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KAGRA, the gravitational wave telescope located in Japan, has started the 4th international observ-
ing run called O4 with LIGO and Virgo. The accuracy of parameter estimation for gravitational
wave source objects depends on the accuracy of calibration. LIGO, Virgo, and KAGRA use the
same calibration method called the photon calibrator (Pcal) method. In the Pcal system, we will
obtain the precise displacement of a mirror induced by a well-calibrated radiation pressure of a
laser beam which is injected into the mirror. As the uncertainty of the Pcal system is primar-
ily limited by the uncertainty of the laser power measurement, we use integrating sphere (IS)
power meters, which are considered to have good accuracy and precision, for the laser power
measurement. However, during our calibration measurements in O3GK, we found that there were
unidentified systematic errors in the laser power measurement. Therefore, we investigated the
incident direction dependence and polarization dependence of the IS power meter.
According to our study, the angular dependence differs between two types of ISs, namely GPS
(General Purpose Spheres) and LPM (Laser Power Measurement Spheres), which are utilized in
our calibration system. The angular dependence of the GPS type was greater than that of the
LPM type. The GPS measurement showed an approximate 8.4% increase from the value obtained
with perpendicular incidence at maximum. In contrast, the LPM measurement showed a 0.2%
increase from the value obtained with perpendicular incidence at maximum. As to polarization
dependence, the effect of that on the LPM type was within the range of -0.06% to 0.06%. From
this study, we found a possibility that the angle dependence was able to explain the uncertainty
observed in O3GK.
In this proceeding, we report the angular and polarization dependence of ISs and consider the
effect on the uncertainty of the KAGRA Pcal system.
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1. Introduction

KAGRA, the gravitational wave telescope located in Japan, has started the 4th international
observing run called O4 with LIGO and Virgo. About 90 gravitational wave events have been
reported from previous LIGO and Virgo observations until O3 [1]. Enhanced sensitivity of grav-
itational wave telescopes is expected to increase the number of gravitational wave detections and
the signal-to-noise ratio of each event. As signal-to-noise ratios increase, reduction of calibration
uncertainty becomes more crucial in enhancing the accuracy and precision in parameter estimation
for each gravitational wave source.

Calibration groups utilize the photon calibrator (Pcal) method to calibrate the gravitational
wave signals and have been conducting to reduce its uncertainty [2]. In the Pcal method, laser
beams are injected into a mirror of the interferometer and actuate the mirror with its radiation
pressure. Consequently, these laser beams generate calibrated reference signals in the sensitivity
curve of a GW detector. The reference signal is expressed as the displacement of the mirror, given
by [3]

𝑥(𝜔) = −2𝑃 cos 𝜃
𝑀𝑐𝜔2 , (1)

where 𝑃 is the Pcal laser power on the mirror surface, 𝜃 is incident angle of the laser beam on the
mirror surface, 𝑀 is the mass of mirrors, 𝑐 is the speed of light. The uncertainty of the displacement
is determined by the uncertainties of each parameter of the right side on Eq. 1. Currently, the
uncertainty of the laser power is the most dominant component compared to other parameters.
Accurate laser power measurements are essential to enhance accuracy and precision. To enhance
accuracy and precision, we use integrating sphere (IS) power meters. The inner wall of the IS is
constructed from materials with a reflectivity of over 96 % at the Pcal laser wavelength, 1047 nm
[4], and this material exhibits properties of a perfect diffusion surface. These characteristics ensure
an accurate and precise laser power measurement which is insensitive to variations in incident angle,
polarization, and position of the laser beam. Owing to its high reflectivity and perfect diffusivity,
the laser beam incident upon ISs undergoes multiple uniform reflections inside the sphere, resulting
in a constant irradiance on the inner walls of ISs.

In the international observing run (O3GK) with GEO600, a 3% uncertainty was estimated
to come from the IS calibration measurement [5]. This uncertainty could not be attributed to
only statistical errors in measurements. Then, we decided to investigate the unknown systematic
errors. We particularly focused on the characteristics of IS power meters, such as the incident angle
dependence and polarization dependence of the injected laser.

2. Experimental setup

We use two types of ISs: 3P-040-LPM-SL (LPM) and 3P-GPS-060-SL (GPS) provided by
Labsphere. These two types of the ISs differ in the relative position of the laser input port and the
photodetector port, the presence of a baffle, and the size of the spheres and their port. The size
of the GPS type is 6 inches, and that of the LPM type is 4 inches. Moreover, in the GPS type,
a baffle is situated between the laser input port and the port for a photodetector to avoid direct
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(a) GPS type (b) LPM type

Figure 1: Two types of IS power meters. The photodetector is located on the right side of the figure for the
GPS type and on the top side of the figure for the LPM type. The GPS type has a baffle between the laser
input port and the port for a photodetector. The size of the GPS type is 6 inches, and that of the LPM type is
4 inches.

laser incidence, whereas, no baffle is in the LPM type. The above differences potentially create
asymmetrical characteristics in the outputs of the ISs.

Figure 2 shows the schematic diagram of the experimental setup. We injected a laser with a
wavelength of 1047 nm into two ISs and measure the voltage outputs of an IS power meter at position
1, 𝑉1, and the voltage outputs at position 2, 𝑉2. To mitigate the influence of incident laser power
fluctuations, we took the ratio, 𝑉1/𝑉2, and used this value as an evaluation index. Additionally, we
used an Optical Follower Servo (OFS) system for the laser intensity stabilization for more reduction
of the influence of the laser power fluctuations. In OFS, the intensity fluctuation was sampled at
the OFS photodetector and it was feedback to the Acoustic Optical Modulator (AOM) to stabilize
the main beam intensity fluctuation.

3. Angular dependence

The IS may have angular dependence due to, for example, the properties of their internal
material and an asymmetrically located baffle inside. Actually, according to the data [6], the power
per unit area of lasers reflected by the material varies depending on the direction of the reflection.
Therefore, irradiance in the inner wall may vary depending on the position of the spheres, and its
distribution also potentially differs in the incident angle of a laser beam. And, if a baffle is placed
in an asymmetric position, the baffle has the potential to interrupt the generation of a uniform
irradiance.

In order to measure the angular dependence of the ISs, we rotated the ISs at position 1 and
calculated the ratio, 𝑉1/𝑉2, where 𝑉2 was the output voltage from the IS power meter at position 2,
which monitored the laser power fluctuation. Figure 3 shows definitions of the center and directions
of rotation. We defined 0 degrees as an incidence perpendicular to the IS, clockwise rotation to the
laser beam as positive, and counterclockwise rotation as negative.
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Figure 2: The schematic diagram of the experimental setup. An Optical Follower Servo (OFS) is used for
laser intensity stabilization. We use an Acousto-Optic Modulator (AOM) as the laser beam power adjuster
and the OFS photodetector to sample a portion of the laser beam power. The laser beam is divided at a Beam
Splitter 2 (BS2). An IS power meter at position 2 is used as a reference for laser power fluctuations and the
other IS at position 1 is used to measure its properties

In the LPM type measurement, we took data at one-degree intervals from -15 degrees to +15
degrees with 200 samples for each angle. On the other hand, in the GPS type measurement, we
took data at one-degree intervals ranging from -15 degrees to +15 degrees with 400 samples taken
for each angle. The reason why the data number of 400 for the GPS type is more than 200 for the
LPM type is to mitigate the statistical error which was enhanced by the larger fluctuation of the
voltage ratio of 𝑉1/𝑉2.

The measurement results are shown in Figure 4. The vertical axis represents(
𝑉1/𝑉2

𝑉
(0)
1 /𝑉 (0)

2

− 1

)
× 100, (2)

where 𝑉 (0)
1 is 𝑉1 at 0-degrees measurement, 𝑉 (0)

2 is 𝑉2 at 0-degrees measurement. The horizontal
axis is the incident angle. The data for the GPS type clearly shows that the output increases at angles
below -13 degrees and that it reaches approximately 8.4% compared to the 0-degree incidence. For
the other ranges, in the measurement for the GPS type, the deviation shows a linear tendency from
-0.2% to 0.3%, whereas, in the measurement for the LPM type, the deviation is between 0.0%
to 0.2%. One of the possibilities for why the GPS type has larger dependence on the laser beam
incident angle than that of the LPM type is because the photodetector position of the GPS type is
in the same plane where we changed the incident angles of the laser beam.

In the case of the GPS type, the deviation becomes 8.4% at maximum, which is much bigger
than what we obtained in O3GK, 3%. Because we do not have information regarding the setting
position of an IS and the Pcal laser paths during O3GK, the precise incident angles to the IS cannot
be cleared. So, it is difficult to discuss the detailed effect in O3GK. However, we estimated that
there was at least a 15-degree angle between the two laser beams. If so, there is a possibility that
the angle dependence was able to explain the uncertainty observed in O3GK. Toward calibration
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Figure 3: Incident angle definition. We define 0 degrees as the perpendicular incidence to the IS, clockwise
rotation to the laser as positive, and counterclockwise rotation as negative.

measurements for O4, we are now controlling and recording the angle of incidence of the laser
beam to the ISs to eliminate its influence.

4. Polarization dependence

The IS potentially exhibits polarization dependence due to, for example, the glass cover of the
photodetector, which might have polarization dependence on the transmittance. If the light entering
the photodetector retains residual polarization caused by an incomplete diffusion surface, the output
will vary depending on the polarization state of the incident laser beam.

For the measurement of the polarization dependence, we developed a system to rotate the
IS against an incident laser beam. The reason why we do not use a half-wave plate for rotating
the linear polarization to the ISs is that we cannot distinguish the polarization dependence of the
half-wave plate itself and the ISs.

Figure 5 shows the schematic diagram of the experimental setup for the polarization dependence
measurement. A right angle kinematic mirror mount was used to redirect the laser’s optical axis
perpendicular to the optical table. We positioned the ISs to ensure that the laser beam was injected
vertically and passed through the center of the rotation. The center of rotation for the IS is set at
the center of the laser input port. The measurement for the LPM type was conducted, while the
measurement for the GPS type is the future work. The data was taken at 10-degree intervals from
0 to 230 degrees with 200 samples. The date from 230 to 360 degrees could not be done because
of the cable route constrain.

Figure 6 shows the results. The vertical axis shows values obtained by substituting 𝑉1/𝑉2 for
𝑉

(0)
1 /𝑉 (0)

2 in Eq. 2, where 𝑉1/𝑉2 is the arithmetic average of 𝑉1/𝑉2. The horizontal axis is the
rotation angle. This result shows that the deviation remains within the range of -0.06% to 0.06%. By
the way, because linear polarization has symmetry at every 180-degree rotation, one could expect
the same results at every 180-degree interval. However, Figure 6 does not exhibit such periodic
patterns. So, this variation could be related to other factors. From these results, we conclude that
the effect of the polarization of the LPM is less than ±0.06%, which is much lesser than what we
observed at O3GK, 3%.
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(a)

(b)

Figure 4: Result of angular dependence research. The vertical axis represents
(

𝑉1/𝑉2

𝑉
(0)

1 /𝑉 (0)
2

− 1
)
× 100, where

𝑉
(0)
1 is𝑉1 at 0-degrees measurement,𝑉 (0)

2 is𝑉2 at 0-degrees measurement. The horizontal axis represents the
angle of incidence, while the vertical axis represents the difference from the 0-degree measurement expressed
as a percentage. (a) represents the overall view, while (b) represents an enlarged view of figure (a) within the
range of -0.2% to 0.5%. The error bars represent statistical errors.
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(a) (b)

Figure 5: (a) is an experimental setup for polarization dependence measurements. (b) is the photo image of
the area enclosed in black line in (a).

Figure 6: Result of polarization dependence of the LPM type. The vertical axis represents
(
𝑉1/𝑉2

𝑉1/𝑉2
− 1

)
×100,

where𝑉1/𝑉2 is the arithmetic average of𝑉1/𝑉2. The horizontal axis is the rotation angle and the vertical axis
is the difference from the arithmetic mean of the measured points expressed as a percentage. The error bars
represent statistical errors.

5. Summary and Future Work

Based on the angular dependence experiment, the maximum deviation reached 8.4% which
was significantly larger than the 3% observed in O3GK. As to polarization dependence, the effect of
that on the LPM type was one order smaller than the 3% uncertainty. The effect of the polarization
dependence is within the range of -0.06% to 0.06%.
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We plan to measure the polarization dependence of the GPS type. And, we plan to assess
whether the uncertainties in laser power measurements using ISs in O4 can be explained by the
variations caused by angular and polarization dependence based on the results of these experiments.
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