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Outlook

• Current situation

• What mirrors are we aiming for ?

• How can we improve current mirrors

• New birefringence characterization
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KAGRA mirrors

• KAGRA ITMs and ETMs are 22 kg sapphire at cryogenic temperature

• ITMs substrate properties are critical for KAGRA performances

• ITMs absorption must be <= 50 ppm/cm to operate at cryogenic temperature with high laser power 
• Lower absorption will allow to reduce the suspension thermal noise

• ITMs have high and non-uniform birefringence :
• Higher losses (ie higher quantum noise)
• Higher laser frequency & intensity noise
• Complex coupling to alignment signal
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Characterization setup at NAOJ
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• Modified PCI measurement setup :
• Can measure absorption at 1064nm with 

probe at 633nm & 1310nm
• 3D resolution of absorption

• Added polarization control & readout :
• Can measure polarization & birefringence at 

1064 nm
• 2D resolution of birefringence (integrated 

along Z)
• It is a linear-polarizer setup (ie indirect 

birefringence measurement)
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KAGRA future mirrors
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If we can understand the origin of the absorption, we should be able to reduce both absorption 
and birefringence !

Absorption & birefringence seem to share similar originNew KAGRA ITMs have far better birefringence
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Possible common origin ?
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Two strong candidates :
• Impurities (eg Fe, Cr, Ti, etc …)
• Crystalline structure defects

• Spectro-photometry allows us to probe impurities
• Interesting correlation with 255 nm absorption

• Annealing allows us to heal the crystalline structure
• Require tuning of temperature profile, environments conditions

Growth direction
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Next KAGRA mirrors?
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Next KAGRA mirrors?
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What should we aim for ?

• 40 kg mirror & 50ppm/cm absorption 
• 40 kg mirror & 20ppm/cm absorption

• 100 kg mirror & 40ppm/cm absorption
• 100 kg mirror & 20ppm/cm absorption

• 200 kg mirror & 20ppm/cm absorption

• Is it still reasonable to ‘only’ have 40 kg mirrors from O6+?

• Should we focus on larger mirror ?

• Should we demonstrate & use 3G-size mirror?



Next KAGRA mirrors and sensitivity
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Mirror size affects several fundamental noises :
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Next KAGRA mirrors (tentative) schedule

Mass [kg] Radius
increase

Absorption measurement 
duration

Birefringence measurement
duration

Samples Total 
absorption

Total 
birefringence

Coating
[year]

Installation before 
run [year]

Total
[year]

20 = 1 week 2 weeks 2 out of 5 5 weeks 10 weeks 2 2 4.3

40 *1.2 1.4 weeks 2.8 weeks 6 out of 15 5.3 months 10.6 months 2 2 5 

100 *1.7 2.9 weeks 5.8 weeks 6 out of 15 11 months 22 months 3? 4? 9.8 

200 *2.1 4.4 weeks 8.8 weeks 6 out of 15 16.5 months 33 months 3? 4? 11.1
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* Does not take into account R&D to find good mirrors, time to take decision on which mirror to go for, time to get budget, etc..

Adding R&D duration, decision making, budget approval etc .. it seems that KAGRA next 
mirror could be on the critical path for future upgrades

(also with this setup and the need of 3 times more mirrors for ET it might also be tricky for them…)



Other way to measure birefringence

• Soleil-Babinet compensator
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Birefringent crystal HWP Sample

• Sample placed between 2 cross-
polarizers

• Birefringent crystal w/ variable 
thickness acts as variable 
polarization retarder

• Motorized HWP acts as variable 
polarization rotator

• Tune both of them to get no 
light at the photodetector : ie
direct measurement of sample 
birefringence



Issues

• Uses step-motor to shift the birefringent crystal

• Uses step-motor to rotate the HWP

• Requires to scan a large parameter space (several tens of points / measurement

• Sapphire measurements using this technique had 10* smaller resolution than NAOJ 
polarimeter and same order of magnitude sensitivity
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Fast & direct birefringent measurement?

• Requires variable polarization rotator and retarder
• Electrically tunable could insure fast measurement
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KAGRA uses already such component : EOM are 
electrical variable polarization retarder !

This should work but today is about Future plans so I will present another component
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Liquid crystal

• Liquid crystal are voltage based
• polarization controller

• Polarization retarder
• Electrically controlled
• Really cheap
• Large aperture available 
• Requires low voltage
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Arbitrary polarization state generation

KAGRA Future Working Group 2nd open meeting 15

With a pair of Liquid Crystal, it is actually possible to generate any polarization state !



New birefringence setup
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LC1 LC2 Sample

The birefringence characterization duration can be reduced by a factor 50 !

But can we go even faster ?



LCD !
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https://saylordotorg.github.io/text_general-chemistry-principles-patterns-and-applications-v1.0/s15-08-liquid-crystals.html

• Liquid Crystal Display (LCD) are large array of Liquid 
Crystals (eg 4K UHD is 3840 × 2160 pixels)

• Can reach size larger than 3G mirrors

• Each pixel is contains small Liquid Crystal

Sharp



LCD and birefringence

KAGRA Future Working Group 2nd open meeting 18

• Using 2 LCDs is a 2D 
electrical Soleil-
Babinet compensator 

• No need to have ANY 
mechanical motion

• Instantaneous 
birefringence 
measurement

• Full compensation of 
birefringence



New characterization setup status
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• Purchased all components

• Received half of what we need (remaining arrives next week)

• Tests will start from tomorrow 

• Hopeful first KAGRA size measurements within few months

• LCD requirements and simulation on-going

• Plans to play with LCD at the beginning of next year



Conclusion
• We need to decide somehow soon what is the future of KAGRA : should we aim for the 

best allowed by our infrastructure or maximize the observation time with smaller 
mirror ?

• We plan to investigate the origin of absorption and birefringence
• If understood we could have 20 ppm/cm absorption ; negligeable birefringence sample

• We have plan for a new birefringence setup
• At least 50 times faster ; maybe soon ‘instantaneous’
• Also acts as birefringence compensator

• We have several other MIR related plans : 
• At next F2F we will present a new Automatic Alignment scheme able to be used with birefringent 

mirror
• (and more to come)
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