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Summary

Sapphire substrate:
• Absorption: 

well known problem from design phases

• Birefringence: 

partially unexpected problem
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Optical absorption in sapphire mirrors

To achieve a stable temperature for the test masses (ITM case):

𝑃𝑟𝑎𝑑 + 𝑃𝐵𝑆𝛼𝑏𝑢𝑙𝑘𝐿 + 𝑃𝑎𝑟𝑚𝛼𝑐𝑜𝑎𝑡 < 𝑃𝑐𝑟𝑦𝑜

Left side can be minimized by optimizing PRG and arm Finesse
• This choice has impact on ITF quantum noise

• (design): 𝑃𝐵𝑆𝛼𝑏𝑢𝑙𝑘𝐿 ≈ 𝑃𝑎𝑟𝑚𝛼𝑐𝑜𝑎𝑡

Right side depends mainly on fiber diameters
• Suspension thermal noise is determined by fibers geometry
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Optical absorption characterization

Photothermal Common-path Interferometer:
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Growth orientation impact on opt. absorption 
spatial distribution

C-axis growth:

A-axis growth: 
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Growth orientation impact on opt. absorption 
spatial distribution

C-axis growth:

Even in low absorption samples the striation are 
present
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Dislocation and optical absorption

• Structural defects as preferential sites for the inclusion of absorbing 
centers
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https://doi.org/10.1038/s41598-020-80313-1



New and better sapphire substrates

Several samples are being / have been analyzed…

Companies:

• Many additional samples from old and 
new companies are being constantly 
characterized

iLM:

• KAGRA is collaborating and supporting the realization and study of
new sapphire substrates
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Sapphire: a birefringent material

Substrate original requirements:

• Crystal orientation: c-plane +/- 0.2deg

• dn< 5e-7 (RMS) @633nm
• No requirements on 𝑑𝑛𝑏 ∝ 𝑛𝑜 − 𝑛𝑒

Global c-axis orientation is not an issue, 
but local anisotropies are!
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ITMs bulk birefringence: p-pol detected

• PRC gain measured was not as 
expected [klog#9300, klog#9310]

• ITMs reflection had some p-pol

BS transmission for s-pol is 49.96%
BS reflectivity for p-pol is 20% (sim)

Almost purely s-pol (p-pol at 3e-4 level)
[klog#9324]

9.4 % p-pol from ITMX single bounce
4.6 % p-pol from ITMY single bounce [klog#9314]
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P

PRMI locked

PRX locked

[klog#9325]
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http://klog.icrr.u-tokyo.ac.jp/osl/?r=9300
http://klog.icrr.u-tokyo.ac.jp/osl/?r=9310
http://klog.icrr.u-tokyo.ac.jp/osl/?r=9324
http://klog.icrr.u-tokyo.ac.jp/osl/?r=9314
http://klog.icrr.u-tokyo.ac.jp/osl/?r=9325


ITMs TWE maps not within specs

Measurement from T1809173 (T1808715, T1910386, Phys. Rev. Appl. 
14, 014021)

Cause:

• polisher’s Fizeau interferometer uses circularly polarized laser 
while the KAGRA detector uses linearly polarized light

specification vendor report measured

ITMX
< 6nm

3.47 25.9nm

ITMY 4.07 30.1nm
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https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=9173
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=8715
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=10386
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.14.014021


Characterization setup at NAOJ

Absorption:
photothermal common-
path interferometer

Birefringence:

Single-pass polarization 
rotation
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Birefringence measurements

Birefringence measured as cumulative effect: 𝜉 = tan−1
𝑃𝑠

𝑃𝑝
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From birefringence to Δ𝑛

Δ𝑛𝑅𝑀𝑆 is within original specs
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Correlation between absorption and 
internal stress leading to birefringence

Structural defects can be the cause of both absorption and birefringence*
*Paper in preparation.



Summary and future

Sapphire main problems:
• Optical absorption
• Birefringence 

Sapphire (optical) advantages:
• Works with 1064nm technology
• Do not exhibit stress induced behaviors

Future steps (for KAGRA):
• Interface with crystal makers (companies and iLM) to tune the growth process 

parameters
• Post-growth heat treatments
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Growth process has large impact



Coating thermal noise measurements
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KAGRA coating thermal noise: 2.9 × 10−24[1/ Hz]
at 100Hz   (Ti undoped, 3rd mode at 20K)

Discussion with Virgo Coating R&D ongoing to 
characterize new coating type at cryogenic 
temperature @Toyama facility


