal to Vg and increasing the distance resolution to the
smallest distance increment allowed by the voltage supply unit driving the piezoelectric actuator,
a minimum voltage increase of 10 mV. Fig. 6 shows a plot of Av? versus distance right before
hard contact, with a systematic downshift in the frequency being evident at decreasing distances.
In the proximity force approximation, the frequency shift due to the Casimir force is given by

nheR 1 1

- B
AVCas,ep = T 480meg df Kcasd (4)
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Figure 6: Observation of a downshift in a run with the sphere-plane configuration and a counterbias voltage
V = +55mV = —Vb canceling, at leading order, the Volta potential V5. This measurement has been taken
sequentially to the electrostatic calibration shown in Fig. 5. Each point was taken every 20 mV of applied PZT
voltage corresponding to 2 nm right before the hard contact at 66.93 V. Error bars corresponding to few mHz
result from the error in the fitting of the resonance curve of the cantilever.

where we have discarded sub-leading PFA corrections due to the finite aperture of the spherical
lens. Using meq = 1.6 x 107* kg, the coefficient in Eq.(4) predicts Kcas = —(4.0 £0.8) x 10~26
Hz?m?, while the coefficient from the best fit with Eq.(4) gives Kcas = ~(8.1 +£3.2) x 10730
Hz?m? and dy corresponding to Vezr = 66.93V, which is four orders of magnitude smaller than
the theoretical prediction. If, instead, we fix the value of dy corresponding to Vpzr = 68.3V as
obtained from the electrostatic calibration, the discrepancy in the coeflicients between theory
and experiment is reduced to within a factor of two, remarkably close considering the quoted
10% uncertainty in the actuator coefficient and its propagation in the distance dependence of
the force, showing how critical the determination of dy is. The electrostatic calibration provides
a superior determination of dg since it is obtained from a broader range of distances (over 6
pm) and the minimized dispersion of the frequency shifts cancels most of the thermal drifts
as described above. At variance with this, the determination of dy from the measurement at
close gaps and with a counterbias runs has a distance range of only 100 nm and is completely
vulnerable to the thermal drift. In future runs, we will study extensively the reproducibility of
the curves accumulating at the same time more statistics to verify under which conditions the
discrepancy between the two determinations of dg, from the electrostatic calibrations and from
counterbias (Casimir-seeking) runs, can be minimized.

3 Conclusion

We have reported the current status of our experiment on the Casimir force in cylinder-plane
and sphere-plane geometries. A key advantage of the cylinder-plane geometry is the larger
distance range over which we can observe the Casimir force. The performances of our apparatus
seem limited by the thermal drifts which result in fluctuations of the resonance frequency of
the cantilever and drifts in the absolute distance between the curved and the flat surfaces.
Electrostatic calibrations have been successfully performed in the sphere-plane configuration
and have shown convergence of the estimated parameters such as the Volta potential and the
distance offset which can be then determined with order of 1 % precision.
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