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KAG©RA

Abstract

KAGRA two unique key features;
Underground site and cooled sapphire mirrors.

Details and advantages of cooled sapphire mirror
are explained.
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KACRA 1.Introduction

Schematic view of gravitational wave detector
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KACRA 1.Introduction

These four mirrors are key parts of detector.
Tidal force of gravitatiopal wave shake them.

a nd miror

Fabry-Perot cavity
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KAG©RA

2.Sl1ze

Diameter of mirrors

Laser beam must be collimated
(beam radius on all mirrors must be similar).

Laser wave length : 1064 nm
Cavity length : 3km

Collimated Gaussian beam diameter Is about 6¢cm.
Mirror diameter must be larger than 18cm.



KAG©RA

2.Sl1ze

Thickness of mirrors

Elastic resonances of mirror itself must be higher
than typical gravitational waves (lower than 10kHz).
Highest frequency wave comes from smallest
source, black holes (about 10 km).

Thickness is comparable with diameter.
In such cases, resonant frequencies are higher
than 10kHz.



KAG©RA

2.Sl1ze

Weight of mirrors

Standard Quantum Limit (SQL)
Quantum limit of interferometer measurement

Only two ways to suppress SOQL
(1) Longer interferometer

(2) Heavier mirrors (back action effect of reflected
photons Is small.)

So, heavier mirror Is better.
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UABR 2.Size
As example, KAGRA mirror




SOV 3.Substrate

Mirror substrate material

(1) Excellent optical properties

Low absorption and scattering, homogeneous
refractive index ,...

(2) Excellent mechanical properties

Small thermal noise -
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KAG©RA

3.Substrate

Rainer Weiss, Quarterly Progress Report of
Research Laboratory of Electronics of the
Massachusetts Institute of Technology
105(1972)54. nhttps://dcc.ligo.org/P720002/public

First feasibility study of interferometric
gravitational wave detector

He evaluated many kinds of noise sources. Thermal noise is
one of them. His concludes as follows;

Thermal noise can be minimized when we adopt material with
small mechanical dissipation, aside from reducing the
temperature.

Note:

Small mechanical loss : longer decay time of excited motion



KAGRA

3.Substrate

Mirror substrate material is fused silica in LIGO and
Virgo (at room temperature).
How about cooling fused silica mirror ?

Class. Quantum Gray. 29 (2012) 035003 AV Cumming et al

- Penultimate mass

Lower structure
«—assembly tooling frame

Suspension fibres—

-

C __— Testmass —___

Ear -

Figure 6. (a) Completed monolithic lower stage prototype at the LIGO LASTI test facility, MIT.
(h) Upward side view of monolithic stage masses showing suspension fibres and attachment ears.



KAG©RA

3.Substrate

Mirror substrate material i1s fused silica in LIGO and
Virgo.
How about cooling fused silica mirror ?

Unfortunately, it not good idea because mechanical
dissipation of fused silica at low temperature Is
guite large.

So, for cryogenic detector, we need to look for other
material ....

13



KAG©RA

3.Substrate

So, KAGRA adopts sapphire
(temperature is about 20K).

First feasibility study
T. Uchiyama et al., Physics Letters A 242 (1998) 211.

Sapphire mitror Sapphire fiber (250micron da.)

Foil beater o ¢ el
10 om
7K
Seens A 3.9K
10 om ’
i
(_l'"'l — )L ’ 1 - Front view Top view
Front view Side view Fig. 3. Distribution of the equilibrium temperature in the case of
Fig. 1. The experimental setup. 29 mW heat power.
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KAGRA
3.Substrate

So, KAGRA adopts sapphire.
T. Uchiyama et al., Physics Letters A 261 (1999) 5.
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Fig. 3. Temperature dependence of the Q-factor of the sapphire
test mass suspended by a pair of sapphire fibers.

Smaller mechanical dissipation in sapphire at lower
temperature : Sapphire is appropriate. 15



KAG©RA

3. Substrate

Sapphire has other two advantages as substrate;
small thermal lens, less parametric instability.
Both of them are related with high power laser.
Thermal lens : Light absorption in mirror
Temperature gradient
Temperature dependent of refractive index
Wave front distortion (as like lens !)
Worse sensitivity

: . Laser beam
Thermal lens is a serious problem

of room temperature interferometers. mirror
Advanced LIGO and Virgo : System to compensate thermal

lens (compensation plate and ring heater) is necessary.
G.M. Harry (for LSC), Classical and Quantum Gravity 27 (2010) 084006. 16




KAG©RA

3.Substrate

Thermal lens in cooled sapphire mirror
T. Tomaru et al., Classical and Quantum Gravity 19 (2002) 2045.

Thermal conductivity of sapphire at 20 K
IS 10000 times larger than that of fused silica at 300 K.
Temperature coefficient of refractive index
Is at least 100 times smaller.

Magnitude of thermal lens is at least 10° times smaller
because temperature in substrate is quite uniform and
refractive index is independent of temperature.

No system for thermal lens compensation Is necessary.

17



KACRA

3.Substrate

Parametric instability

Radiation pressure

G

Optical mode in cavity
(Large amplitude of other

Elastic mode in mirror

(transverse) optical mode) (Large vibration)
‘ Cﬁvir‘? ’ v

Modulation

Advanced LIGO and Virgo : Serious issue

18



KAGRA

3.Substrate

Parametric instability of KAGRA Is a less serious problem

than that of Advanced LIGO and Advanced Virgo.
K. Yamamoto et al., Journal of Physics: Conference Series 122 (2008) 012015.

Number of unstable modes is 10 times smaller.
Since sapphire is harder than fused silica,
It IS more difficult to excite elastic modes.

19



KAG©RA

4.Coating

Challenging missions for sapphire

(1)Manufacture of large sapphire bulk
Homogeneous, pure, .....
(2)Surface polish

Sapphire is extremely hard ....

After that, reflective coating must be applied.

Typical reflectance of mirrors for gravitational wave
detection is 99.9% at |east.

Does mechanical dissipation in coating generate
thermal noise ?

20



KAG©RA

4.Coating

Does mechanical dissipation in coating generate
thermal noise ? Before 1998, nobody expected so.

Y. Levin, Phys. Rev. D 57(1998) 659.
Coating dissipation could contribute more largely
than substrate dissipation.

Calculation and experiment revealed that Levin’s
prediction (concern) is perfectly correct.

G. Harry et al., Classical and Quantum Gravity 19 (2002) 897.

N. Nakagawa et al., Physical Review D 65 (2002) 102001.
K. Yamamoto et al., Physics Letters A 305 (2002) 18.
and so on.

21
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4.Coating

How about coating thermal noise at low
temperature ?

- T T T
L0 10 Coatin o
. . k . e g loss 300°C 350 Hz
San |1|It 4 {JAE goating. L n 1 thickness. _ . ) m--"-:-:--;». ] % Coaling loss 300°C 1000 Hz | |
annealed) g 1o SR = Coating loss 300°C 1900 Hz
0.8 = 11 = Jrdmaday 6.0x10% 4 . = Coating loss 300°C 3200 Hz |
o o
~ gt Al _ m
o e \5 0 1 - A.;ﬁ" 8
- + B 1 i 1 8 . PN
= 0.6 — " e — ES
a [ ] o Bt . - T 4.0x10™ 4 2 L} :
- - = 'Y -
= T 8 . 1 5 s oEREY = B
o - — e g = Ay * x % *
& 0.4 H— * ) RPN DR 1 3 ' *3
- e 1 IRl PO bl 2
£ ] R P P E 2.0x10" 4
0z - — s : -
- ® First mode (1.1 kHz) Py = =
Third mode (2.5 kHz)
0.0 | [N
] &7 2 1 4 5678 I - " K -
10 100 emperalure (k) Temperature (K)
|L'II'I|J-L'I':I|III'E K] Figare 4. Temperature dependence of the loss of the doped TagOs coating.

K. Yamamoto et al., Physical Review D 74 (2006) 022002.
|. Martin et al., Classical and Quantum Gravity 25(2008)055005.

|. Martin et al., Classical and Quantum Gravity 27(2010)225020.
and so on.

Coating thermal noise at lower temperature is
smaller. -



KACGRA

5.Ears

Sapphire suspension :

R

L

In KAGRA, sapphire mirror
suspended by sapphire fibers .
Otherwise, tidal force of
gravitational wave can not shake

mirrors !

Sapphire fibers are also heat path
to cool down mirrors.

23



KAGRA

5. Ears

Sapphire suspension :

Connection between mirror and

%% fibers is crucial point.
S

KAGRA adopts sapphire ears for
this connection.

.l / connection between mirror and
ears must be strong.

Hydroxide Catalysis Bonding
g | (HCB) is adopted. This bonding is
’} based on chemical reaction.

24




KAGRA

5. Ears

Sapphire suspension :

HCB Is also used in LIGO and
Virgo between fused silica mirror

and fused
works we
room tem

silica ears. So, HCB
| between fused silica at

perature.

However, we were not sure that
HCB works well in KAGRA
(between sapphire mirror and ears
at cryogenic temperature).

25



KAG©RA

5. Ears

We measured strength, thermal
resistance, and mechanical
dissipation (contribution to
thermal noise) of HCB and
confirmed HCB works well In
KAGRA. European colleagues
(ELITES) supported this mission.

K. Haughian et al., Classical and
Quantum Gravity 32 (2015) 075013.

D. Chen, Ph.D. thesis (2015, The
University of Tokyo)

K. Haughian et al., Physical Review D 94
(2016) 082003. 26
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5. Ears

Sapphlre suspensmn

"= = Since we are sure that HCB
Ty "::,,,, works well, we applied HCB
i »'\ .ff: on all four sapphire mirrors
""" (and ears) in 2018 at

y 5*} University of Toyama.
o {“

27



KACRA

5. Ears

Sapphire suspension :
. L X " = HCB team

e

3 ' Takafuml Ushiba(ICRR)
§ | Tomohiro Yamada(ICRR)
'  Masashi Fukunaga(ICRR)
i 8 . Toshiya Yoshioka(Toyama)
~ Yuki Kuromiya(Toyama)
Kieran Craig(ICRR)
Helios Vocca(Perugia)
' Flavio Travasso(Perugia)

g W Kazuhiro Yamamoto(Toyama)
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KAGRA

HCB mission in clean room of University

5. Ears

7
/

/
/

=7 225N |

of

Toyama
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5

HCB mission in clean room of University of Toyama

———

30




KACRA

5. Ears
Sapphlre suspensmn
it pk % Since we are sure that HCB
. m works well, we applied HCB
on all four sapphire mirrors
 (and ears) in 2018 at

A { University of Toyama.

O . " All four sapphire mirrors are
T W ‘\‘.’. In KAGRA interferometer.

5281 Two of them are being

¢+ § ' cooled down now.

“'W Cooling of other two mirrors
. '§ starts soon.

31
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KACRA

L CAarve

Phase 1 Operation

e First test run with a cryogenic mirror BEEETMY
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KAGCRA
6. Future plan

What are next topics to improve KAGRA
Interferometer ?

My personal ideas

(1) Heavier sapphire mirrors

(2) Smaller coating mechanical loss

(3) Suppression parametric instability
(Higher laser power in near future

makes instability larger).

33



S /. Summary

Mirrors for gravitational wave detection is large.
22cm in diameter, 15cm in thickness, 23kg in weight

Sapphire is appropriate as cooled mirror substrate.
KAGRA adopts. Temperature is about 20K.

Cooled mirror is also remedy for coating thermal
noise.

HCB Is useful method to bond mirror and ears for
mirror suspension even in the case of cooled mirror.

Future plans (ex. heavier mirror) to improve KAGRA
were introduced. 34



Gravitational wave lab tour

After all talks today, but before banquet.

You can check

(1) clean rooms (for laser and HCB).

Laser experiments will be reported tomorrow
(Haruto Sakamoto, Ryosuke Sugimoto).

(2) Sapphire bulk with ears (Geometry Is same as
KAGRA mirrors). | T




Thank you for your attention !

36



KACRA KAGRA Cryostat

 We developed cryocooler with small vibration.

Sapphire mirror is here.

C

e

ryocooler
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KAGRA _
2. Thermal noise

Thermal noise of suspension and mirror

-~ -

38



KAGRA _
2. Thermal noise

Thermal noise : Fluctuation by random energy flow from heat
bath

Most famous example

Robert Brown : Random motion of small particles
whose diameter is around 1 um in water

R. Brown, Philosophical Magazine 4 (1828) 161.
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KAGRA

1. KAGRA

Interferometric gravitational wave detector

Mirrors must be free and are suspended.

Stretching
e
Shrinking Mirrar
04
Mirror Beam splitter

Lagar EE]
Photodetector

Figure 1. Michelson laser int arferometer with suspended mrrors for the detecton of gmvitational
Waves,

S. Kawamura, Classical and Quantum Gravity 27 (2010) 084001.

40



KACRA

1. KAGRA

2018 spring:Test run of cryogenic simple Michelson
interferometer(with 2 sapphire mirrors)

Extra mirror

It is cooled (perpendicular)
down !
Ee;ﬂ_ - Mirror
| Splitter (inli
LASER

Installation
' ' of practical
Photo Detector mirror is in

X

progress.



'KAGRA
Other three practical 1 ' KAG RA
mirrors will be
Installed by spring of
2019.

-> Adjustment and so
on.

-> Observation with
LIGO and Virgo (O3)

nd mirror

€~ Extra mirror will be
replaced with
practical one.

ront mirror

LASER

Cavity

Beam
Splitter

Photo Detector
42



KACGRA

1. KAGRA

First practical sapphire mirror was transported to KAGRA

site on 9" of March 2018 (Friday of last week ).
On 8™ of March, this mirror in clean room in University of

Toyama was shown to mass media.
Almost all main newspa d televisions came.

Sapphire mirror

—

https://www.u-toyama.ac.jp/education/news/2018/0312a.html https:/lwww.jiji.com/jc/article?k=2018030801061&g=s0c
43



KACRA :
2.Thermal noise

Theory of Brownian motion:
A. Einstein, Annalen der Physik 17 (1905) 549.

Brownian motion is proportional to temperature.
Viscosity of water causes Brownian motion.

Diffusion of small particles Temperature
(Brownian motion) ‘1,

. RT 1
D_

N b6mna
A

o - | viscosity
Wikipedia (A. Einstein, English) 44



KAGRA _
2. Thermal noise

General theorem of thermal noise
Fluctuation-Dissipation Theorem (FDT)

H.B. Callen and R.F. Greene, Physical Review 86 (1952) 702.
R.F. Greene and H.B. Callen, Physical Review 88 (1952) 1387.

Temperature

Gﬁ(f) _ Akl m|H (w

W

Power spectrum Imaginary part of susceptibility
of thermal fluctuation (dissipation) 45



KAGRA

o

2. Thermal noise

LIGO and Virgo

Fused silica mirror suspended by fused silica fibers.

Fused silica has not only excellent optical properties but also
sm a| | d | SS | p at| ON. Class. Quantum Grav. 29 (2012) 035003 A V Cumming et al

metal) mass

l._
- Penultimate mass

Lower structure
-—assembly tooling frame

Suspension fibres—

Test mass

Ear

Figure 6. (@) Completed monolithic lower stage prototype at the LIGO LASTI test facility, MIT. |
(h) Upward side view of monolithic stage masses showing suspension fibres and attachment ears. )



KAG©RA

3.R&D In past

ELITES: ET-LCGT interferometric Telescope
Exchange of Scientists
Grant for collaboration about cryogenic
between KAGRA and ET
European 7th Framework Programme
Marie Curie action (Mar. 2012 - Feb. 2017)
Researcher in Europe can visit Japan
for KAGRA.
They support development of KAGRA.
Here, | introduce detalls of one example;
HCB between sapphire mirror and ears.

47



KAG©RA

3.R&D In past

Sapphire suspension :

Our investigation revealed that HCB Is appropriate
for KAGRA.

Next problem is how to apply to practical mirror and
ears. KAGRA adopts method developed by
Virgo ;Box.

Universita degli Studi di Perugia supports to develop
box.

48



KAGRA

3.R&D'in past?
4 “l o 1 ; . //
i

First cryogenic payload with sa|5
Installed !

phire (extra) mirror was

49



KAG©RA

3.R&D In past

Other topics of ELITES from refereed journal papers

Indium bonding between ears and fibers
G. Hofmann et al., Classical and Quantum Gravity
32(2015)245013.

Sapphire fiber thermal conductivity
A. Khalaidovski et al.,
Classical and Quantum Gravity 31 (2014) 105004.

Mechanical loss of coating at cryogenic temperature
E. Hirose et al.,
Physical Review D 90(2014) 102004.

50



KAG©RA

3.R&D In past

Other topics of ELITES from refereed journal papers
Investigation about vibration of radiation shield

F. Frasconi et al.,

Meas. Sci. Technol. 25 (2014) 015103.

D. Chen et al .,
Classical and Quantum Gravity 31(2014) 224001.

51



KAG©RA

3.R&D In past

European members of ELITES
France : LMA Lyon

Germany: Hannover, Jena
Italy: Rome, Sannio
Netherlands: NIKHEF

United Kingdom: Glasgow,
University of West Scotland

52



KACRA 4. R&D In future

Most important message in this talk

KAGRA wins Core to Core program (JSPS) !
It can be a counter part of NEWS.

April 2018 - March 2023
Estimated amount : 18,000,000 yen (140,000Euro) per year.

This grant will support communication fees in many
conferences, workshops, seminars and short term student's
staying in several universities, institutes and sites.

Fee to organize workshops and seminars can be supported.
As like ELITES, we can organize workshop every year if

necessary. It is discussion item.
53



KACRA 4. R&D In future

Partner universities and institutes for Core to Core program

USA . Caltech (core institute) and collaborating Univs.
UK . Glasgow Univ. (core institute) and collaborating
Univs.

Germany : MPQ (core institute)

ltaly : EGO (core institute) and collaborating Univs.
Australia : UWA (core institute) and collaborating Univs.
France : CNRN (core institute)

Korea : Sogang Univ. (core institute) and Collaborating
Univs.

India : IUCAA (core institute) and collaborating Univs.
China : BNU (core institute) and collaborating Univs.
Taiwan : NTU (core institute)

Vietham : HNUE (core institute)

Netherland : Nikhef from maybe mid-FY2018 or FY20109.

54



KACRA 4. R&D In future

KAGRA wins Core to Core program (JSPS) !
It can be a counter part of NEWS.

Main members (especially, for Europe and U.S.A.)
of organization of this program
Chief : Shinji Miyoki
(Institute for Cosmic Ray Research, The University of Tokyo)
For Europe (thermal noise) : Kentaro Somiya
(Tokyo Institute of Technology)

For Europe (cryogenics) : Takayuki Tomaru

(KEK, High Energy Accelerator Research Organization)
For U.S.A. : Yoichi Aso

(National Astronomical Observatory of Japan)
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KACRA 4. R&D In future

KAGRA wins Core to Core program (JSPS) !
It can be a counter part of NEWS.

OK, what will we do exactly in research ?
3'd generation is target.

Here | show my personal list about cryogenics.
This Is not perfect one. But | expect to stimulate
discussion.

56



KACRA 4. R&D In future

R&D item list

(1) Huge mirror to reduce radiation pressure noise

(2) Small absorption (heat load) mirror to reduce thermal
noise

(3) Reflective coating with small mechanical dissipation to
reduce mirror thermal noise

(4) Fiber investigation to reduce suspension thermal noise

(5) Improvement of bonding

(6) Vibrations isolation of heat link to reduce external
vibration effect

(7) Cryocooler with small vibration

(8) Shorter initial cooling (warming up) time

(9) Mirror contamination problem

57



KACRA 4. R&D In future

(1) Huge mirror to reduce radiation pressure noise

Back action by reflected photo is smaller when
mirror Is heavier.

2"d generation mirrors : on the order of 10kg
3'd generation mirrors : on the order of 100kg ?

58



KACRA 4 R&Din future

(1) Huge mirror to reduce radiation pressure noise

Back ¢
mirror &= = "
2nd ger. . ’: i




KACRA 4. R&D In future

(1) Huge mirror to reduce radiation pressure noise

Back action by reflected photo is smaller when
mirror Is heavier.

2"d generation mirrors : on the order of 10kg
3'd generation mirrors : on the order of 100kg ?

How to make huge bulk with best quality ?
How to polish and apply coating with best quality ?
How about other material, silicon ?

60



KACRA 4 R&D in future

(2) Small absorption (heat load) mirror to reduce
thermal noise

Smaller heat load implies lower temperature, in other
words, smaller thermal noise.

» ~ CUrrent status
# Heat load : about 1W

10 times smaller heat
load means 3 times
smaller thermal noise.

61



KACRA 4. R&D In future

(3) Reflective coating with small mechanical
dissipation to reduce mirror thermal noise

Reflective coating mechanical dissipation dominates

mirror thermal noise. Lower dissipation at lower
temperature is necessary.
1.0x10 T T T
Samplée # (JAE doating, I mm thicknless,
annealed)
0.8
0.6 —
04 i i i i ¢|.
L]
. @® First mode (1.1 kHz) o
Third mode (2.5 kHz)
0.0 | o
K. Yamamoto et al., T 0 T T oo

Physical Review D 74 (2006) 022002. Temperature [K]



KACRA 4 R&D in future

(4) Fiber investigation to reduce suspension thermal
noise

For smaller thermal noise
Smaller dissipation, other geometry, ....

From point of view of manufacture,
Easier production method, ...
ey . WRERE R

®

Fibers with
nail head

63



KACRA 4. R&D In future

(5) Improvement of bonding
For smaller thermal noise
Smaller dissipation, ....

From point of view of manufacture,
Easier production method, ...

64



KACRA 4 R&D in future

(6) Vibration isolation of heat link to reduce external
vibration effect
(7) Cooling system with small

Heat link

Sapphire
mirror

65



KACRA 4. R&D In future

(6) Vibration isolation of heat link to reduce external
vibration effect

(7) Cooling system with small vibration

Heat link can transmit vibration !

Class. Quantum Grav. 31 (2014) 224001 O Chen et al

Metal, 7=0.5 Hz, Q=163 < )
CuBe, N=1, L=400 mm, i Metal, §£0.5 Hz, Q=183
d=1.8 mm, Q=2es *

Sapphine, f=14 Hz, Q=56
Sapphine, N=4  L=300 mm, . " d=z0.15 mm,
d=1.6 mm, Q=506 . N=45"16Q “In:-E- p=45"16, O=1a3

Q CuBu:-N—:ILE- i,

d=0.6 mm, Q=2a5

Vibration isolation system (or small vibration
cooling) 66



KAGRA 4. R&D In future

(8)Shorter initial cooling (warming up) time

Initial cooling time is about 1 month.

300
Test Mass {TM}
Recoil Mass (RM)
. 250 Inlermedﬁﬁ f'é‘?fﬁ ({IM%
Y. Sakakibara, Platiorm (PF)
! Inner Shield
Ph.D. thesis z 20
(2015, g 150
. . o
The University 5
100
of Tokyo)
https://gwdoc.icrr.u-tokyo.ac.jp/cgi- 50
bin/private/DocDB/ShowDocument?docid=3314 \
° 0 10 20 30 40 50 60

Time [days]




KACRA 4. R&D In future

(9)Mirror contamination problem

Cooled mirror is contaminated by residual gas. It
must be removed.

68



KAGRA 5. Summary

KAGRA : Cryogenic gravitational wave detector
All four sapphire mirrors will be installed by 2019
spring. KAGRA intends to join O3.

In development of cryogenic part, ELITES supported
and many refereed journal paper were published.

KAGRA wins Core to Core program to support
International communication(April 2018-Mach 2023).
This could be counter part of NEWS.

Kazuhiro showed his personal idea about research
topics for NEWS.
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