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2.1.2 Einstein
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2.3.2 Michelson
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hs+ mode
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2.3.3
1990 100m km
( 22)
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3.2.2
RMS
RMS(Root Mean Square)
6
vibration isolation ratio
x, Y,z X-X
y-y 7-7
T, = =L
X
T,, = I (3.1)
Y
T, =2L
A
(X,Y,2) (7,9, 2)
i X PSD:
Tee =L
¢
T, =¥ (3.2)
i
Cr
¢
dB
coupling
6 T
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(3.6)
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3.3
e RMS
3.3.1
PSD [15]
[16]
{X<f>=Y<f>:Z<f>:10im/@ (f 0.1Hz) .
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1 2 2
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{5<f>=n<f>:<<f>:2w10_1‘1’rad/@ (f 0.Hz) 58)
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pitch  yaw roll x
Imm
[17] d =1mm
TAMA300 PSD z 1.7 x 10722 / \/Hz
(3.10) PSD 3.1
3.2
150Hz
PSD
2.6 x 10-20m/ /Hz |5.7x 108 = -165dB
2.6 x 101" rad/ vVHz | 6.1 x 107° = -84dB
3.2:
3.3.3 RMS
RMS
RMS
RMS
&0 2
Xrus = ,//O X(f)2df ~ 3.7um (3.10)
pm
RMS
00 2
= T(f)X d 11
s ¢ [T (rmxn) a (3.11)
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MSE LIGO
100Hz
3.5
3.5.1
TAMAS300
TAMA 2 +
34
(
X(%) z(t)
mi(t) = ——(a(t) = X(t))
T:m:(w): a;j(w) - mg/l o ;}02

X (w)  omg/l—mw?  w? — w?
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wy =1/9g/1 [ =0.5m 3.5

150Hz -160dB 15mHz
1km

3.4:
2
m’ v 3.4( )
2m/g m'g
mir; = ~2(, X) - Bz, )
/
mz; = _mllg(xf—a;i) (3.14)
Fourier

I 1 2wt — 2wilw? (3.15)
X\ 7 ) wt—dwiw? + 2w 2wt '

wy = 1/g/l
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Isolation ratio [dB]

B8
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3.7: rigid damping
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r
mi = —kx —I'2 (3.19)
wo k/m
_ mwo
Q=—F (3.20)
x (3.20) xr = xgexp(iwt)

1
W o= woyll — ot i (3.21)
12 T 'Q
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3.13: 2 ~+flexible damping
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SAS

4 SAS suspension

4.1

SAS(Seismic Attenuation System)

TAMA LIGO
TAMA300
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4.1.1
TAMA300 LIGO VIRGO
TAMA300 150Hz 450Hz
100Hz

0.1lmHz 100mHz
f_2

100Hz —80dB 0.1Hz
—120dB

LISA
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100Hz
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4.1.2 SAS
SAS
SAS
SAS SAS/SUS
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o MGAS filter
[ ]
o MGAS filter
SAS/SUS 4.1
4.3
30mHz
Anti-Spring
SAS 3
MGAS filter

Geometric Anti-Spring
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SAS suspension
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4.3: MGAS

SAS
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SAS TAMA
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SAS/SUS

41 SAS 100Hz
RMS
SAS/SUS
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e 10Hz
° RMS
10Hz 10-°m/+/Hz SAS/SUS
—180dB
4.2 SAS
SAS
10Hz
4.4
L Feaas fikter
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Suxpensinn
Snspewsilen
4.4: SAS suspension platform
() ()
SAS GAS filter GAS filter
Gas filter 3

30mHz
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4.3 Suspension
TAMA SAS
TAMA300 SAS SAS
4.3.1 suspension
[ ]
[ J
[ J
[ ]
[ ]
2 + flexible
[ ]
. miniGAS
miniGAS  SAS MGAS
SAS 3 (IP Leg)
GAS filter GAS filter
miniGAS 4 8 2



4.3. Suspension

TAMA300

4.3.2 Recoil Mass

4.11

SAS

2

TAMA

47
TAMA300
TAMA
pitch  yaw
4.3.2
4.8 4.9
GAS filter 1
4.10
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GAS ﬁlter\

MGAS———]

e
|

coll-magnet actuator
miniMGAS

suspension platform

. 4 wires

flexible magnet support

intermediale mass

2 loops of wire

. eoil-magnet actuator
recoll mass

mitror

4.8: front view



4.3. Suspension

[F

coil-magnet actuater

damping magnet

recoil mass

suspension platform

intermediate mass

! / coil-magnet actuator

mirror

4.9: side view
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4.10: without recoil mass

4 SAS suspension

flexible

4.12

4.11: with recoil mass

TAMA
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Magnitude [m/N]

4.3.3

Suspension
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2 3 456
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1 4 45¢c
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Frequency [Hz]

z

4.12: with and without recoil mass

parameter

parameter

RMS

RMS

3 4586
100
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4.14

4.15

SAS

suspension

TAMA300

XX

0.8Hz 1.8Hz

GAS filter
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4 SAS

suspension
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SAS

suspension



4.3.

Suspension

4.3.4 TAMA SAS suspension

4.3.5

77

4.22

4.1
my, 1.037 kg
recoil mass m, 1.037 kg
m; 2.330 kg
md 1.072 kg
platform mp 15kg
l; 0.25m
L, 0.25m
recoil mass l, 0.25m
I 30 N/m.s
fm 4 Hz
fo 9 Hz
miniGAS 4 ki | 3.5x10% N/m
4 km, 1.3x10* N/m
recoil mass 4 k. | 5.2x10* N/m
4.1: parameter
MSE 4.21 4.22
4.2
X 10Hz —70dB 4.2
SAS SAS/SUS
1 2 [14] [15]
—70dB 3

99

XX
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4 SAS
[Hz]
0.87 Pendulum X
1.38 Z
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E-DES-452

4000N

5.2

5.1
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5Hz~5000Hz
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9.3

1 (PD) 1 LED
LED PD
5.4 5.6

1Hz

Tg 14mm 16mm KISTLER
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1Hz
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FFT analyser
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5.1.
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FFT analyser

A
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5.1.3 Z7Z
Z
X
77 MSE
5.12
77 1.6Hz miniGAS Z SHz
Z
18Hz 40Hz
Z
XX
20
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g =30
B
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c
8
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5.2. Mirror 69

5.2 Mirror

SAS )
4.3.2
5.2.1
4
4 5.13
recoll mass
Bacl: view side view
5.13: mirror coil-magnet actuator
5.14) Yaw Pitch
Yaw Pitch
5.15
SAS GAS Filter
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FPlusto sensor ,
Coil-megne L\ Lwsior

5.14: mirror x

5.15: mirror Yaw Pitch

5.16

1 5.16

FFT

FFT
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7

Sensors Tor platform

X and Yaw . Flatform

= "‘:F:’; actnators

/" _,-'-"'_'-'_F'_
Sensors for platfornd

Sensors for mirror H”K i
e N -
¥ and ¥aw M}QF Mirror

actuators

_@ i
/
Sensors for mirror ff‘"”f
Piich
5.16:
5.2.2 x
5.17
GAS Filter 3

1.0Hz 2.8Hz 18Hz
Pitch Z
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Magnitude [mm/A]

Phase [deg]
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5.17: x



5.2. Mirror

5.2.3
Yaw Pitch
Yaw R2,R4 Pitch R1,R3
2
Yaw Pitch
5.18 5.19
Yaw Pitch 740mHz
2.8Hz Pitch Yaw X
x-pitch 4.3.3 yaw
5.3.2
10 a0
10 o
T il
E| glel -850
£ \ E <100
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5.3 DC

Pitch Yaw
DC

8 5.20

P1 (P} P4 (P3)
5

£

F2 (F3)

-
foo— Matform cage L

I'=ql%) 1 {17

Back view Side view
5.20: platform coil-magnet actuator
5.3.1 DC
DC
SAS GAS Filter
Pitch
P1,P2,P3,P4 2 5.21( )
2 Yaw
P5,P6,P7.P8 5.21( )
DC
5.22 Pitch Yaw

5.1



5.3. DC

Pliviv semxor — - E

5.21: Platform  Pitch

A

Fitch angle [rad]

A
|
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215 —Rid -0 na 0.5 k1g 1%
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5.22:

Yaw angle [rad]
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5.3.2
5.4.1 Pitch  Yaw
Pitch X Yaw
Pitch  Yaw
X z 5.4.1
2 Yaw 2
2
z Pitch 2
5.2 z
X X 2.73 x10~! [mm/A]
X Pitch 8.59 x10~* [rad/A]
X Yaw 4.99 x10~3 [rad/A]
Pitch X 1.72 x107! [mm/A]
Pitch Yaw 3.15 x1073 [rad/A]
Yaw X 5.06 x10~! [mm/A]
Yaw Pitch 4.10 x107° [rad/A]
9.2:
5.1 5.2
x-pitch X
pitch X Yaw

x-pitch  x-yaw

Yaw

pitch-yaw  yaw-pitch

2.3
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x-pitch 3.15 x10~3 [rad /mm]
X-yaw 1.83 x10~? [rad /mm]
pitch-x 4.12 x10 [mm/rad]
pitch-yaw | 7.55 x10~! [rad/rad]
yaw-x 1.12 x10 [mm/rad]
yaw-pitch | 9.09 x10~* [rad/rad]
9.3:
5.4
5.2
5.3 SAS GAS Filter
1
5.23
1 Pitch Yaw x
? FFT
Ay
1
J
i = j (Pitch or Yaw) iF# 7
Pitch-pitch Yaw-yaw
5.24 5.25
pitch-pitch
5.24 pitch-pitch
pitch pitch
pitch-pitch 10Hz 20Hz
20Hz

5.26  pitch-pitch 20Hz



——_——————

z/ \\ 3 .-'/—\'«.
Platform coil By n
Aol i

; 7 Platform
ng Al (60 ) Dizplacement : i
Platform

) dis placooent ;1 lTij(iLl)

" - I

/f “\\ T P
Platform coil ficer) f At i)
Bycbualiug; 3 “

7 lireor

‘gf Bijfw) .. Dhisplucerment @ j
Mirror
3 dis plae o et :
5.23:
700mHz

3

700mHz pitch
2

yaw-yaw
5.25  yaw-yaw
yaw yaw
pitch-pitch 5.27  yaw-yaw
yaw-yaw
4Hz 4Hz

yaw 210mHz



5.4.

9

EU B '
o '—"'-.J'"ﬁ -:‘K/, I1 X
— \ ...‘1' . M
20 \]
5, A { A :
e :'.?: ﬂ-f "r}'l, i 2 ll"-:
I';é' T o s =
Yoo e 1 x
g AT
5 P
5 80~ e Ll :
s — Expoument Pﬂ.ch—P‘LLCh ! "lll =5 Y
=i | -
qoo=|" 7 Simwlaticn piich-pich ] P-...‘h. |
—— . T B A !
eoil 1o platform mich 1 w
120 = ——- ¢l 1o mitwow pitch L =1 i
o H H [ H !
LI |||| T T LI ||| T T
0.1 1 10 100
Frequency [Hz]
5.24: pitch-pitch
40 i
J
20 |
N f
el = ...."--'nr— = u
R 1A\
— =_-_,.--:'_f \‘ 13 '
e B
o 4o o
(=4 Mil‘
£ 0 o
4 b
[ex] i
o £0 I \‘ii w1 :
ot T | !
-100 - —— Exp:rirm:nt -%‘.‘lﬁ -p"t' ;1 R ER T f
=== col o platfoim yaw Mh ‘-f%——ﬁ—
120 = —— enil Lo miltvor yaw A Illili?ﬂ‘fiu
i iii i L iii ii

0.1

1

10

Frequency [Hz]

5.25: yaw-yaw



80

107 o
Y
”| 20
— \ = mimar pitch —
% - —— senzormaise| B
i) \ ’\ 2 1
3w f -
E \ g -
-5 m
g 1w g
—y I -+
o it
w? = 1 -8
1 Ed i A4 4 83 5.1n 2 i 442 ﬂ|1
Frequency [Hz]
5.26: pitch-pitch
a0
a0
@' 1o
E 5 "o
T H
z g
-30
<40
1a T e M T
2 3 41347 i 2 2 48487 1a 2 o 4947 i
Frequency [Hz]
5.27: yaw-yaw

= pitch-pitch

" — EEMEOCNaist
f %
F
iy
I 14 106
Erequency [Hz]
pitch
pitch-pitch
./I k
A .
f |
—yEW-yaw
SmunL i — —

yaw

4

Erquency [Hz]

yaw-yaw



5.4.

x-pitch x-yaw

x-pitch
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(Z )X(SAS  ZZ ) ( 77 )
5.31
10Hz PSD 6.9x107'" m/ Hz
0.1Hz RMS 2.1 x 10~°m
10Hz ZX 1.45 x 1072 Z
x PSD
10Hz XX
% 7z =6 X Z
PSD
RMS
pitch
(pitch )X ( pitch-pitch ) 5.32
0.1Hz RMS 6.3 x 10~'1rad
10Hz PSD 2.6x10~* rad/ vHz
RMS 5 x 10~%rad
10Hz PSD Imm
2.6x10-17 m/ v/Hz SAS  pitch-pitch
GAS filter 1
yaw
(yaw )< ( yaw-yaw ) 5.33
0.1Hz RMS 5.9 x 10~ 1rad
10Hz PSD 1013 rad/ vHz
RMS 10Hz PSD
10~ m/ vHz 10-'* m/ vHz
SAS  yaw-yaw —40dB pitch-pitch

yaw-yaw
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PSD RMS
Pitch-x  X-yaw 5.3
Yaw-x X-pitch Pitch-xr X-yaw
Pitch-z
(pitch )X ( pitch-z ) 5.34
10Hz PSD 7.6x10~ m/ vHz
0.1Hz RMS 4.9 x 10~ "m
RMS 10-8m PSD
SAS  pitch-pitch
X-yaw
(X )X(SAS XX )% ( T-yaw )
5.35
0.1Hz RMS 2.7 x 10~%rad
10Hz PSD 2.1x10-2!'rad/ vHz
RMS 10Hz PSD

2.1x10~% m/ vHz

SAS/SUS
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A MGAS

MGAS (Monolithic Geometric Anti-Spring)[21]

A.1 Anti-Spring

fo 2
5
Anti-Spring
[22] [23] [24]
A.2 MGAS
MGAS SAS
Maraging steel Marvall8
A1l MGAS 2mm
miniGAS 0.3mm

Marvall8
2Gpa

1.5mm
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94 A MGAS
Composition Fe 68.47%
Ni 18%
Co 8%
Mo 5%
Ti0.5%
C 0.03%
Density 8 g/cm?
Thermal Conductivity 19.7 W/m.K at 20°
20.1 W/m.K at 50°
Specific Heat Coefficient 0.46 J/g.K
Dilatation Coefficient 10.3x106 m/m.K
Module of Elasticity 186 GPa
Tensile Strength 2 GPa
A.3
A2 MGAS A3
m ]{3() k‘l
lo Yo
x
L b n
xT l() i -___-r
b SRR =
Y x T
v @ e
& v
2
y=\B+ai—lo ~ 57— (2 <l) (A1)
0
T U
T = %maﬂ
1
U = —mgz+ §k0x2 + El(yo — y)? (A.2)
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A.1: MGAS mini GAS



96 A MGAS

MIFAS
]

!
¥

}

H_
I

L,
o}

KLY

A2 MGAS A3 MGAS

Lagrangian L. L=T-U Lagrange

d L oL
(=) - =~ = A.
7 w0 (A-3)
k 3
mi :mg—k;oa:—i-;—oyox —kl% (A.4)
0
T = T (A4 Z=0
kiyo k1
mg = (ko T + Em%)xo (A.5)
= ((ko — @) + Ba}) o (A.6)
k1yo
= —= A7
o= 2 (A7
mg = kx ko a
Q Anti-
Spring
o Yo/lo ﬁﬁ

kerr = (ko — @) + B (A.8)



A3.
x
d(m,
keff(z) = (d 9) = (ko — a) + 382°
x
U
U= /k:xdm = (ko — @)z + B2*
o U A4
g 50
(0% ko
Q x a =k
a ky 2 bi-stable
.
[ o I
a8 .
NS
8" N
E 5 \ '."" "..-- - f."a
£ el
g S| N k1 =100 b=%0
L N
2 - = — a=120
1.4 1.4 a5 aa ] 1I|:| 1I.ﬁ EIEI
Height
A4 « U
A.3.1 MGAS
3
m/ T T

(A.6)

(m+m')g = ((ko —a) +B(zo +2)°) (w0 + )

ko

97

(A.10)

100

(A.11)
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A MGAS

m'g = ((k:() —a)+ B2* + 38(2% + xow))m (A.12)
kef(zo + 2) = (ko — ) + 38(x0 + ) (A.13)
(A.9) (A.9)
Load vs Height
(A.12)
A5
a
Q bi-stable
Resonance frequency vs Height
== (A14)
Cor '
(A.12) (A.13) m/
1 ]{Ieff(.fI?O -+ .73)
pum— —_— —————— A.l
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Resonnance frequency vs Load
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