Measurement of Internal Stress inside KAGRA Sized Sapphire Substrates
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Abstract

Birefringence in Sapphire is one of the main problems which currently limits the sensitivity of cryogenic gravitational-waves detectors, such as KAGRA in Japan, which use large Sapphire crystals
as mirror substrates for their input and end test-masses. In order to solve the issues (e.g., power sloshing) that arise with birefringence, a proper understanding about its occurrence in Sapphire
crystals is mandatory. At the National Astronomical Observatory of Japan (NAOJ), we have successfully established a measurement device for the spatial characterization of large Sapphire
samples (Ø: ≤ 22cm; d: ≤ 15cm) . We are able to resolve the distribution of birefringence as 2-dimensional maps with resolutions down to 0.3×0.3mm and can use the obtained information to
conclude about the internal stress which is likely to be the main cause of the birefringence.
Here, we are presenting the latest results of our measurements, using real-sized Sapphire substrates which were deselected from usage in KAGRA due to other reasons and our calculations to
for the internal stress deduction.

Internal Stress Deduction

Modified PCI
The base of our device is actually an absorption measurement system which has been at NAOJ
since several years: the photo-thermal common-path interferometer (PCI). This instrument
works with two laser beams (a pump beam and a probe beam) at two different wavelengths
(λpump=1064nm and λprope=635nm) to excite absorption at a specific point within a sample and
subsequently to measure its optical effect on the probe beam. The main part of the PCI at NAOJ,
however, is a motorized stage with which we can hold and move KAGRA-sized Sapphire samples
to create 3-dimensional absorption maps almost fully automatically.
By using only the pump beam of this device at low power and decomposing its polarization after
passing the sample into its S and P components with a polarizing beam-splitter (PBS), we have
changed the PCI into a (plane) polariscope with fixed analyzer (see Fig.1). Since we are using the
same motorized stage, we maintain thus the automatic mapping properties of the PCI.
As only one beam is being used, the created maps are 2-dimensional and represent the cumulative
effect of birefringence on the polarization of the beam through the sample.

In order to get information on the internal stress parameter (namely: the stress tensor s), we
decomposed the transmitted light into its polarization components and recorded their intensity
simultaneously. Since, we map the birefringence just in two dimensions, we can only reveal
information of the projection of s on the S-P plane. Without limiting generality, we will refer to this
plane as x-y plane.
After a measurement was finished, we changed the input
x
polarization of the laser and repeated the measurement for
γ
the same sample. From the intensities measured for a pure
θ
S-polarized input beam (denoted as IS0 and IP0), we get the
S-pol
following relationship:
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where Δn is the change of the refractive indexes along x and y due to stress, d is the sample
thickness, λ is the wavelength of the laser and θ is the angle between the projected stress direction
and the x-axis
Measuring now the intensity for the S-polarized beam at a different input polarization, we get
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Fig.2: photograph of the modified
PCI input and detector part with a
sample mounted.

Fig.1: schematic representation of the measurement
setup. The laser is the same as the pump beam from the
original PCI but with variable polarization (polarization
indicated by arrows (P) and circle (S)).

KAGRA Sapphire Samples
The samples which we are measuring are made of Sapphire (α-Al₂O₃) and are grown, cut, and
polished in such a way that the crystallographic c-axis is parallel to the optical axis. Since the basic
crystal structure of Sapphire is hexagonal shaped and thus uniaxial [1], it is optically isotropic in
directions perpendicular to the c-axis. Hence, if beam alignment and crystal would be perfect, no
birefringence should appear.
However, crystal growth processes for Sapphire are tedious and the production of samples with
such tight requirements as KAGRA’s (low absorption [α ≤ 50ppm/cm] and optical isotropy over a
large area) poses a serious challenge even for experienced crystal growers. Therefore, residual
stress inside the crystal from the growth process is easy to appear and can deform locally the
crystal structure, giving rise to birefringence even for light passing along the c-axis.
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(with γ being the angle of the polarized electric field with the x-axis and I0 the input beam’s intensity).
These two equations lead us to an expression for θ and Δn purely as a function of measured values.
Once knowing these parameters - together with the assumption that Δn is much smaller than the
refractive index - we can get information on the diagonal and shearing components of s: the
difference (sx-sy) and sxy [3]:
2𝛥𝑛
𝑠𝑥 − 𝑠𝑦 =
⋅ cos 2𝜃
3
𝑛0 𝑝11 − 𝑝12
𝑠𝑥𝑦 =

2𝛥𝑛
⋅ sin 2𝜃
3
𝑛0 𝑝11 − 𝑝12

where p11 = -0.037·10-3GPa-1 and p12 = 1.396·10-3GPa-1 are components of the opto-elastic tensor in
Voigt notation[2].

Results

One of our tasks in this investigation is thus to see whether annealing will have an influence on
the birefringence distribution (in cooperation with the “Institut Lumière Matière” in France)
A list of all samples which have been characterized so far, can be seen in Table 1.

Table 1: list of all measured samples thus far, roughly ordered after their size.
Two of them are currently being annealed and will be re-measured once they
arrive back to Mitaka.

size

KAGRA
sized

22×15cm
cylinder

TAMA sized

10×6cm
cylinder

Manufactur
er

Remarks

Shinkosha, GT

3 samples
measured

Shinkosha

2 samples
measured
1 sample out for
annealing

2” sized

5×1cm
cylinder

Shinkosha

1” sized

2.5×1cm
cylinder

Shinkosha

Fig.4: map of mean distribution of (s₁-s₂) parameter

Here we present the first preliminary results on stress distribution in a KAGRA sized Sapphire
mirror calculated from our measurements with the modified PCI (Figs. 4-5). The maps represent the
mean out of three measurements where γ ≠ 0. As can be seen, the stress is for both components in
the same order of magnitude but obviously they do not share the same distribution. Rather the
opposite is true: where |(sx-sy)| is largest, sxy is moderate
and vice versa.

2 samples
measured
1 sample ot for
annealing
4 samples
measured
1 sample
annealed

Fig.5: map of mean distribution of s₆ parameter

Fig.3: a KAGRA-sized sample
mounted on the automated sample
stage of the PCI in Tama300.
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Moreover, by comparing the stress results with an
absorption map of the same sample (Fig. 6), in the
same position, we see that certain structures (“spiderweb”) are existent also for the stress. We thus
preliminarily conclude that there are inherent
correlations between an enhanced absorption
coefficient and birefringence which is also supported
by other investigations [3]. However, the maps do not
fully comply and comparability is limited due to detection
differences. We thus hope that with the annealing we
can get more insights into this issue.

Fig.6: the corresponding map of the absorption-index
distribution (same orientation) at the center of the sample
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