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Testing the extreme weak gravitational forces between torsion pendulum and surrounding objects will indicate new
physics which attracts many interests. In these measurements, the fiber alignment plays a crucial role in fulfilling high
precision placement measurement, especially in measuring the deviation between the fiber and source mass or other objects.
The traditional way of the fiber alignment requires to measure the component of the pendulum body and then transfer to the
torsion fiber by some complicated calculations. A new method is reported here by using a CCD camera to get the projection
image of the torsion fiber, which is a direct and no-contact measurement. Furthermore, the relative position change of the
torsion fiber can also be monitored during the experiment. In our experiment, the alignment between the fiber and the center
of the turntable has been operated as an example. Our result reaches the accuracy of several micrometers which is higher

than the previous method.
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1. Introduction

Torsion pendulum is adopted in most of gravitational
force detections,!!! such as Newtonian Inverse Square Law
violation test,>3! equivalence principle test,[*% Newtonian
constant G measurement,!’ and gravitational reference sen-
sor testing bed for the gravitational wave detect missions. 10111
Especially in the Newtonian constant G measurement experi-
ment, a pendulum suspended by a very thin fiber is to measure
the gravitational torque caused by the source masses around.
The time-of-swing method and angular-acceleration-feedback
method are adopted in G measurement mostly. The source
masses are put on a turntable which rotates with the torsion
pendulum coaxially to produce or reduce the tiny change of
the gravitational torque. Since G is an absolute measurement
value, the calculation of the gravitational torque change driven
by the turntable must be taken very carefully. The alignment
between the torsion fiber and turntable becomes a very impor-
tant issue.

The previous way of torsion fiber alignment in Ref. [12]
mentioned that an infrared detector was adopted to fixed on
the turntable at first. Since the fiber is too thin to be measured
by the infrared detector, the detector is used to measure the
position of the clamp which is attached firmly on top of the
pendulum instead. After recording the output of the infrared
detector at four edges, the deviation between the turntable ro-
tating axis and the torsion fiber can be inferred through some
complicated calculation. This kind of measurement is indi-
rect and all the operations are executed in air. The position

DOI: 10.1088/1674-1056/ab969d

of the torsion fiber might shift a little bit when in the vacuum
condition which is caused by the deformation of the vacuum
chamber and it is hard to be detected again. Therefore, mea-
suring, aligning, and monitoring of the torsion fiber become
an important step to guarantee the correctness and reliableness
of the experiment.

In this paper, a novel optical measurement method is in-
troduced to detect the relative position between the torsion
fiber and the center of the turntable directly. Furthermore, all
the implementations are operated non-contact. The position
change of the torsion fiber is seized by a CCD camera and
analyzed by image processing to achieve the precise position.
The deviation between the fiber and the turntable is measured
directly without transferring. The uncertainty of this method
reaches an accuracy of several micrometers which is depen-
dent on the pixel size of the CCD camera and the stableness of
the environment. One can use this system to monitor the po-
sition change of the fiber during the experiment procedure. It

[13,14]

is also suitable for the rotation-like experiment or where

the center of a turntable needs to be determined.[!1¢]

2. Experimental setup

Alignment with the torsion fiber and the turntable in New-

tonian constant G measurement!'2)

is set as an example here
to describe the new method in detail, as shown schematically
in Fig. 1. A collimated laser beam and a CCD camera are
mounted on the turntable, standing on the opposite sides to

get the projection image of the torsion fiber. The top end of
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the fiber is glued to a two-axis stage which is fixed to a stable
optical table shelf. The bottom of the fiber is connected with
a simple pendulum which is suspended near the center of the
turntable, initially.

2-axis stage/'
-~ CCD camera

torsion fiber =Y

torsion pendulum
turntable

Fig. 1. A schematic drawing of the setup. The laser with large beam in-
cidents into the CCD camera. Both of them are fixed on the turntable and
rotated with it. The top of the fiber is fixed to a two-axis stage which is used
to adjust the position of the fiber.

When the turntable rotates, the CCD camera will get a
serial of photos to show the projection of the fiber. Figure 2
shows the images in each 10° while the stage rotates for 360°.
If the fiber is exactly at the center of the turntable, the posi-
tion of the project image will not change. Otherwise, it will
change regularly. By analyzing the images to get the relative
position between the fiber and the center of the turntable, then
use the two-axis stage to move the fiber close to the center of

the turntable step by step.
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Fig. 2. A serial projection images of the fiber are shown when the turntable
rotates in 360°. The regularly changed position means that there exists a
deviation between the fiber and the center of the turntable.

3. Data analysis
3.1. Image processing

The diameter of the torsion fiber is about several decades
or hundreds micrometers, which leads to the straight edge
diffraction effect in this experiment.!'”! Figure 3(a) shows the
original image of the fiber which is adopted in our experiment,
the diameter of the fiber is 25 pm. The edge of the shadow is

not at the edge of the fiber, but some distance away from it.

The intensity of the diffraction pattern is situated at a distance
from the edge of the fiber.

The original image is converted to a grayscale intensity
image, then adjusted to enhance the contrast of the image as
shown in Fig. 3(b). The bright pixel is set as 0, while the
dark one as 1.8 When the values of grayscale summarized
by column, the position and diffraction pattern of the fiber are
shown in Fig. 4(a). The center of the fiber is near No. 900
pixel, the patterns besides the fiber are caused by the straight

edge diffraction which fulfills the equation as follows: 1!

1{]1 @ T 2
I = 2{ [2 +/0 cos (212) dr]
1 o T 2
+ [2 —i—/o sin (212) dr} }, €))
where I; represents the relative diffraction intensity, and @ =
(2/As')u in which s’ is the distance between the fiber and

the CCD sensor while u is the coordinate of the intensity dis-

tribution on the receiving screen.

Fig. 3. Projection image of the fiber. The intensity distribution can be ex-
plained by Fresnel diffraction pattern of a straight edge: (a) original image
and (b) enhanced grayscale intensity image.

The position information of the center of the fiber de-
pends on the edge detection. Fitting the curve by using the
function with Eq. (1) will get the information of the shape and
position of the fiber. Many parameters in the function need to
be fitting correctly which will lead to tough and complicated
numerical calculations. Fortunately, the true edge of the fiber
is not a critical factor in this experiment. It is not necessary
to point out the geometrical shape of the fiber, but the change
of the fiber center. A more simple way is introduced here to
get the position of the center of the fiber while ignores the true
edge detection.

In the image processing domain, a variety of ways
to detect objective’s edge have been discussed a lot in
Refs. [20,21].

because it has the advantages of no sensitivity to the noise,

The Canny algorithm framework is chosen

high resolution, and depressing the false edge detection.!*?!
It will find the edge by searching for local maximum of
the change of the specified range f[xu;,Rq;] in Fig. 4(b),
where R,,; is the magnitude of the summarized grayscale,

Ximi = Xon(—n)sXm(—n+1)» - - - sXm(n—1)sXm(n) 15 the highlight range
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which is chosen manually, m is the sequence number of the im-
age in different angles and i is the number of the pixel in each
image.>>! We focus on the nearest range besides the central
part as shown in Fig. 4(b). The change between two contigu-
ous points is calculated as follows:

= Runi-1) — Rmi,
= Ry(i+1) = Rpi- (2)

Api(lefr)

Ay (right)

Once the maximum change points have been determined
as Xplefe and Xy right in the left range and right range, the cen-

ter of the torsion fiber in the m-th image is x, = (Xpleft +
xmright)/ 2.
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Fig. 4. (a) Summarizing the grayscale by column to get the distribution
in the horizonal direction. The diffraction pattern shows symmetrically be-
sides the two edges. (b) Searching the local maximum change in the manual
chosen range to determine the center of the torsion fiber.

3.2. Data processing

A Cartesian coordinate system o—xyz is associated with
the center of the turntable, z axis is along the rotating axis of
the turntable, x axis is parallel to the screen of the CCD cam-
era, and y axis is defined by the right-handed coordinate sys-
tem shown in Fig. 5(a). The deviation and orientation between
the fiber and the center of the turntable could be described by
the function x,, = D+ rcos (8 + 6,,), where D represents the
pixel number of the center of the turntable shown in the im-
age, r is the distance from the center of the turntable to the
=10°,20°, ...
.). The fitting result by means of 36 images from

torsion fiber, f3 is the orientation angle, and 6,
(m=1,2,..

the CCD camera rotates for a circle is shown in Fig. 5(b). The
deviation could be written as Ax = rcos 8 and Ay = rsinf3 in
x and y directions, respectively.
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Fig. 5. (a) Schematic diagram of the system. By means of 36 images, the
deviation result can be calculated. (b) The circle dots represent the deviation
in each image obtained by the CCD camera in different angle locations. A
sinusoidal curve function is used to fitting the data well. One can get more
images in each angle to make the fitting result more precisely, but it is not
improved significantly.
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Fig. 6. (a) A serial results have been presented. The circles are getting

smaller and smaller after several operations. (b) The last three operations
seem to reach the same level.
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According to the fitting result above, it is easy to recover
the data to present the variation of the serial images. The tor-
sion fiber (or the turntable) can be adjusted by the two-axis
stage. After repeating the measurement several times, the de-
viation becomes smaller and smaller as shown in Fig. 6(a). In
Fig. 6(b), the results from the last three measurements show
that the distribution becomes randomly more than a circle. It
seems the system is in the best situation we can achieve right
now. One reason is that all the implements are installed on an
optical table in the air which yields that the influence caused
by the air flow and vibration can not be isolated well enough.
The second reason is that the two-axis stage used for adjusting
the position of the fiber is manual-operated which is difficult
to reach a high precise level. The third one is the resolution
of the CCD camera limits the uncertainties. The coefficients
in the fitting function are shown in Table 1. It should be noted
that the number of the pixel is used here in unit to describe the

deviation result.

Table 1. Coefficients of the fitting function in deviation measurement.

r/pixel B/ Ax/pixel — Ay/pixel  D/pixel
Ist 26945 —-107+1 —79+5 —257+£5 518+3
2nd 19143 —45+1 13543 —135+£3 52242
3rd  135+2 239+1 —-70+2 —116£2 51141
4th 3+1 —11+8 3+1 —1+1 51243
Sth 2+1 -210+£18 241 —1+1 509 +1
6th 3+1 —25+8 3+1 —1+1 510+1

4. Results and discussion

The turntable used in the experiment is Daheng Optics
GCD 011130M. The distance between the laser and fiber is
about 30 mm, and the distance between the CCD camera and
fiber is almost the same. The sensor of the camera (DAHENG
IMAGING DH-SV2001FC) is 1628 pixels by 1236 pixels.
The size of the pixel is 4.4 pm x4.4 um given by the data
sheet which should be calibrated carefully. A Piezo stage
KPZO05/NFL5DP20 from Thorlab is adopted to calibrate the
size of the pixel. The moving range of the Piezo stage is
20 pum and the resolution is 0.6 nm. In the calibration step,
the CCD camera is fixed on the Piezo stage, the direction of
the movement is perpendicular to the laser beam. Since the
distance from the fiber to the camera is about 30 mm which
is much lager compared with the moving range of the Piezo
stage. A little bit offset in perpendicular direction can be ig-
nored. The camera takes a photo in every 2.67 um to record
the projection of the torsion fiber. These images are analyzed
in the same way as mentioned in Section 3. The calibration
result is shown in Fig. 7, and the inherent effect of the hys-

teresis is included. The coefficient in terms of the calibra-

tion is (4.0 £0.3) pum/pixel. The final result of the devia-
tion between the center of the torsion fiber and turntable is
Ax = (12.0+2.2) um and Ay = (—4.0+2.0) um. Comparing
with the result mentioned in Ref. [12], the uncertainties of the
alignment fiber are 19 pm and 22 pum in the x and y directions,
respectively. Our new method is better.
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Fig. 7. The distance driven by the Piezo stage versus the information got
from the image processing. The points in this figure are analyzed in the
same way of image processing mentioned in Section 3.

There are some effects should be discussed here, such as
the tilt and wobble of the turntable. Tilt means the rotating
axis of the turntable is not in the vertical direction as the tor-
sion fiber, while wobble is the wagging of the rotating axis
during the turntable rotating as shown in Fig. 8(a). In order to
figure out the extent of these effects, a transfer matrix is intro-
duced here to describe the relationship between the turntable

and torsion fiber (torsion pendulum) coordinates.

CCD

camera

Fig. 8. (a) Scheme of the tilt and wobble motion during the experiment. (b)
Two separated coordinates are used to describe the effects by the tilt and
wobble. The height from the laser to the plane of the turntable is 7+ H.
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A new coordinate system o'—x'y'z is defined for the tor-
sion pendulum. In this system, o’ is the mass center of the
pendulum as one usually does, x’ is almost parallel to the x at
the beginning, 7’ axis points along the torsional fiber and y’ is
given by the right-hand rule. The coordinate vectors are de-
fined as (ex,ey,ez) and (E)? ,e/y\’ ,2;) for the turntable and the
torsion pendulum system, respectively. The distance r from
the center of the turntable o to the fiber is shown in Fig. 8(b),
h represents the height from o’ to the plane of turntable and H
is the height of incident beam in o’—x'y'z coordinate system.
Considering the tilt and wobble effect, there are two angles
shifts marked as 6, between x and x’, 6, between y and )’
which are very small. Tilt can be described as stable values
of 6, and 6,, while variable values of 6, and 6, mean wobble.

The transfer matrix between the two coordinates is written as

follows:
ex cos 6 0 —sin 6,
ey | = | sin6sin, cosH, cosbysinb
ez cos 0, sin By sin Oy cos 6, cos O,
cos 6, —sin8,, 0 ox
x | sin@B,, cosb, O 2)7 . 3)
0 o 1)\

The details of the calculation can be found in Ref. [24].
Since we focus on the image which is parallel to the oxz
plane, the coupled terms in x axis are analyzed here. Based
on Eq. (3), 0, is a small angle, the position of the torsion fiber

is written as

x = rcos 6ycos (B +6,,) — (h+H)sin6,

R

07
r<12>cos(ﬁ+9m)(h+H)9y~ )

In most of the torsion pendulum experiments, the exis-
tences of 6, and 6, will introduce many other serious side
effects. These two angles should be measured, minimized,
and controlled by some high precision instruments as low as
20 prad in Ref. [8] and 3 nrad in Ref. [9]. An approximately
estimation of the error is 8x = 2 pm when the height from the
incident laser to the turntable 4+ H is 100 mm and the angle
6, is 20 prad in our experiment. It is noticed that the higher
the incident laser beam, the larger the error will be coupled by
the tilt and wobble effects.

Another phenomenon should be pointed out is that the
torsion fiber is not straight enough as shown in Fig. 2. First,
the pendulum used here is a 4.5-g block made with PLA ma-
terial. However, for a 25-um tungsten fiber, the suitable load
should be about 80 g. Limited by our experimental conditions,

a light pendulum made by 3D printer for convenience is used,

which makes the torsion fiber not straight. Second, this phe-
nomenon can also arise from the tilt and wobble which is dis-
cussed above. The third factor is the air flow makes the torsion
fiber swing which is hard to be decreased.

Nevertheless, the diffraction information in each image
is concentrated into one spot, and then it is fitted into a si-
nusoidal function by 36 spots from a serial images. The
errors can be enlarged as Ax = 0+ +/12.02+2.22 um and
Ay = 04 1/4.02 +2.0? um for insurance.

For the future improvements, all the system can be ma-
nipulated in an inclosed space, such as in the vacuum chamber
to decrease the vibration and the air flow. A higher resolution
camera with smaller pixel in size will improve the accuracy
significantly. Motorized stage is also helpful for adjusting the
fiber much more precisely to the specified position. In the
image processing, a more convenient program with automatic
range searching and analyzing will speed up the procedure. In
addition, a lot of details should be investigated in the image
processing. For example, the radius change of the fiber could
be extracted from the diffraction pattern.

In conclusion, a novel scheme is introduced in our paper
to monitor the torsion fiber by a CCD camera. The projection
image of the fiber obtained by the camera is analyzed by image
processing and the relative position variation of the fiber could
be detected easily with high accuracy. It is convenient to use
the new method to fulfill the alignment requirement. The ac-
curacy in our experiment reported here increases significantly,

and it may be improved in the future.
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