September 27, 2019 0:27 WSPC/INSTRUCTION FILE output

Modern Physics Letters A
© World Scientific Publishing Company

Towards a Better System for Short Range Precision Force
Measurements

Thomas Bsaibes

Physics Department, Indiana University - Purdue University Indianapolis, 402 N. Blackford St.
Indianapolis, IN 46202, United States of America
tbsaibes @iupui. edu

Luis Pires

Instituto de Fisica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, 21941-909, Brazil

David Czaplewski

Center for Nanoscale Materials, Argonne National Laboratory
9700 S. Cass Avenue, Lemont, IL 60439, United States of America

Daniel Lépez

Center for Nanoscale Materials, Argonne National Laboratory
9700 S. Cass Avenue, Lemont, IL 60439, United States of America

Ricardo S. Decca

Physics Department, Indiana University - Purdue University Indianapolis, 402 N. Blackford St.
Indianapolis, IN 46202, United States of America
rdecca@iupui. edu

Received (Day Month Year)
Revised (Day Month Year)

Many precision experiments have been done in the Casimir regime and in short range
gravity when the separation between the interacting bodies is in the sub-micron range.
Experimental complexity is minimized when one of the bodies is a sphere and the other
one is a plate, making the alignment between the two bodies ubiquitous. Our group
has produced the most precise Casimir measurements, and the best limits on predicted
Yukawa-like potentials by measuring a force between a R ~ 150um sphere attached
to a (500p.m)2 micro-mechanical oscillator and a planar source mass. By replacing the
spherical surface with a fraction of a 500um long cylinder with R ~ 150pum, the force
sensitivity can be greatly enhanced. Here, it is paramount to know the angular deviation
between the long axis of the cylinder and both the axis of rotation of the oscillator and
the plate. Tests between a cylinder and a structure etched into a silicon wafer show that
deviations of 20 pradians are readily accessible. Additionally, a scaled up experiment
is used to investigate if capacitance measurements can determine the orientation of the
cylinder with respect to a plane with the required precision.
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1. Introduction

Many theories beyond the standard model predict deviations from Newtonian grav-
itation at sub-micron separations.! 31011 The deviations from Newtonian gravity
are characterized by Yukawa-like potentials.

Vir) = —qm2 (

1+ae™"/ )‘) (1)
Where V(r) is the gravitational potential between two point masses m; and mq
separated by r and G is is Newton’s constant. The first term is the classical New-
tonian potential, the second term is the correction with strength o and interaction
length A. Many experiments have been done to explore these deviations over a large
range of \ and set constraints in the a-\ phase space.®79,12715,18-20

At the time of writing the strongest constraints placed on « in the sub-micron
regime was done at Indiana University-Purdue University Indianapolis by the Decca
group.? The experiment comprised of a micro-mechanical oscillator with a spherical
test mass attached to it, which was brought down to ~200 nm above a source mass
of two alternating material.* However if the test mass is replaced with a fraction
of a cylinder the constraints placed on a can be improved by about 2 orders of
magnitude over the constraints achieved with a sphere. Figure 1 shows the limits
placed by various short range gravity experiments including the limits placed with
a spherical test mass (red curve) and the expected improvement from a cylindrical
test mass (blue curve).
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Fig. 1: Experimental limits placed on a.* 1417720 The red curve is the limits set by TUPUI* and
the blue curve is the estimated improvement by using the partial cylindrical test mass.

Similarly, the best results in Casimir physics have been obtained with a similar
setup (i.e. a sphere glued to a micro-mechanical oscillator). In this regard there
has been an experiment using a cylinder® and theoretical papers indicating how the
use of a cylinder would improve on the precision on Casimir physics.®This paper
will discuss the techniques used to manufacture the cylindrical test masses and the
ability to align the cylinders with an already existing structure. In addition to the
cylinder’s manufacture process, a capacitance method of determining the cylinder’s
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orientation with respect to a plane will be presented.

2. Cylinder Manufacturing and Alignment

The cylindrical test masses are being manufactured using a greyscale lithographic
technique?® with a Heidelberg MLA 1502%22 at Argonne National Laboratory.
Greyscale lithography is a lithographic process which uses a digital pattern to define
the desired shape and writes the pattern into photoresist. The cylinder’s pattern is
made of rectangles 1 um wide and each rectangle has a numerical value associated
with it that determines the intensity of the writing laser. By changing the intensity
in different locations the cylindrical shape (actually a step-wise approximation to a
cylindrical shape) is written into the photoresist. Using this technique will allow for
the cylinders to be fabricated directly onto the micro-mechanical oscillators. The
goal is to make partial cylinder with a radius of ~ 150 um, a sagitta of 20 pm and
a length of 500 wm. The photoresist will be coated with a 10 nm layer of Ti and
a 250 nm Au film, in order to be able to perform precision measurements in the
Casimir regime and short rage gravity experiments. Figure 2a is a cross section of
the cylinder that was made on a silicon wafer; it is a little more than 5 wm shorter
than expected but the pattern used to make the cylinder can be modified such that
the cylinder will have the full 20 wm height. The roughness visible in the cylinder
can be smoothed out by reflowing the resist before coating them in metal. Reflow
is a process where the cylinders are heated causing them to become viscous enough
for surface tension to pull the photoresist into a smoother shape, see Fig. 2b. The
cylinder in Fig 2b. was heated at 150 °C for 1 minute.
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Fig. 2: a) Cross section of a cylinder. It is shorter than the goal of 20 um (shown in red), which
can be adjusted through the pattern that created the cylinder and the roughness can be smoothed
with a reflowing process, see text. b) Cross section of a cylinder post reflow using the pattern, used
in Fig 2a. The roughness has been reduced substantially and the cross section closely matches the
arc of a right circular cylinder (represented by the dashed line). The cylinder was reflowed at 150
°C for 1 minute.

Since the cylinders will be deposited onto an already existing structure, namely
the mico-mechanical oscillators, the alignment between the axis of rotation of the
oscillator and the long axis of the cylinder needs to be known to a high precision. The
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goal is to achieve an alignment of 1uradian, which corresponds to 0.5 nm deviation
over 500 um of the oscillator. In order to determine whether a 1 puradian separation
is achievable, a reference grid was etched into a silicon wafer and a 1 cm long cylinder
was placed next to it, see Fig 3a. The separation between the edge of the grid and the
middle of the cylinder is determined using image analysis techniques on images taken
with an SEM and a confocal microscope. A canny edge detection algorithm is used
through the Fiji distribution of ImageJ'® to isolate the edges of the etched structure
and the cylinder; the separation between the edges was then extracted using scripts
built in MATLAB. Figure 3b shows the separation measured between the reference
grid and the lcm long cylinder. The deviation is determined by subtracting the
separations at two different points along the cylinder and dividing that difference
by the distance between those two points. The deviation between the structure and
the cylinder is 20 pradians over 6 mm (mainly limited by the optical resolution of
the acquired images). From 6 mm onward the separation decreases, this issue could
result from a number of candidates: it is possible that an error occurred in either
the etching process, or an error happened while writing the end of the cylinder, or
the photoresist at the end of the cylinder is being over developed causing it to be
misshapen. Work continues towards identifying the decrease in separation towards
the end of the structure.
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Fig. 3: (a) A low magnification SEM image of part of the grid and the cylinder, showing what
separation is being determined. (b) The separation between the cylinder and the grid. There is a
down turn in the separation toward the end of the cylinder. It is not clear whether this is due to
a defect in the etched grid or an error in the cylinder processing.

Another approach of determining the separation between two structures is being
tested, where high magnification SEM images are taken of just the edge of the grid
then moving the stage to take an image of just the cylinder’s edge and by knowing
the amount that the SEM stage has moved the separation can be worked out. This
procedure has been used to achieve a resolution of 40 nm (yielding a determination
of the angle to be better than 2 pradians), and promises to be improved if an even
higher magnification is used.



September 27, 2019 0:27 WSPC/INSTRUCTION FILE output

Towards a Better System for Short Range Precision Force Measurements 5

3. Cylinder Orientation

In order to use the cylinder as test mass in short range gravity experiments, the
orientation with respect to the source mass needs to be known. Here a proof of
concept test using capacitance to determine the cylinder’s orientation and position
is described. Once the method is polished, it can be easily extended to the cylinders
fabricated in the oscillators (the values of capacitance in the proof of concept are
calculated to be similar to the ones observed in the fabricated cylinders).The exper-
imental set up of for the proof of concept consists of a brass cylinder over a brass
plate. An optical set up directs a laser down onto either side of the cylinder; the
ends of the cylinder are chamfered so mirrors can be placed on the cylinder. The
mirrors on the cylinder direct the laser beam to two calibrated position sensitive
detectors (PSD) to monitor the cylinder’s motion. The cylinder is connected by two
rods to a motorized stage that is used to adjust the cylinder with respect to the
plate. We are interested in seeing how the capacitance changes as the cylinder’s
height and tilt along its long axis are changed. Figure 4 shows a schematic of the
set up.

Mirrors

PS|

Fig. 4: A schematic of the proof of concept set up to test if capacitance will be a viable alignment
indicator. The set up consists of a HeNe laser, 3 mirrors, a beamsplitter, 2 PSD detectors, and a
brass cylinder over a brass plate. The ends of the cylinder are cut with a chamfer where mirrors
are placed to direct the laser beam to the PSD detectors.

As the cylinder’s orientation is changed, the motion of the laser bean along both
PSDs are monitored simultaneously. These two sets of measurements are correlated
with each other and are used to monitor the cylinders motion. For instance if the
laser beam move down in both PDSs the cylinders height is changing and by knowing
the change in height on the PSDs the change in height of the cylinder can be
calculated with

h=ho+ Ay; + Ays (2)
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Fig. 5: a) Preliminary data showing the change in capacitance as a function of the cylinder’s height
above the plate. The cylinder started at a height of 900 um and it was lowered toward the brass
plate. As expected the capacitance increases as the separation between the plate and cylinder
decreases. There are vertical error bars present, but they are too small to be visible. b) Simulation
data of the change in capacitance as a the height of the cylinder changes.

where h is the height, hg is the initial height determined by stacking shims between
the cylinder and the plate and measuring their thickness, and Ay; and Ays are the
changes along the PSDs. As the height of the cylinder is adjusted the capacitance
is recorded. The change in capacitance from one height to the next can then be
plotted against the range of h determined from Eq. 2. Figure 5a shows preliminary
data of the change in capacitance as a function of height.

For comparison Fig. 5b shows data simulated with Comso The change in
capacitance as the height decreases exhibits a similar trend. It should be noted that
the range of h in the simulation and in the real data are not the same, but in both
the change in capacitance increases as the separation between the plate and the
cylinder decreases.

If the PSDs record opposite changes, i.e. Ay; = —Ays, then the angle of the
cylinder is changing and can be calculated from Eq. 3.

1.24

Ay — A
a = g + arctan (M>

3
Ll 3)

where « is the cylinder’s tilt, aq is the initial angle, Ay; and Ays are again the
changes along the PSDs, and [y and l5 are the distances from the mirrors to their
respective PSD. Figure 6a shows preliminary data of the change in capacitance as
a function of angle.

If Fig 6a. is compared to simulation data (Fig. 6b.), it seems that there is again
a similar trend. However, the change in capacitance seems much noisier than the
change in capacitance seen in Fig. 5a. There are several factors that can contribute
the noise, but one known source is the height of the cylinder changes as the angle is
adjusted, affecting the capacitance values. More work needs to be done to minimize
the sources of noise in the change of angle measurements.
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Fig. 6: a) Preliminary data showing the change in capacitance as a function of angle with respect
to the plate. There seems to be a trend comparable to simulation but it is more noisy. b) Simulated

change in capacitance at a given angle.

4. Conclusions

The cylinders presented in this paper will be used in a short range gravity experi-
ment, from which limits on Yukawa-like potentials will be placed with an expected
2 order of magnitude improvement over the current best limits in the sub-micron
regime. They will be also used in Casimir experiments, allowing to extend the range
over which Casimir experiments can be precisely performed. We expect that by us-
ing cylinders we will be able to obtain meaningful Casimir on separations up to 10
pwm. Successful measurements depends on the ability to align the cylinder with the
axis of rotation of a micro-mechanical oscillator during the cylinder’s fabrication
process. Current attempts have resulted in an alignment of 20 pradians between
a structure etched into a silicon wafer and a deposited cylinder, but work toward
bringing the deviation down to 1 pradian continues.

Short range force experiment also hinge on knowing the orientation of the cylin-
der with respect to a planar source mass. To this end a scaled up proof of concept
test is currently underway to show that capacitance can be used as an alignment
indicator to know the cylinder’s height above the source mass as well as knowing
the angle between them. Many improvements are currently being implemented. We
expect that the next set of measurements will have the required precision. Under
these circumstances the approach will be implemented in the fabricated cylinders
on the micro-mechanical oscillators.
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