DARM, A L [m/rtHz]

-14

10

-15

10

10

Damping Loop Performance; Differential Arm Displacement
Assuming BS2DARM = 1t/(sqrt(2)*armCavityFinesse) [m/m] from T080192

= | Residual Seismic Noise * 1/(sqrt(2)*F)
=== | M1 Sensor Noise * 1/(sqrt(2)*F)
| M2 Actuator Noise * 1/(sqrt(2)*F)

V Total * 0.001[m/m] *1U(sqrt(2)*F)

P Total * 0.001[m/rad] *1/(sqrt(2)*F)
=-="Y Total * 0.001[m/rad] *1v(sqrt(2)*F)
= = = | Total *17(sqrt(2)*F)
B & 1| Requirements * 17/(sqrt(2)*F)
Expected Early Run [T1200307 * L]
Expected Mid Run [T1200307 * L]
Expected Near-Final Run [T1200307 * L]

——— Zero—Detuned, Low—-Power [T0900288 * L] E
——— Zero—Detuned, High—Power [T0900288 * L]

iii i iii
BSFM_20130130 on 16-May-2013 , J. Kissel

damping

created by design

Frequency [Hz]

10



o e
o O O

Displacement [m/rtHz]
H
o

Damping Loop Performance
L1:SUS-BS L Test Mass Dlsplacement

_10F

|
[
[

|
=
N

-15}F 2
-16f ?
-17F g
-18f ;
; e N R R R R R R R R R R R I bl-)
~19}| —— L Residual Seismic Noise | g
| —— L Sensor Noise g
_20;_ — L M1 Mass Actuator Noise | 12
—21? L M2 Mass Actuator Noise | 13
- = = =| Total )
-| |mem || Requirements 1%
_22 L 1 qI 1 1 1 1 | 1 1 1 1 1 1 11 1 1 1 1 1 1 11 1 N 1 1 1 1 1 ‘_g
-2 -1 0 1
10 10 10 10 10

Frequency [Hz]

N



Phase [deg]

Magnitude [arb.]

20130130 L1:SUS-BS, Normalized Damping Filters

LR IR R AN P L F S R RN [

EEEEEEIEEE PR FE FE EUR S FEREEEEE R R N R R L

10"
Frequency [HZz]

180F—
135

-1351
—180=

i i TR SRt R T R Sl G R TR R TR Tt R Tl ah I

10

10 10° 10"
Frequency [HZz]

=
o

= [
o

created by design_damping_BSFM_20130130 on 16—-May-2013, J. Kissel

w

w



Phase [deg]

Magnitude [see legend]
e = B e =

20130130 L1:SUS-BS, Calibrated Damping Filters
Calibration = 66.02 [(sens ct/m) . (N/drive ct)] or [(sens ct/rad) . (N.m/drive ct)]

o O

o

10_3:::::: AT R A A i A T A A | i I R R A | i i ....I P

107 10 10° 10" 10° 10°
Frequency [HZz]

180 = =&
— L [N/m] (Gain = -2) o=
135 —— T [N/m] (Gain = -5) B
90} — V [N/m] (Gain = —4) S
—— R [N.m/rad] (Gain=-0.2) |: @ @ @ :: 18
45H —— P [N.m/rad] (Gain = =0.04)|: = =0 R
o Y [N.m/rad] (Gain = -0.05)| . = = .. . 15
-0f
-135- SR T
—180—_2 R ...1.|_1 P ,.....IO e 1x1||'1 ,;_g3
10 10 10 10 10

Frequency [HZz]



Phase [deq]

Damping Loop Design

Magnitude

i

10~ 107" 10° 10" 10

MIMO LUGF Phase Margins (red): [115 107 117] [deq]
MIMO UUGF Phase Margins (blue): [100 73.2  60.9] [deq]

89— T 0 NN T —remmmi
3z 1t LIl | =—sISo Open Loop
90 ... |===MIMO Open Loop |
- 1 | =S|S0 Suppression
451 S EA SISO Closed Loop /1 [}
0 ... |===MIMO Closed Loop /1|
: Control [N/m] / 100
_45_ Y U B
-90 .
-135r o
_180__2, T iiiii;i_li 0 1 : .
10 10 10 10 10

Frequency [Hz]



Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, L Optlc Dlsplacement

e
o

Displacment [m/rtHz]
H
o

—Sus. Point Lto M3 L
——Sus. Point Tto M3 L
{—Sus. Point V to M3 L

| —Sus. Point P to M3 L
Sus. Point Y to M3 L
. |===Total L

|——Sus. Point R to M3 L]

|[——BsC-isiGoal |

ETTH

Frequency [Hz]

10° 10 10



e

Displacement [m/rtHz]
H
o

Projected Top Mass Sensor > Optic Noise Budget

L1:SUS-BS, L Opti

| =——M1TtoM3L
|=——M1VitoM3L
|—M1RtoM3L
|——M1PtoM3L
M1Y to M3 L
| == =Total L

| —— Raw Sensor Noise ]

.............. | =—M1LtoM3L

10 10" 10
Frequency [Hz]




e

Displacement [m/rtHz]
H
o

Projected M1 Mass Actuator > Optic Noise Budget
L1:SUS-BS, L Optlc Dlsplacement

“---MlTotaIL

—MLlLtoM3L
[—M1TtoM3L
|—M1VtoM3L;
|—M1RtoM3L}
|—M1PtoM3L
1—M1YtoM3L§

[T T

ETTH

[ R

10 10 10° 10
Frequency [Hz]



e

Displacement [m/rtHz]

Projected M2 Mass Actuator > Optic Noise Budget
L1:SUS-BS, L Optlc Dlsplacement

[—M2LtoM3L
[—M2TtoM3L
|—M2VtoM3L
|—M2RtoM3L}|
|—M2PtoM3L
! M2 Y to M3 L

== -M2 Total L

[T T

ETTH

[T IR

10 10 10° 10 10
Frequency [Hz]




Displacement [m/rtHz]

Damping Loop Performance
L1:SUS-BS L Optic Displacement

|—Residual Seismic Noise

| —— M1 Sensor Noise

2 — M1 Mass Actuator Noise
| —— M2 Mass Actuator Noise
| = = =Total ‘
| 'memRequUirements S RSN N\

10 10 10° 10 10
Frequency [Hz]



Damping Loop Design
L1:SUS-BS T

Magnitude

i

MIMO LUGF Phase Margins (red): [98 105

180
135

90

MIMO UUGF Phase Margins (bl

ue):[85.4 764

111] [deq]
65.7] [deq]

T Tn

45

|

_45_ .

Phase [deq]
o

-90

-135
—180=

Plant [m/N] / 1

| = SISO Open Loop
SERRRT B B | B f . |===MIMO Open Loop
S0 '-q : A | =—SISO Suppression
1 B | SISO Closed Loop / 1 []
... ..|===MIMO Closed Loop / 1

BRI I

10

10 10" 10
Frequency [Hz]

Control [N/m] / 100

damping_BSFM_20130130 on 16-May-2013 , J. Kissel

created by design



Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, T Optlc Dlsplacement

. Point L to M3 TE
.Point Tto M3 T
. Point V to M3 Tj
. Point R to M3 T
. Point P to M3 T|
.PointYto M3 T

RTTH

Tl

= =
I
[ —
N

Displacment [m/rtHz]
H
o

%;---TotalT H
—BSC ISl Goal ]

10°
Frequency [Hz]



Displacement [m/rtHz]

= =
I
[ —
N

Projected Top Mass Sensor > Optic Noise Budget

L1:SUS-BS, T Opti

| = M1TtoM3T
|——M1VtoM3T
|——M1RtoM3T
|—M1PtoM3T
M1YtoM3T
|===Total T

""""""" | =——M1LtoM3T

| —— Raw Sensor Noise |]

10 10" 10
Frequency [Hz]



e

Displacement [m/rtHz]
H
o

Projected M1 Mass Actuator > Optic Noise Budget
L1:SUS-BS, T Optlc Dlsplacement

”---MlTotaIT

—MI1LtoM3T
|—M1TtoM3T
|—M1VtoM3 T
|—M1RtoM3 T}
|—M1PtoM3T
1——M1YtoM3T§

[T T

ETTH

[ R

10 10 10° 10
Frequency [Hz]



e

Displacement [m/rtHz]
H
o

Projected M2 Mass Actuator > Optic Noise Budget
L1:SUS-BS, T Optlc Dlsplacement

—M2LtoM3T
|—M2TtoM3T
|—M2VtoM3T

|—M2PtoM3T

” ---M2 TotaIT

|—M2RtoM3 T}

M2 Y to M3 T

[T T

ETTH

[ R

10 10 10° 10 10

Frequency [Hz]




Damping Loop Performance
L1:SUS-BS T Optic Displacement

Displacement [m/rtHz]

1 e ieiiiiiii i sl didaihinii sl
0—18E — Residual Seismic Noise
| —— M1 Sensor Noise
10 © § —M1 Mass Actuator Noise
10 <" — M2 Mass Actuator Noise
~21f| = = =Total |
| =*= Requirements S I N

10~ 107 10° 10 10
Frequency [Hz]



Phase [deq]

Magnitude

i

Damping Loop Design

10~ 107" 10° 10" 10°

MIMO LUGF Phase Margins (red): [105 142] [deq]
MIMO UUGF Phase Margins (blue): [73.8  31.7] [de(]

180 T L ERCACIRCAN) CNCNERCS AR 31 30
: S : S : S Plant [m/N] / 1

] |——sISOOpenLoop

90 . L — = == = = = MIMO Open Loop .

<

(32}

R

g

=

e

5

3

\e .| | = SISO Suppression g
I S F e SISO Closed Loop /1 |5
gI

g

©

i

(=]

£

2

R e

o— 1 L3 | - imodein
: S : S : I Control [N/m] / 100

-5

180k il ;;;;;;;no ST N I A BN N

10 10 10 10 10
Frequency [Hz]




e

Displacment [m/rtHz]

Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, V Optlc Dlsplacement

[—Sus. Point L to M3 V|

 |——Sus. Point T to M3 V
~|——Sus. Point V to M3 V
| —Sus. Point R to M3 V||

| —Sus. Point P to M3 V|
- Sus. Point Y to M3 V§
. |===Total V H
N\ ——BSC-IS| Goal _ :

Tl

ETTH

Anadi . A i i R A AT E SR S ST YA

10 10 10° 10 10
Frequency [Hz]




Displacement [m/rtHz]

= =
I
[ —
N

Projected Top Mass Sensor > Optic Noise Budget

L1:SUS-BS, V Opti

| =———M1Tto M3V
| =——M1VtoM3V
|—M1RtoM3V
|——M1PtoM3V
M1Y to M3V
| == =Total V

-------------- |—M1lLtoM3V

| —— Raw Sensor Noise |]

10 10" 10
Frequency [Hz]



e

Displacement [m/rtHz]
H
o

Projected M1 Mass Actuator > Optic Noise Budget
L1:SUS-BS, V Optlc Dlsplacement

”---MlTotaIV

[—MiLtomM3V
1—M1Tto M3V
|—M1VtoM3V;
|—M1Rto M3V}
|—M1PtoM3V
1——M1YtoM3V§

ETTH

[ R

10 10 10° 10
Frequency [Hz]




e

Displacement [m/rtHz]
H
o

Projected M2 Mass Actuator > Optic Noise Budget
L1:SUS-BS, V Optlc Dlsplacement

[—M2LtoM3V|
|—M2TtoM3 V|
|—M2VtoM3V;
|—M2R to M3 V|
|—M2PtoM3V
|—M2YtoM3V;

---M2 Total V|

RTTH

[ R

10 10° 10 10
Frequency [Hz]



Displacement [m/rtHz]

Dampi

ng Loop Performance

L1:SUS-BS V Opti

c Displacement

" —— Residual Seismic Noise
| —— M1 Sensor Noise
- —— M1 Mass Actuator Noise

— M2 Mass Actuator Noise

[ = = =Total

[ 'memi Requirements

-2 -1

10

10°

Frequency [Hz]



Phase [deq]

Damping Loop Design

=
o

=
o

=
o
O L N W

=
o

Magnitude
|_\
o

10~ 107" 10° 10"

= [
o

MIMO LUGF Phase Margins (red): [118 145] [deq]
MIMO UUGF Phase Margins (blue): [66 ~ 33.3] [deq]
80— T T T Plant [rad/N.m] / 100

s TSt |
90 - i = = = MIMO Open Loop -

: . : S IR : ! —— SISO Suppression
450 1& SISO Closed Loop / 100 ]

.| == =MIMO Closed Loop / 100 |
Control [N.m/rad] / 1

o ——— 1 W\

-85 e

180 i iiiiio 1 T T I ORI U0 U DU IR LI

10 10 10 10 1
Frequency [Hz]

created by design_damping_BSFM_20130130 on 16—-May-2013, J. Kissel

o

N

N



Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, R Optlc Displacement

6 [ |—Sus. Point L to M3 R}]
|—Sus. Point T to M3 R
10 & o™\ +|——Sus. Point Vto M3 R

AT R

10 —Sus. Point R o MSRE
o mmmmA ~|—Sus. Point P to M3 R
10 ¢ |——Sus. Point Y to M3 R
10 "k . |===Total R .
—BSC-ISI Goal :

[T IR

Displacment [rad/rtHz]
H
o

10 10 10 10 10
Frequency [Hz]




Projected Top Mass Sensor > Optic Noise Budget
L1:SUS-BS, R Opti

""""""" |=——M1LtoM3R :
| =———M1Tto M3 R B
|—M1VtoM3R ]
|—M1Rto M3R E
|——M1PtoM3R
M1Y to M3 R
10 = P 2 | ===TotalR

_1oF— SEHEEE o BT .o P 0 | —— Raw Sensor Noise |

|
[ —
[ —

|
=
N

Displacement [rad/rtHz]
L = = =
O O O O O O o o o
p 4 & % b

|
=
(o]

=
o

=

CDI
N
o

|
N
=

10 10 10° 10 10
Frequency [Hz]

=
o




Projected M1 Mass Actuator > Optic Noise Budget
L1:SUS-BS, R Optlc Dlsplacement

Displacement [rad/rtHz]
| | | | | | |

e e e
O O O O O O O O O

|
=
0o
T

“10f

=
o

[—M1LtoM3R|
|—M1TtoM3R
[—M1VtoM3R
[—M1Rto M3 R}
|—M1PtoM3R
| M1Y to M3R
;---MlTotaIR

RTTH

[T IR

10 10° 10 10
Frequency [Hz]



Projected M2 Mass Actuator > Optic Noise Budget
L1:SUS-BS, R Optlc Dlsplacement

|
[ —
[ —

Displacement [rad/rtHz]

[
=
~

e e e
O O O O O O O O O

=
o

| | | |
ol AN w N
RLILL R AL T

|
=
()]
T

|
=
0o
T

“10f

---M2 Total R

[—M2LtoM3R]
|—M2TtoM3R
[—M2VtoM3R
|—M2 R to M3 R}
|—M2PtoM3R
ﬁ M2 Y to M3R§

RTTH

[ R

10 10" 10
Frequency [Hz]



Damping Loop Performance
L1:SUS-BS R Optlc Dlsplacement

Displacement [m/rtHz]

— ReS|dual Selsmlc Noise
—— M1 Sensor Noise
— M1 Mass Actuator Noise |
——M2 Mass Actuator Noise |

21 = = =Total :
10 : e e e R T 2

_5of ™= Requirements o SR HEEHE SRR 3 <)

22 . i
10 _2 1 1 1 1 1 11 1 _1 1 1 1 11 1 0 11

10 10 10 10 10

Frequency [Hz]



Phase [deq]

Magnitude
.Y
o

=
o

Damping Loop Design

ol
o O
o = N W

=
o

107" 10°

MIMO LUGF Phase Margins (red): [113

180F

135

MIMO UUGF Phase Margins (blue): [225

LS R R T

-135
—180=

N T B U S N A FUY] O SRT SO A O | d'i

99.9

97.5

98.5 106] [deq]
79.6  52.2] [deq]

Plant [rad/N.m] / 100

.| = SISO Open Loop

... == =MIMO Open Loop

- ¢ | ==—=SISO Suppression

S SISO Closed Loop / 100 [
...l = = =MIMO Closed Loop / 100

10

10 10"
Frequency [Hz]

Control [N.m/rad] / 1




Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, P Optlc Dlsplacement

6 | [—Sus. Point L to M3 P[]
- |——Sus. Point Tto M3 P
10 ——Sus. PointVto M3 P
10 —Sus. Point R to M3 PJ
NP ~|—Sus. Point Pto M3 P
10 |——Sus. Point Y to M3 P
i S |===Total P H

 :::  —BSC ISI Goal

Tinl Tiii0

[T IR

|
[ —
[ —

Displacment [rad/rtHz]
e e e = = = = =
O O O O O o o o
AL L L L
~ (o)) ol ENN w N

|
=
(o]

=
o

=
o

10 |||||||||| || iiilo 1 1 1 | 1 1 1 TR T R
10 10 10 10 10
Frequency [Hz]




|
[ —
[ —

|
=
N

Displacement [rad/rtHz]

[
=
~

e e e
O O O O O O O O O

Projected Top Mass Sensor > Optic Noise Budget

L1:SUS-BS, P Opti

|——M1LtoM3P

| =———M1TtoM3P
|=——M1VtoM3P
|——M1RtoM3P
|——M1PtoM3P

M1Y to M3 P

e aTotal P ]
| —— Raw Sensor Noise ]

| | |
= = =
(&) ENN w

|
=
(o3}

107 N S e N e

10 10 10° 10 10
Frequency [Hz]



Projected M1 Mass Actuator > Optic Noise Budget
L1:SUS-BS, P Optlc Dlsplacement

|
[ —
[ —

Displacement [rad/rtHz]

[
=
~

e e e
O O O O O O O O O

=
o

| | | |
ol AN w N
RLILL R AL T

|
=
()]
T

|
=
0o
T

“10f

[—MiLtoM3P
|—M1TtoM3P
|—M1VtoM3P
|—M1Rto M3 P}

|—M1PtoM3P|
SRHBEIEY LN | M1YtoM3P

Tl 1 ||||“

ETTH

10 10° 10 10
Frequency [Hz]



Displacement [rad/rtHz]

=
o

e e e
O O O O O O O O O

Projected M2 Mass Actuator > Optic Noise Budget
L1:SUS-BS, P Optlc Dlsplacement

|
[ —
[ —

| | |

= = =

~ [e)} (&)
T T

|
=
0o
T

| |

'_\ |_\

w N
T T

|
'_\
N
T

“10f

[—M2LtoM3P
|—M2TtoM3P
|—M2VtoM3P
|—M2RtoM3P||
|—M2PtoM3P|
@ M2 Y to M3 P §

[T T

ETTH

10 10" 10
Frequency [Hz]



Displacement [m/rtHz]

Damping Loop Performance
L1:SUS-BS P Optlc Dlsplacement

— ReS|dual Selsmlc Noise
—— M1 Sensor Noise
— M1 Mass Actuator Noise |
——M2 Mass Actuator Noise |
= = =Total |

‘memRequirements NN\
107° 10" 10° 10" 10°

Frequency [Hz]



Phase [deq]

Magnitude
.Y
o

ol el
o O O
O B N W

=
o

180
135

-135
—-180

Damping Loop Design

-

107" 10°

MIMO LUGF Phase Margins (red): [96.8

MIMO UUGF Phase Margins (blue): [82.5

LU R R I D RS

—

N NS S SN B S B

|| = SISO Open Loop
....i....|===MIMO Open Loop |
|| == SISO Suppression

== = MIMO Closed Loop / 100 |

Ii|| 14

10"

=
o

108 303] [deq]
67 56.7] [deq]

Plant [rad/N.m] / 100

SISO Closed Loop / 100 ]

Control [N.m/rad] / 1

10

10 10"
Frequency [Hz]

=
o
S P
o

created by design_damping_BSFM_20130130 on 16—-May-2013, J. Kissel

N

N



|
[ —
[ —

Displacment [rad/rtHz]

e T S S S T T
o O O O O O O o

[
=
~

e
o O

Projected Sus. Point > Optic Seismic Noise Budget
L1:SUS-BS, Y Optlc Dlsplacement

"""" [—sus. Point L to M3 Y|/
 |——Sus. Point Tto M3 Y|
~|——Sus. Point V to M3 Y}
|——Sus. Point Rto M3 Y]]
~ |——Sus. Point P to M3 Y|
Sus. Point Y to M3 Y
. |===Total Y i
—BSC ISI Goal :

RTTH

Tl

| | | |
ol AN w N
RLILL R AL T

|
=
()]
T

|
=
0o
T

10 10 10° 10 10
Frequency [Hz]




Projected Top Mass Sensor > Optic Noise Budget
L1:SUS-BS, Y Optlc Dlsplacement

o [—MiLwoM3Y ]
10 " £ ——M1TtoM3Y B

|=——M1VtoM3Y ]
— M1 Rto M3Y E
——M1PtoM3Y
N o M1Y to M3Y

10°L NG e = Total Y

_10f i L | .| —— Raw Sensor Noise |-

|
[ —
[ —

|
=
N

Displacement [rad/rtHz]
| | | | |
5 5 o 5 &

e e e
© O O O O O O o O
H
o)

10 i T R i i ------'O T ' e
10 10 10 10 1
Frequency [Hz]

i i piiiil Qi i Qiii
created by design_damping_BSFM_20130130 on 16—-May-2013, J. Kissel

|
N

|
=
[EEN
N

o



Projected M1 Mass Actuator > Optic Noise Budget
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Projected ISI Seismic Noise Budget
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