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0. Abstract

| will explain

(1)How to design sapphire suspension
(2)Expected thermal noise
(3)Recent experimental results

for KAGRA.
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1. Introduction

Room temperature second generation interferometer
Fused silica mirror suspended by fused silica fibers

Class. Quantum Grav. 29 (2012} 035003 AV Cumming et al

Lower structure
Fassembly tooling frame
]

Suspension fibres—=




1. Introduction

KAGRA (Cryogenic second generation)
Sapphire mirror suspended by sapphire fibers

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

Sapphire mirror Sapphire fiver (230micron da.)
Foil beater -l

6§ cm. %

23.9K

] 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.

Sapphire fiber : High Q-values
and large thermal Conductivity6



2. Design

Strength
Sapphire fibers should support
the weight of sapphire mirror.

Mirror : 23 kg
Number of fibers : 4
Tensile strength : 400 MPa
Safety margin : 7

Fiber diameter must be larger than 1.1 mm.



2. Design

Temperature of KAGRA mirror

-21
g |Thermal noise of LCGT mirror at 100 Hz
F . = (Coating Brownian noise 5 5
— 10" H— = Substrate Brownian noise
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: Thermo-optic noise
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Temperatme [K
Below about 20 K : Thermal noise iIs B

sufficiently small for KAGRA (~3*1024 /rtHZ).8



2. Designw

Thermal conductivity /

10°

Al Cu(phasph. -deoxyd.)]
Al-alioy {0.16% Cu
1.02% Mg 1.2% Mn)

Fibers should transfer heat

(about 1 W).

Crystal (for example,
sapphire, silicon)

and pure metal (Al, Cu, Ag) :
Thermal conductivity

10°F
- 3(255

Woo d.s—metél‘etm an siver

CrNi 188
101 E

Thermal conductivity k [W/cm K]
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around 20 K. Wl v
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: G. Venturaand’L. Risegari, g

Q-values of pure metal is low. Thetht of Syogenics 5

i " 2 Low-Tgmperature Experimental Techniquesy,
Crystals with high Q-values Else;Er 5008) 76, |
are candidates (sapphire, silicon). ot

Temperature [K]



2. Design

Thermal conductivity

Sapphire : Thermal conductivity is maximum around 30 K.
Temperature of KAGRA mirror will be around 20 K.

Specification sapphire suspension
Number of fibers : 4

Length of fibers : 0.3 m
Heat generated in a mirror : 1 W
Mirror temperature : 23 K
Temperature at top end of fiber : 16 K
Thermal conductivity : 5500 (T/20K)3 W/m/K

Fiber diameter must be larger than 1.6 mm.

This requirement is severer than that of strength.

10



3. Expected thermal noise

Assumption

Upper ends of sapphire fibers are fixed rigidly.

(DIn this talk, we discuss only thermal noise from
final stage of payload, sapphire main mirror
and its fibers.

(2)Resonant frequencies (except for violin modes) are
different from the actual system.

They are not exact results,
but not so different
from the actual contribution
of the final stage. i



3. Expected thermal noise

Design

Number of fiber : 4
Fiber length : 0.3 m
Fiber diameter : 1.6 mm
Q-values of sapphire fibers : 5*10°

12



3. Expected thermal noise

Degrees of freedom

Horizontal motion along optical axis
Pendulum and violin modes

Vertical motion
Gradient of interferometer baseline is 1/300
for discharge of water in the mine.

Rotation (Pitch and Yaw)
Distance between optical axis
and center of gravity of mirror is 1 mm.

13



3. Expected thermal noise

Degrees of freedom Violin Modes
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3. Expected thermal noise

Resonant frequencies and Q-values
T. Sekiguchi, K. Somiya, K, Yamamoto

Resonant frequencies Q-values
Pendulum 1.1 Hz 2*107
1st violin 220 Hz 1.0*107
Vertical 109 Hz 5*10°
Pitch 23.4 Hz 5*10°
Yaw 1.8 Hz 1.3*107

In the cases of Pendulum (and violin) and Yaw modes,

loss dilution factors by gravity were taken into account.
Dilution factors are on the order of unity because of thick
fiber (In the case of room temperature interferometer, they
are on the order of 100 or 1000 ). 15



3. Expected thermal noise
Horizontal and vertical motion

10 = —_—
Sensitivity
101 | and thermal noise |--ifo ot e
KAGRA
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3. Expected thermal noise

Horizontal and vertical motion
In principle, KAGRA sensitivity is not limited by thermal noise.

However, between 100 Hz and 250 Hz (best sensitivity
frequency region), there are peaks of 15t violin mode and
vertical mode.

Room temperature interferometer :
1stviolin > 300 Hz, vertical mode ~ 20 Hz

Thick fiber to transfer heat !

Note : Peak of vertical mode makes Signal to Noise Ratio of matched filter
for neutrons star coalescence about 0.95 times smaller (K. Yamamoto).
1st violin mode effect is smaller (H. Yuzurihara).

Can we change peak frequencies ? (K. Somiya) 17



3. Expected thermal noise

Horizontal and vertical motion
Boundary condition

Four sapphire fibers should transfer 1 W heat.
When we adopt thinner fibers, they must be shorter.

In naive case:
Length (1) is proportional to square of radius (a).

In the case with excellent sapphire fibers:
Length (l) is proportional to cubic of radius (a).
Size effect : Thermal conductivity is proportional to fiber
diameter. Mean free path of phonon is limited
by fiber radius.

Conclusions in both cases are similar. e



3. Expected thermal noise

Horizontal and vertical motion
Violin mode

When we adopt too thick and long fibers, frequencies of
violin modes are lower. Violin mode forest appear in best
sensitivity frequency region (around 100 Hz).

When we adopt too thin and short fibers, thermal noise of
pendulum mode is large In best sensitivity frequency region
(around 100 Hz). Mooy

Sensitivity

151 | and thermal noise
— KAGRA

19 | | = Thermal noise

OQur design Is based
on the optimum case. NV

107

(hal SEREES 4
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10~ rare

2 3 4567 2 3 4567 2
10 100 1000

Frequency [Hz] 19



3. Expected thermal noise

Horizontal and vertical motion
Vertical mode

When we adopt thinner fibers, they must be shorter (because
they must transfer heat).

We can not change vertical mode frequency so much.

In naive case

Length (1) is proportional to square of radius (a).
Frequency of vertical mode never changes.

In the case with excellent sapphire fibers:
Length (l) is proportional to cubic of radius (a).
Frequency of vertical mode is inversely proportional to | /6,

20



3. Expected thermal noise
t_ation

Pitch and yaw ro
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3. Expected thermal noise

Pitch and yaw rotation
In principle, KAGRA sensitivity is not limited by thermal noise.

Around 20 Hz, there is peak of pitch mode.
Room temperature interferometer : pitch mode ~ 3 Hz

Thick fiber to transfer heat !

Pitch mode frequency depends
on distance between fibers (d).

This distance must be as small as possible (15 mm~30 mm).

Note : If this mode is lower than 30 Hz, the effect on Signal to Noise Ratio
of matched filter for neutrons star coalescence is small (H. Yuzurihara). 22



4. Recent experiments

Our old measurement : Q-values (0.25 mm in diameter)
KAGRA fiber : 1.6 mm in diameter

9
. 1 I |
10’ | i
81 SRR © 0 IS | VA
61 g O
4. o! °© |
o4 o

| Q'v'a’ers"ér’é 5108,
KAGRA requwement

N O hlgher resonance'
. @ lower resonance

T ] R I
T. Uchiyama et al., X F
Physics Letters A 273 (2000) 310. requency(Hz)
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4. Recent experiments

Our old measurement : Thermal conductivity

Size effect : Condu%tlvu:y 1S proportlonal to.fiber.radius.

Mean free path 011;4p onon

x [W/m/K]

|s I|m|Ied by flber radlus

KAGRA flber

@ $390um

T $250um

@ ple0um
"7--- Maximum value in a data book

T I

2 3 458?89

10 100

T. Tomaru et al., Physics Letters A 301 (2002)5&'%1.

1 6 mm In diameter
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4. Recent experiments

Thick sapphire fibers (about 1.6 mm in diameter)

with nail heads are necessary to suspend mirrors.

Test sample (T. Uchiyama)

@10 5 350mm

#1.8

Core diameter: 1.8mm.
Core length: 350mm.
Edge diameter: 10.0mm.
Edge lengthL 5mm.
2011/08/16

Takashi Uchivama
[ICRER.the Univ.of Tokvao.

— Orientation flat
indicating the crystal
axis which is
perpendicular to the
crvstal axis of the fiber
growing up direction.

25



4. Recent experiments

T. Uchiyama asked MolTech GmbH (Germany).
Sapphire fibers have already come !

Length =350 mm diameter = 1.8 mm
Almost as needed in bKAGRA.
Need to check the quality and

Improvement . =



4. Recent experiments

Ettore Majorana asked IMPEX HighTech GmbH
(German company).
They made similar fibers
(nail heads on the both ends).

S

100 mm in length

27



4. Recent experiments

Ettore Majorana asked IMPEX HighTech GmbH
(German company).

They made similar fibers

[ o

| Almost as needed in bKAGRA.
Need to check the quality and |
Improvement .




4. Recent experiments

Quality check under collaboration with ET (ELITES)
Q-value
Measurement in Glasgow and Jena
Plan for measurement in Rome and Tokyo
(Christian Schwarz and Gerd Hofmann'’s
visit Japan to export measurement system)
Christian presents a poster.
Thermal conductivity
Measurement in Jena
Plan for measurement in Rome and Tokyo
Christian presents a poster.
Strength
Discussion with Glasgow (Thanks for E. Hirose) ”



4. Recent experiments

Apparatus to measure Q-values in cryostat of Jena

C. Schwarz’s er, °
or — ---__“ : S N >
G. Hofmann o i BT TS
http://gwdoc.icrr.u-tokyo.ac:jp/cgi-bin/DacDBiShew

30



4. Recent experiments

Apparatus to measure Q-values

In cryostat of Tokyo (ICRR)

>

s

.'ﬁ-l[

‘1 A \ -l 8

C. Schwarz
or
G. Hofman

http://gwda 31



4. Recent experiments

Q measurement in Jena

G. Hofmann

Moltech

http://gwd oc.i&u._u-tolkyo.ac N p/cgi-bi n/lDocDB/SIh owDocyment?dpcid_:1638

.
=
]

Mechanical Loss ¢
S

e,
=]
|

10°

Temperature [K]

NJJI'I-H"ID'ID“thi{Z MolTech fibre
.%__. - 7]
y o
- Prelimi i
7 Preliminary resylt
- It is comparable with
i/‘/ KAGRA requirement |!
- ,"' = Experimental Data (Jena) ]
Calculated TED
| 50 100 150 200 250 300
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4. Recent experiments

Q measurement in Jena

C. Schwarz’s poster or G. Hofmann I M PEX
http://gwdoc.icrr. u tokyo ac.jp/cgi-bin/DocDB/ShowDocument?docid=1638

[T —us, | Preliminary r ésu?lt

3676Hz . -l:___.._ it
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% I - o 00 e ® .
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S 107 e ® N - A
= i =
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€

107k

j ~—

is slightly Targertha
AGRA requiren '
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temperature in K 33




4. Recent experlments

C. Schwarz’s poster
or \ -3
G. Hofmann
http://gwdoc.icrr.u-tokyo.ac.jp/cgi- bln/Do DB

il

howD6cument?docid=1638

34



Thermal Conductivity [W/mK]

4. Recent experiments

Thermal conductivity measurement in Jena

30000

10000

1000 |

100

1t 1s same as - C. Schwarz’s f
KAGRA Tec uiﬂreﬁﬂt (size effect) *
: ® At m T. Tomaru et al, ]
f-}‘i": . Phys. Lett. A
o - 301 (2002) 215.

Prelimﬁ

ary resiJIt

1.8mm dia, 168mm length,
1.55mm dia, 60mm length,
2.47mm dia, 60mm length,
2 .52mm dia, 60mm length,
recommended values for b
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unpolished (Touloukian)
unpolished, annealed
polished, annealed

(| 0@ ¢ » n
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4. Recent experiments

Thermal conductivity measurement in Jena

30000

|

| C.Schwarz’s postera B
1{][]{]0: p ':' Prellmlnary

‘E;>
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S »
£ 1000 |
2 F ‘j It is smalfegr than KAGRA
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= "® | but same order of magnitude.
g s m  1.8mm dia, 168mm length, MolTec-Fibre (Jena)
_':l._-:;l ® A 1.55mm dia, 60mm length, unpolished ( Tcaul-:::ukmn
— & ¢  2.47mm dia, 60mm length, unpolished, annealed

e 2 52mm dia, 60mm length, polished, annealed
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1
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4. Recent experiments

Profile measurement in Glasgow
£ Fiber profiles
AS 9 rown sam p l e ?;;" - —| ' * Profiles taken by fiber profiler
We have 1; sot0 * High magnification cameras
B measure diameter of fiber
grOund Samples' § Wl T wndd—| * Surface roughness 0.1 mm
1800 -
i 5 in i85 Eﬂw“ﬁﬁm ﬂii:lﬂ hﬂ?lmm;ﬂl 45 50 55
1750 i
Headl\ ! Brioken pdge
__ 1700 “ — =y
E " ‘ ¥ - * L] ‘ .
é_. w ﬁ . ] _il
< 1650 : s ——w Diemobr
0 : l:il T i
- 1600 — M_:_L%w ' i wartica bl
Ty TGRS -
1550 ¢ ‘ e
1500 ' ' '
0 10 20 30 40 5 60 70 8 90 100

Distance along fiberfmm]

A. Cummine et al. Rev. Sci. Instrum. 82 (

2011 044502
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4. Recent experiments
Strength test

Discussion with Glasgow (4t of April)
Stretch and bend test
Some fibers were sent to Glasgow.

Crystal structure
X ray apparatus in Jena

38



4. Recent experiments

Bonding between sapphire fibers and mirror

Our old result
T. Suzuki et al., Journal of Physics; Conference Series 32(2006)309.

Strength and thermal resistance of Adhesion Free Bonding
(Direct bonding) and Hydroxide Catalysis Bonding
were measured.

Direct Bonding Hydroxide-catalysis Bonding

Shear strength ogpeqr 28.4 MPa 6.53 MPa
Bonding area 2A g 5.06 mm? 22.0 mm?
| )
Thermal conductance on 2A g 20 W/K 6.6 W/K
1
ATpg for g=500 mW 25 mK 76 mK

Paper about Hydroxide Catalysis Bonding from Perugia
Classical and Quantum Gravity 27(2010)045010 39



4. Recent experiments

Bonding between fibers and mirror

Investigation of

Hydroxide Catalysis Bonding is

In progress in Glasgow.

Rebecca Douglas presents a poster.

Other type sapphire suspension
(ribbon)

Eric Hennes will report it
on Friday morning.

-l_?
|

/D
/

40



5. Summary
Design and expected thermal noise

KAGRA sapphire fiber should be thick
(1.6 mm in diameter) to transfer heat.

In principle, KAGRA sensitivity
IS not limited by thermal noise
of sapphire suspension stage.
Peak of the vertical mode around 100 Hz
IS an issue (thick fibers).
Peaks of pitch motion (about 20 Hz)
and 1st violin mode (220 Hz) are less serious,
but we must pay attention. 4



5. Summary

Recent experiments

Moltech and IMPEX delivered
sapphire fibers with nail heads.

Quality check is in progress under collaboration

between ET and Japan (ELITES).

Christian Schwarz’'s poster
Rebecca Douglas’s poster
Eric Hennes’s talk on Friday morning

Our result is preliminary, but promising
(although invesigation for qulity improvement
IS necessary).
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Thank you for your attention !



5. Einstein Telescope

(a) Thermal noise
Mirror thermal noise : 10 times smaller
Suspension thermal noise : 300 times smaller

10_1!:' :.“ EE I EEEEEE——

e FT-Low Frequency

— LCGT

= Thermal noise
(suspension) of LCGT

= = Thermal noise

{mirror) of LCGT

10
1072 Eynipseiac i
e IS TN DY S 10 16 N Fomd e ATl e et SR i i
10 2 3 4 507 2 3 4 5a7
1 10 100

Frequency [Hz]
S. Hild et al., Classical and Quantum Gravity 28 (2011) 094013.
R. Nawrodt et al., General Relativity and Gravitation 43 (2011) 363.



5. Einstein Telescope

(@) Thermal noise
Mirror thermal noise : 10 times smaller

3 times longer arm (10 km)
3 times larger beam radius (9cm)

Suspension thermal noise : 300 times smaller

3 times longer arm (10 km)

7/ times heavier mirror (200 kg)

5 times longer suspension wire (2 m)

100 times smaller dissipation in wires (Q=109)

46



4. Sapphire fibers

Q measurement in Jena (cool) and Glasgow (300K)

[4]T Uchiyama et al. Phys. Lett. A 273 (2000) 310

8
10 n, Thermnelastlcmdamplng at ggg Hz
' \ i t
M O I tec h Thermoelastic dg?'r*usr}:]ﬁg aE; 2400 Hi
107 — "-h _______ : . Me_asur?d at 2400 Hz .
. e————1UIS slightly smaller than
AN _KAGRA requirement|!
- N\ Y. Sakakibara
g = \ A |
107 & tn T I
\ e e STLEE
10% | e G T AL
I Preliminary result
10 0 50 100 150 200 250 300

Temperature [K] 47



4. Sapphire fibers

Thermal conductivity measurement in Jena

Thermal conductivity of IMPEX fibers
will be measured soon.

48



4. Sapphire fibers

After Yusuke left .... Clamp for IMPEX fibers in Jena

49



4. Challenges for cryogenic

1. Issues of cooling : Reduction of heat load
(Absorption in mirror)

In order to keep mirror temperature ...
Absorption in mirror : less than 1 W

Coating : 0.4 W (1 ppm)
Substrate : 0.6 W (50 ppm/cm)

Our target of substrate : 20 ppm/cm

50



Sensitivity of KAGRA

Thermal noise

Assumption (1) : Upper ends of fibers are fixed rigidly.
Resonant frequencies (except for violin modes) are different from the actual
system. However, the thermal noise above the resonant frequency is the same.

Assumption (2):
Number of fiber : 4
Fiber length : 0.3 m
Fiber diameter : 0.16 mm
Q-values of sapphire fibers : 5*10°

Horizontal motion along optical axis
Pendulum and violin modes
Loss dilution by tension (gravity) must

be taken into account.
51



Sensitivity of KAGRA

Thermal noise

Vertical motion
Gradient of interferometer baseline is 1/300.
Q-values of stretch is assumed to be 5*106°.

Pitch motion
Distance between the optical axis
and center of gravity of mirror is 1 mm.
Q-values of stretch is assumed to be 5*106.

Yaw motion
Distance between the optical axis
and center of gravity of mirror is 1 mm.
Q-values of shear is assumed to be 5*106°.
Loss dilution by tension (gravity) must
be taken into accounts;



3. Expected thermal noise
Horizontal and vertical motion

Four sapphire fibers should transfer 1 W heat.

Between 100 Hz and 250 Hz, there are 15t violin mode and
vertical mode.
Room temperature interferometer : 15t violin > 300 Hz
vertical mode ~ 10 Hz
Thick fiber to transfer heat !

Thicker fiber : Lager thermal noise (pendulum mode)

Longer fiber : Lower violin mode, lower vertical mode
-> Smaller heat transfer

Shorter fiber : Higher violin mode, higher vertical mode
> Fiber should be lonaer than mirror radiiy <3



Known methods of bonding

Precise Interposition | Temperature | Sapphire- Thermal Mechanical
polish material treatment Sapphire conductance | loss
AFB, Mecessary none 1300~1400 Aimmostsame | ~ 4 Mot yet
Diffusion °C e W/K/mm?2 measured
~ 28 MPa
Direct(1), Necessary None 300 K - - -
SAB1 (Ar* beam)
(~ 2000)
Direct(1), Necessary | Fe, etc 300 K Not yet Not yet Not yet
SAB2 (Ar+ beam) measured measured measured
(2011)
HyToXy- Necessary | KOH, 300 K ~7 MPa ~0.3 Not yet
catalysis, Na,SiO,, W/K/mm?2 measured
silicate H,0
Metalize, (Not Active metal | < 1000 “C? S Mot yet Mot yet
soldering required) rrested measured measured
50MPa

Adhesive Not required | Al,O,, ~ 500 °C ~20 MPa Mot yet Mot yet

AIPO,, H,O measured measured

20MPa

AFB: Adhesion Free Bonding
SAB: Furface activation Bonding

(Ultrasonic soldering)

54



3. Expected thermal noise
Horizontal and vertical motion

In principle, KAGRA sensitivity is not limited by thermal noise.

However, between 100 Hz and 250 Hz (best sensitivity
frequency region), there are peaks of 15t violin mode and
vertical mode.
Ratio of frequency of 15t violin mode to that of pendulum
mode is smaller than that of room temperature interferometer.
Room temperature interferometer :
15t violin > 300 Hz, vertical mode ~ 10 Hz

Thick fiber to transfer heat !

Note : These peaks make Signal to Noise Ratio of matched filter for
neutrons star coalescence about 0.95 times smaller (K. Yamamoto).

Can we push thermal noise peaks away ? (K. Somiya)
55
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