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1.1

1827 Robert Brown

( )

Albert Einstein 1905

10 kg 10−14m

1

2

( )
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2

2.1

x < x > x

< x >= x (1)

x x x+dx p(x)dx p(x)

∫

∞

−∞

p(x)dx = 1 (2)

4 < x >= 0

1

p(x) =
1√
2πσ2

exp

(

− x2

2σ2

)

(3)

σ2 x

σ2 = x2(t) (4)

2.2

x(t) X(ω)

X(ω) =
1

2π

∫

∞

−∞

x(t)e−iωtdt (5)

x(t) =

∫

∞

−∞

X(ω)eiωtdω (6)

Parseval

∫

∞

−∞

|x(t)|2dt =
∫

∞

−∞

2π|X(ω)|2dω (7)

x(t)

∫

∞

−∞

|x(t)|2dt → ∞ (8)

x(t) [−T/2, T/2]

xT (t) = x(t) |t| ≤ T/2

= 0 |t| > T/2
(9)

1
0



8 2.

4: ±nσ

XT (ω)

XT (ω) =
1

2π

∫ T/2

−T/2
x(t)e−iωtdt (10)

S(ω)

S(ω) = lim
T→∞

2π|XT (ω)|2
T

(11)

(7) x(t) S(ω)

x2(t) =

∫

∞

−∞

S(ω)dω (12)

S(ω) x2(t)

S(ω)

5 FFT(Fast Fourier Transformation)

(11)

S(ω)

ω = 2πf f ≥ 0

G(f) S(−ω) = S(ω)

x2(t) =

∫

∞

0
G(f)df (13)

G(f) = 4πS(ω) (14)



2.3. 9

ω

∆ω

1

0

x(t) y2(t)

y(t)

Ideal bandpass filter

Mean
Square

S(ω) = lim
∆ω→0

y2(t)

∆ω

5:

G(f)
√

G(f) V/
√
Hz m/

√
Hz

2.3

C(τ)

C(τ) =< x(t)x(t+ τ) > (15)

C(τ) τ = 0

C(0) =< x2(t) > (16)

Wiener-Khintchine

(10) (11)

S(ω) =
1

2π
lim
T→∞

1

T

∫ T/2

−T/2

∫ T/2

−T/2
< x(t)x(t′) > e−iω(t−t′)dtdt′ (17)

t− t′ = τ t t′ τ

S(ω) =
1

2π
lim
T→∞

1

T

∫ T

−T
C(τ)e−iωτ (T − |τ |)dτ (18)

∫

∞

−∞

C(τ)e−iωτ |τ |dτ (19)



10 2.

y(t)

Y(ω)X(ω)

x(t)

H(ω)

h(t)

6:

S(ω) =
1

2π

∫

∞

−∞

C(τ)e−iωτdτ (20)

C(τ) =

∫

∞

−∞

S(ω)eiωτdω (21)

Wiener-Khintchine

2.4

6 x(t)( X(ω)) y(t)(

Y (ω)) ( )H(ω)

H(ω) =
Y (ω)

X(ω)
(22)

x(t) = δ(t) h(t)

h(t) =
1

2π

∫

∞

−∞

H(ω)eiωtdω (23)

x(t) y(t) h(t)

y(t) =

∫

∞

−∞

h(t′)x(t− t′)dt′ (24)

y(t)y(t+ τ) Cx(τ)

Cy(τ)

Cy(τ) =

∫

∞

−∞

∫

∞

−∞

h(ξ)h(η)Cx(τ + ξ − η)dξdη (25)

Sx(ω)

Sy(ω)

Sy(ω) = |H(ω)|2Sx(ω) (26)



2.5. 11

vo(t)

So(ω)
vi(t)

Si(ω)

R
C

7:

2.5

( )

7 R vi(t) C

vo(t) vi(t) vo(t) Si(ω) So(ω)

Si(ω) So(ω) (26)

So(ω) =
1

1 + (ωCR)2
Si(ω) (27)

Si(ω) = D (28)

(White Noise)

Ci(τ) (21)

Ci(τ) = 2πDδ(τ) (29)

δ τ = 0

vo(t) k T

Cvo2(t)

2
=

kT

2
(30)

(27) (28)

vo2(t) =

∫

∞

−∞

So(ω)dω =
πD

CR
(31)

(30)

Si(ω) =
kTR

π
(32)



12 2.

Ci(τ) = 2kTRδ(τ) (33)

So(ω) ωCR ≪ 1 So(ω) ∼ Si(ω)

T R ∆f 2

Vn
2 = 4kTR∆f (34)

1 7 Si(ω)

ωCR ≪ 1 vo(t)

Co(τ) Si(ω) RC

2.6

m(ẍ+
ω0

Q
ẋ+ ω0

2x) = f(t) (35)

x(t) m ω0 Q

f(t) f(t)

Sf (ω) Cf (τ) x(t) Sx(ω) Cx(τ)

H(ω) =
1

m

(

ω0
2 − ω2 + i

ωω0

Q

) (36)

2 (35) f(t) = δ(t) ( )

t ≥ 0

h(t) =
1

mω0
exp

(

−ω0t

2Q

)

sinω0t (37)

Q ≫ 1



2.6. 13

Sf (ω) = D (38)

kT/2

1

2
mω0

2x2(t) =
1

2
kT (39)

x σ2

σ2 =
kT

mω0
2

(40)

2 D

Cf (τ) =
2mω0kT

Q
δ(τ) (41)

Cx(τ) =
kT

mω0
2
exp

(

− ω0

2Q
|τ |
)

cosω0τ (42)

3 Cf (τ) Cx(τ) Q ≫ 1

x(t) 2 x2(t)

x ω0

x(t) = a(t) cosω0t+ b(t) sinω0t (43)

a(t) b(t) ω0 a b

0 σ2

p(a, b)dadb =
1

2πσ2
exp

(

−a2 + b2

2σ2

)

dadb (44)

x(t) 2 mω0
2

W (t) W

W (t) =
1

2
mω0

2[a2(t) + b2(t)] (45)

< W (t) > = kT (46)

(44) (a, b) (r, θ)

dadb = rdrdθ =
1

2
dr2dθ =

1

mω0
2
dWdθ (47)

θ

p(W ) =
1

< W >
exp

(

− W

< W >

)

(48)

(46)

p(W ) =
1

kT
exp

(

−W

kT

)

(49)



14 3.

2a

φ

b

t

t

h

h

Electrode

Insulator

8:

3

3.1

8

3

( 2 )



3.2. 15

1

m(ẍ+
ωM

QM
ẋ+ ωM

2x) = f(t) (50)

x(t) m x ωM ( )

QM Q

t = 2QM/ωM 1/e Q

Q 3× 105

(4.2K)

f(t) ωM QM

m x

1

2
mẋ2 =

1

2

∫

ρ

(

∂~u(~r)

∂t

)2

dV (51)

~u(~r) ~r ρ

8 x ℓ m

(a, t, φ)

m =
2I

ℓ2
(52)

I = ρa4t

[

φ+
1

3
sinφ cosφ(1 + 2 sin2 φ)

]

(53)

3.2

( )

9

m

(

ẍ+
ωM

QM
ẋ+ ωM

2x

)

− Eq = f(t) (54)

Rq̇ +
1

C
q − Ex = 0 (55)

q ( )



16 3.

m

d

C

R

X

Damper

Spring

V0

9:

x:

m:

ωM:

QM: Q

q:

V0:

d:

E = V0/d:

C:

R:

f(t) Eq

f(t) = 0 2

(A Ã )q̃

m

(

−ω2 + i
ωMω

QM
+ ωM

2
)

x̃− CE2

1 + iωCR
x̃ = 0 (56)

Eq̃ Q

ω0 Q Q ω0 ∼ ωM

ω0
2 = ωM

2
(

1− β

1 + (ω0CR)2

)

(57)

1

Q
=

1

QM
+ β

ω0CR

1 + (ω0CR)2
(58)

β

β =
CE2

mω0
2

(59)



3.3. 17

R

C

Vi(t)

Vr(t)

Vo(t)

MixerInput signal

Reference signal

Output signal

10:

v Rq̇ (55)

ṽ =
iωCR

1 + iωCR
Ex̃ ∼ Ex̃ (ωCR ≫ 1) (60)

3.3

PSD(Phase Sensitive Detector)

10 2 ( )

Vi = A cos(ωit+φ) Vr = B cosωrt

Vm(t)

Vm(t) ∝ {cos[(ωi − ωr)t+ φ] + cos[(ωi + ωr)t+ φ]} (61)

ωi−ωr 0

ωi + ωr ωi − ωr = 0

cosφ

τp = RC

V0(t) =

√
2

τp

∫ t

−∞

exp

(

− t− s

τp

)

cos(ωrs)Vi(s)ds (62)

Vi = A cos(ωit+ φ)

( Vr = B cos(ωit+ φ)) A/
√
2

RMS(root mean square)
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R

C

Vi(t)

Vr(t)

X(t)

R

C

Y(t)

Phase

shifter

cosω rt

sinω rt

11: 2

ωr 3ωr 5ωr.......

ωr

en[volt/
√
Hz] 2

en
2∆f [volt2] ∆f

4 (62) 1/4τp

11 2 cosωrt

sinωrt 2 2

X(t) Y (t) Z(t) = X(t)+ iY (t)

Z(t) =

√
2

τp

∫ t

−∞

exp

(

− t− s

τp

)

exp(iωrs)Vi(s)ds (63)

2 |Z|2 1/2τp
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4

1.

2. —

3.

3

2 3 I

A

B

4.1

GR = 4kTR (64)

( )

2 τf

v 2

< v2 >
GR

4τf
(65)

4.1.1

12 R 1MΩ 2MΩ 5MΩ 10MΩ 4

A0 G0 = 5.5× 104

τf = RfCf (66)

10ms 20ms 50ms 100ms

(G1 = 10, 20, 50, 100) A1

(ADC)



20 4.

R f

C fR

A0 A1

G0 G1

WN

Output

12:

4.1.2

1

1. 2 (WN, Output) 2

chop

(±15V)

2. Output ADC ±10V 2

±5V

3. Output ADC ∆t

τf = 10ms ∆t 10ms

10

2 (64) (65)

3

∆t

4

∆t Cn

Cn =
1

N

N
∑

k=1

vkvk+n (67)

2
±10V



4.2. 21

3

Cn = C(n∆t) (68)

vk = v(k∆t) (69)

(N + n)

C(τ) =< v2 > exp

(

−|τ |
τf

)

(70)

1 (64) A0

(1MΩ ∼ 10MΩ)

OPA627

1

OPA627

4.2

(3.1 )

4.2.1

8

1

2 ( )
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A1 BP1 BP2

A2

Synthesizer
Reference
generator

Lock-in amplifier

Ref

Sig

Out

G1

G2

Pre-amplifier

G0R
C'

C

V bias

X

Y

Vaccum tank

Main amplifier

cos

sin

13:



4.2. 23

1:

ρ 2650kg/m3

a 100mm

φ 30◦

t 80mm

h 15mm

b 28mm

ℓ 55mm

2:

S 50mm×80mm=4000mm2

∗ C 500pF

C ′ 60.8pF

R 2GΩ

∗ ( )

13

(G0 = 450) A1 A2

(BP1 BP2 Q = 10)

A1 G1 = {1, 2, 5, 10} × {1, 10} A2 G2 = {1, 10, 100}
ADC

(DP) (RP) 10−5torr

A DP

C

)

3 < v >= 0
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4.2.2

5 f0 Q

Q ≫ 1 x

x ∝ exp

(

− ω0

2Q
t

)

sinω0t (f0 = ω0/2π) (71)

Q

1. 0V ( A)

2. 1 × 10−4torr

( 27V )

3. 13 ch1

DC

27V 0V

ch2

1 pass

) 0V

4. Func out

5. 1Vp−p

f0 340Hz

6.

1Vp−p

7.



4.2. 25

)

3

4

8. T1/2 Q

Q = πT1/2f0/ ln 2 (72)

Q

AC

5

6 Q

ω0
2 = ωM

2(1− βκ)

β =
CE2

mωM
2

(73)

κ =
1 +R2(C + C ′)C ′ωM

2

1 + [R(C + C ′)ωM]2

Q

1

Q
=

1

QM
β

1

Qe

1

Qe
=

RCω0

1 + [R(C + C ′)ω0]2
(ω0 ∼ ωM) (74)

1. (27V∼135V) Q (73) (74)

ω0
2 1/Q β ∝ Vbias

2

) Monitor

2. β κ Qe R

R = 2GΩ R = 1MΩ

4

5
E Q
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) 0V

5

1. (71) (72) (73) (74) C ′ (56) R R C ′

2. Q R = 2GΩ 1MΩ

4.3

( ) 2

< x2 >=
kT

mω0
2

(75)

4.3.1

13 4.2.1

) 4.2 1MΩ 2GΩ

300Hz 4.3nV/
√
Hz

1×106V/m ( ) 4.3×10−15m/
√
Hz

1Hz 4.3 × 10−15m

1× 10−14m

D

1Hz

3.3

2 90



4.3. 27

2

(

)

4.3.2

7

1. 5 1 2 3

2. ( 5 3)

50V-120V

3.

)

4. SIG OUT Monitor

5. SENSI-

TIVITY (SENSITIVITY 0.1V )

) SENSITIVITY RMS

10V SENSITIVITY 10V

( 0.1V 100 )

6.

( 30 ) OUT 1V

7.

1 ∼ 3 ( τp 3 ∆t

1 ∼ 3 ) 30

8. 2 (75) 2

(1 )
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)

9.

8

2 (49)

( )

9

2 X Y Z

Z(t) = X(t) + iY (t) (76)

C(τ)

C(τ) =< Z∗(t)Z(t+ τ) > (77)

( ) (67)

) 13 C ′ (60)

ṽ =
iωCR

1 + iω(C + C ′)R
Ex̃ ∼ C

C + C ′
Ex̃ (78)

2

(77) (ωr = ω0

)
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1. : 1984).

2. : (1977).

3. : (1961).

4. : 2 (1978).

5. K. Narihara and H. Hirakawa: Gravitational Radiation Detector at 145Hz, Jpn. J. Appl.

Phys. 15 (1976) 833.
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A

(DP) (RP)

14

I

V2

VL2

V3

V1

VL1

Cooling
water

AC 100V 3φ 200V

Pirani gauge

Ionization gauge

Water pressure relay

DP

RP

φ 300mm x h 440mm

14:
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A.1

DP

1. VL2

2. VL2

3.

4. RP

5. V2

) V2

RP VL2

6. DP

7. 20 ∼ 30 DP

DP

)

•

•

•

• RP RP
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A.2

DP 0.1torr

DP RP

1. O

4

2. VL1 ( )

3. V2 DP

4. V3 RP

5. (1 2 ) RP

6. 0.1torr

V3 V2

) 5 6

10 V3 V2

( )

7. V1 DP

(10−3torr

)

8. 10−3torr

10−4torr

) 7, 8 V1

I

A.3 DP

DP



A.4. 33

1.

2. V1 DP

3. VL1

) A.2

A.4

DP

1.

2. V1

3. DP DP (

15 20 )

4. V2

5. RP VL2

) VL2 RP

6.

SI( ) Pa( =N/m2)

torr torr Pa

torr Pa

133Pa = 1torr

Pa

B



34 C.

B.1 (ADC)

( )

( )

ADC ADC

16bit ADC 16bit

ADC 2 16 (=65536)

ADC ±10V −10V 0 0V 32768 +10V 65536

v iv

iv = 32768v/10.0 + 32768 (79)

v = 10.0(iv − 32768)/32768 = 3.05× 10−4(iv − 32768) (80)

(80) iv 1 305µV

±152.5µV

ADC bit

16bit

iv (80)

B.2

CSV

CSV

( ), (V), (V), · · ·
1

#

Ch1 Ch3

#t,Ch1,Ch3

C

15

x0 x1 x0
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X0 X1

γ

k

m

15:

mẍ1 = −γ(ẋ1 − ẋ0)− k(x1 − x0) (81)

x0 x1 Fourier X0(ω) X1(ω) H(ω)

H(ω) = X1(ω)/X0(ω)

=
iω0ω

Q + ω0
2

−ω2 + iω0ω
Q + ω0

2
(82)

k = mω0
2, γ = mω0/Q

ω/2π H(ω)

ω ≫ ω0 Q ≫ ω/ω0

H(ω) ∼ −(ω0/ω)
2 (83)

ω0 = 2π × 2Hz ( )

ω = 2π× 300Hz |H(ω)| 4× 10−5

2 2×10−9 (−174dB)

( )

D

en

in 16(a) R

vi

vi = eR + en +R in (84)



36 D.

en

in

eR

R

en

in

eR

R

C

(a)

(b)

16:
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Gv = GR +Ge +R2Gi = 4kTR [1 + (Ge/R+RGi)/4kT ] (85)

R = 0 R

Gv/4kTR (Noise Figure, NF)

NF = 1 + (Ge/R+RGi)/4kT ≥ 1 +
Tn

T
(86)

R = Ropt Tn Ropt

Tn =

√
GeGi

2k
(87)

Ropt =

√

Ge

Gi
(88)

( 16(b))

Gv = Ge + |Z(ω)|2(4kT
R

+Gi) (89)

1

Z(ω)
=

1

R
+ iωC (90)

√

Ge = 0.83nV/
√
Hz

√

Gi = 4.3fA/
√
Hz

1nV = 10−9V 1fA = 10−15A

R = 2GΩ

C = 560pF

(89) (90) ω = 2π × 340Hz

√

Gv = 4.3nV/
√
Hz

FET( )
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E Q

4.2.2 Q

E.1

v(t) = ae−ω0t/2Q sin(ω0t+ φ) (91)

ω0 Q Q

2 (3.3 ) ωr ∼ ω0

Z(t) =

√
2

τp

∫ t

0
e−(t−s)/τp v(s)eiωrsds

≈ i
ae−iφ

√
2τp

e[i(ωr−ω0)−ω0/2Q]t − e−t/τp

i(ωr − ω0)− ω0/2Q+ 1/τp
(92)

0

ω0 + ωr

Low-pass filter 2 filter

2Q/ω0 τp

Z(t) = X(t) + iY (t) ∝ e[i(ωr−ω0)−ω0/2Q]t (93)

Z

log(X(t)2 + Y (t)2) = −ω0t/Q+ const. (94)

tan−1(Y (t)/X(t)) = (ωr − ω0)t+ const. (95)

Q

|ωr −ω0| X Y (94)

(95) fit

Q

E.2

(4.2.2 4.3.2 )
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1.

sensitivity

9

2.

0.1Hz

3.

τp 0.1 0.3

4. 3



σ =
√
< v2 > = G0 ·G1

√

GR

4τf
; GR = 4kTR

m =
2I

l2
; I = ρa4t{φ+

1

3
sinφcosφ(1 + 2sin2φ)}

E =
V

d
; d =

ε0S

C

ω2
0 = ω2

M (1− βκ); κ =
1 +R2C ′(C + C ′)ω2

M

1 + {R(C + C ′)ωM}2

1

Q
=

1

QM
+ β

1

Qe
;

1

Qe
=

RCωM

1 + {R(C + C ′)ωM}2

β =
CE2

mω2
M

∼ CE2

mω2
0

; ω0 ∼ ωM

< v2 >= (G0 ·Gamp ·GLock−in)
2

[

(

C

C + C ′
E

)2 kT

mω2
0

+
Gv

2τP

]

;

Gv :

k = 1.38× 10−23 J/K; ε0 = 8.85× 10−12 F/m


