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The output of a gravitational wave telescope is a voltage signal which needs to be calibrated
to get the strain signal h(t). This signal h(t) can then be used to derive various parameters of
the gravitational wave sources. Any uncertainty in the calibration is directly transferred to these
parameters. Therefore, absolute calibration of gravitation wave detectors using a precise reference
(known) signal is essential.

Currently, KAGRA uses Photon Calibrator (PCAL) to generate reference signals for calibration.
PCAL injects a power-modulated laser onto the test mass to calibrate the absolute displacement
of the mirror using radiation pressure. Hence, the absolute calibration of KAGRA is limited to
3% by the absolute laser power measurement uncertainty due to the deviation in the laser power
standards.

KAGRA proposed a new method combining PCAL with Gravity Field Calibrator (GCAL) to
reduce the calibration uncertainty. GCAL modulates the test mass using a dynamic gravitational
field generated by rotating multipole masses. Since the injected force by GCAL depends on the
gravitational constant, mass, distance, rotation frequency, and radius, calibration uncertainty in
the sub-percent region can be achieved.

In this paper, we will report on the progress of the development of the gravity field calibrator and
our future plans.
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1. Introduction

On 14 September 2015, almost 100 years after Einstein’s prediction, LIGO Hanford and
Livingston made the first direct detection of gravitational waves (GW150914) [1]. Since then,
several more events [2-4] have been detected by Advanced LIGO [5] and Advanced Virgo [6],
accelerating the field of GW astronomy and providing us with a new way to probe the universe. The
current second-generation gravitational waves telescope are ultra-sensitive Fabry-Perot Michelson
interferometer with dual power recycling cavities. An incoming gravitational wave stretches one
arm of the detector while simultaneously squeezing the other. The interfrometer measures this
differential arm-length change at the output port. A gravitational wave telescope’s output is a
voltage signal that needs to be calibrated to get the strain signal A(¢). This signal A(#) can then be
used to derive the parameters, such as the luminosity distance, masses, spins and sky location of the
gravitational wave source binary system. Any uncertainty in the calibration is directly transferred
to these parameters. Therefore, the detector must be calibrated using a precise reference (known)
signal.

Large-scale Cryogenic Gravitational wave Telescope (KAGRA) [7] is a 3 km arm-length,
second-generation gravitational wave detector in Kamioka mine, Gifu, Japan. Currently, KAGRA
uses Photon Calibrator (PCAL) [8] to generate the reference signal for the interferometer calibration.
Currently, the calibration uncertainty of KAGRA PCAL is around 3% [9, 10]; thus, a new calibration
method is required. One candidate for reducing calibration uncertainty is a gravity field calibrator.
It modulates the test mass using a gravity gradient generated by rotating multipole masses and can
achieve calibration uncertainty in the sub-percent region. In this paper, we report the current status
and future plans for GCAL development.

2. Photon Calibrator

The schematic of Photon calibrator (PCAL) is shown in fig. 1. PCAL injects a power-modulated
laser onto the test mass. The radiation pressure from the power modulated laser imparts a known
force (displacement) to the test mass. The displacement of the test mass (x) can be described as;

P cos(6)
X=—"

= s(w)[l + %5-5] (1)

where P is the absolute laser power, 8 is the incident angle of the PCAL laser, c is the speed of
light, w is the angular frequency, s(w) is the force to displacement transfer function (approximated
L above 20 Hz), M is mass of the test mass, d and b are position vector of the PCAL and
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main laser beams and = % + M4r is the moment of inertia, where 4 and r are height and radius

as

of the mirror.

The force imparted by the PCAL can be derived by measuring the injected laser power. The
laser power is monitored by integration spheres at the transmitter (V7,pp) and receiver module
(Vrxpp). Therefore, the absolute calibration of KAGRA is limited by the absolute laser power
measurement uncertainty due to the deviation in the laser power standards. Comparison of absolute
laser power standards between several countries has shown the systematic error of larger than 3%.
KAGRA proposed a promising solution to reduce calibration uncertainty in the Photon Calibrator
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Figure 1: Schematic of Photon Calibrator from [11]. The laser is housed inside the transmitter module.The
laser power P is monitored at the transmitter and receiver module. KAGRA PCAL is third-generation PCAL
where two input beams injected to actuate the test-mass. Note that beam position are exaggerated to highlight
vector @ and b.

in [11]. The idea is to combine the current PCAL with a Gravity Field Calibrator (GCAL) to reduce
the absolute calibration uncertainty. In next the section, the principle of gravity field calibrator is
described.

3. Gravity Field Calibrator

The GCAL modulates the test mass using a dynamic gravitational field generated by rotating
multipole masses, as shown in fig. 2a. The rotor with the multipole masses is housed in a vacuum
to minimize acoustic noise coupling. The multipole is defined as the number of masses, N on the

Gravity Field
Rotation () Hole
Mass
Test Mass
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Figure 2: (a) A simple schematic illustrating the principle of Gravity field calibrator. (b) The rotor of GCAL
showing the qudrupole and hexapole mass distribution. For a rotor frequency f the test mass is modulated
at 2f and 3f by quadrupole and hexapole, respectively. The subscript ¢ and % indicate quadrupole and
hexapole, respectively and m and & indicate mass and hole, respectively.
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Figure 3: Schematic top view of gravity field calibrator. The center of test mass is fixed as origin in this
reference frame. The rotor is placed at a distance d along the optical axis.

rotor. As shown in fig. 2b, the rotor consists of a quadrupole (N = 2) (made of 2 masses m, and 2
holes h,) and a hexapole (N = 3) (made of 3 masses my, and 3 holes /) mass distribution. When a
motor rotates the rotor at some frequency f, the test mass is modulated at 2 f and 3 f by quadrupole
and hexapole, respectively.

Figure 3, shows the schematic view of the gravity field calibrator with the test mass at the
origin. The rotor is placed in the XY plane with Z = 0O at a distance d along the optical axis.
Assuming all the masses in the GCAL-TM system as point masses, the displacement of the TM can
be derived using Legendre polynomial, as shown in [11].

The magnitude of test-mass displacement due to quadrupole, x, s is

2
GMmqrqs

L s(w) )

X2 =9
And, the magnitude due to hexapole, x3 ¢ is

GMmyr3

xap = 15———"s5(w) 3)

Inegs. (2) and (3), G is the gravitational constant, M is TM mass, m,, is mass of each quadrupole
cylinder, my, is mass of each hexapole cylinder, 7 is the radius of the quadrupole, 7, is the radius of
the hexapole, d is the distance between rotor, and TM and s(w) is the force to displacement transfer
function. Since the injected force on the test mass depends on the gravitational constant, mass,
distance, frequency and radius, calibration uncertainty in the sub-per cent region can be achieved.
The dominant uncertainty contribution is the measurement precision of rotor-mirror distance.

4. Current Status

4.1 Design and Development

Figure 4a shows the schematic of KAGRA GCAL. The GCAL at the KAGRA site will be
placed 2900 mm from the test mass at an angle of 40° from the optical axis on a stainless steel
pylon. The design values of each parameter of GCAL and their uncertainty are summarized in
table 1. The rotor is made from aluminum while the masses are cylinders made from tungsten. A
commercial speed control motor, Oriental SCM590JA-2, drives the rotor. The maximum speed of
this motor is 1600 rev/min, which is down-converted by a gearbox to 800 rev/min. This means the
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Figure 4: (a) Schematic of gravity field calibrator indicating the various components. (b) Photo of partly
assembled GCAL showing the rotor and base of the vacuum chamber.

Table 1: Parameters of KAGRA GCAL and their uncertainties (in mm). These values were used for the
numerical model in section 4.2. The comment row shows what the uncertainty indicates.

Tungsten Radius of multipole Rotor-TM
Parameter Mass mass distribution Distance
Height | Radius | 4-pole 6-pole X Y V4
Design Value 50 50 80 135 2221.577 | 1864.121 | O
Uncertainity 0.01 0.01 0.002 0.004 3 3 3
Precision of Standard deviation of ..
Comment .. Expected precision of survey
measurement measured radii on the rotor

max 2 f and 3 f frequencies are ~ 27Hz = 40Hz, respectively. The design of the absolute position
monitor and DAQ system is still ongoing. The individual components have been procured, and we
are currently assembling the prototype GCAL as shown in fig. 4b.

4.2 Numerical Model

From eqgs. (2) and (3), we can approximate the order of force induced by the GCAL. However,
a detailed numerical model is required to calculate the precise magnitude and uncertainty of the
injected force. This is because eqs. (2) and (3) approximate all the masses as point masses.
Furthermore, fig. 3 shows a simple model of the GCAL, and in reality, GCAL will be placed at
some angle from the optical axis since the vacuum duct runs along the optical axis.

The numerical model is developed using finite element analysis software Ansys and is built on
a previous model used to evaluate Newtonian noise from the KAGRA cooling system [12]. The
model breaks down the test mass and tungsten masses into a finite-element mesh, as shown in
fig. 5. The force is then calculated as the sum of all forces between each pair of elements, one in
the “rotor” mesh and the other in the “test mass” mesh (using a code written in Ansys Parametric
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Figure 5: Screenshot of the meshed GCAL model showing KAGRA sapphire test mass with ears and
tungsten masses for the quadrupole and hexapole distribution.

Table 2: Force due to quadrupole and hexapole calculated using the point-mass approximation and Ansys
model. For this calculation, the density of TM (sapphire) and tungsten masses was assumed to be constant.
Furthermore, it is assumed that the height and radius of each tungsten mass in a particular iteration are
the same. The force was calculated for 8 rotor position, (w,t = 0°,60°,90°, 120°, 180°,240°,300°, 360°).
For each rotor position 800 iterations were performed. Results of the 8 rotor positions for each iteration
were fitted to calculate the force magnitude. The mean and standard deviation of the magnitude calculated
from 800 fittings are considered as calculated value and uncertainty. A detailed simulation with measured
dimensions and uncertainty will be performed next.

Force [pN]

Multipole | Point-Mass Approximation Finite Element Model

Magnitude | Uncertainity | Magnitude | Uncertainity

Quadrupole 2.328 0.005 2.044 0.005
Hexapole 0.51 0.001 0.466 0.001

Design Language). The force due to a mass/hole on the test mass along the optical axis (X) at
particular rotor position (w,t = [0°,360°]), F,, /3, is:

G K
Xk —X
Fr/h = GPtmPm/n Z Z VeVh J 72 4)
2 2
I (=) (k- ) (- 2|

where G is gravitational constant; p;p, and p,,;n = pm = pp density; g and k the gth and kth
elements; G and K the total number of elements; v, and v, the volume of gth and kth elements; and
(xg,Yg,2g) and (xk, yk, zx) the centroid of gth and kth elements; of TM and tungsten mass mesh,
respectively. Now, the total force on TM due quadrupole and hexapole is:

Ftotalzsz_ZFh (5

where F,, and F}, are forces on TM at a particular rotor position due to a mass and hole, respectively.

This model is used to estimate the force amplitude and uncertainty introduced by various
parameters using Monte Carlo simulations. This is accomplished by turning the dimensions in
table 1 into variable parameters in Ansys. We run 800 iterations by varying parameters for several
rotor positions (w,t) between 0° — 360°. The calculated magnitude of force due to quadrupole and
hexapole is summarized in table 2.
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5. Conclusion

KAGRA currently uses the PCAL for detector calibration. However, the calibration uncertainty
is around 3%, limited by the uncertainty in absolute laser power measurement due to the deviation
in the laser power standards. Therefore, we are developing the Gravity field calibrator which can
reduce this uncertainty.

As mentioned in this proceeding we have procured all of the components and are currently
assembling the first prototype. In this fiscal year, we plan to finish the assembly and perform series
of rotation tests to characterize the system’s performance. We will also conduct a modal analysis
and vibration measurement of the setup. Furthermore, we will prepare a realistic noise budget for
the GCAL and evaluate the uncertainty in the calibration introduced by systematic errors using the
numerical model.

The Gravity Field Calibrator developed in this study will help reduce the calibration uncertainty
to a sub-percent level from the current 3%. Furthermore, the GCAL can also be used for novel
gravitational experiments like measuring gravitational constant [13], testing for non-Newtonian
gravity [14] and testing gravitational time delay on earth [15].
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