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Motion spec for Comp. plate
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• DARM is 6e-20 m/√Hz at 10 Hz
• use factor of 10 for safety, so contribution of CP <= 6e-21
• IFO noise for short Michelson is 285 times less sensitive than DARM, so
• CP length contribution should be < 6e-21 * 285 = 1.7e-18 m/√Hz 

   (this should compare to the beamsplitter req.)
• CP is transparent,   (compare triple SUS to double with clear optic) 

   wedge of 1.2 mrad couples transverse motion to MICH length
• coupling is (1.45 - 1) * 1.2e-3 = 5.4e-4 m/m. Call it 1e-3 m/m (PF)
• so transverse motion req is  

  1.7e-15 m/√Hz = 1.7e-18 m/√Hz / 1e-3 m/m (includes margin of 18)
• (note - best ISI is about 2e-13 m/√Hz at 10 Hz)

Brian Lantz, Peter Fritschel, G2302228
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Other DOFs
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• We might set the vertical “target” to match,  
    - is this just a requirement just for the sake of having a target? 
    - cross coupling is always an issue

• beam-direction motion? probably a velocity to limit scattering?
• For now, set all 3 translations to 1.7e-15 m/√Hz,  

  transverse is a requirement, call vertical and longitudinal “targets”
• What about the coupling of pitch and yaw to lateral motion?
• sensitivity to Roll seems really small,   

  wedge * beam offset?  birefringence? motion of dirt?

Risks:
• What about the wires for the ESD, PUM drive, and witness sensors?
• This all assumes a cold plate - what about when you heat it?
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Reaction Chain 
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Update on the reaction chain - need to decide soon, and 
need to think carefully before deciding. 
Because - If the TOP and UIM are wide,  
   then the aLIGO reaction chain doesn’t work.
- What are the requirements for an updated reaction chain? 
- Can we use a double?

These are roughly drawn from 
Stanford’s A# calculations.

100 kg mirror is 27 cm thick. 
TOP & UIM drawn 100 cm wide. 

Vertical spacing is 34, 34, 34, 60 cm.

(100 cm - 27cm )/2 + 5 cm top gap = 41.5 cm at the optic

gap is 40-45 cm

Brian Lantz, Nov 2023, G2300686-v4
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Requirements?
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What are the requirements for the reaction chain for the Quad?
1. Quiet place for ISC actuators to push against 

See this doc for length calc’s.  Evan did calc for UIM, 2e-11 is OK
2. Angle is TBD.
3. Dynamics OK for ISC reaction (see 3.3 Hz issues)
4. Isolates the ISI from ISC kicks (see Beamsplitter)
5. Low relative velocity to manage scattered light (see R0 tracking)
6. Less than 200 kg and fits into space  

 - less mass is better, see Calum  
 - see the back sides of all the aLIGO Quad masses are in-plane

7. Suspends compensation plate with Transverse & Z < 1.7e-15 m√Hz
8. Holds wires for ESD & PUM actuator (OSEM)
9. Q: What else?
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2 stage Reaction Chain
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local damping w/ IFO sensor @ TOP

local damping w/ IFO sensor @ UIM

ISC drives at each stage
w/ OSEM, ESD

local damping w/ 
OSEM or better

local damping w/ IFO

Top 2 stages of the Quad react against the ISI. 
PUM and optic react again the reaction chain.

Advantages: RC is more compact. Dynamics are 
much simpler.  Allows R0 tracking. High freq. 
drives don’t act on ISI.

Disadvantages: motion of reaction points is larger 
than now at UIM, PUM, & optic.  
UIM reaction pushes ISI.   
Compensation plate isolation worse.  

Both stages of RC need z isolation

what else?
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How about a double?
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1. Quiet place: Calc’s for BOSEMs on triple indicate ISC noise OK 
even for HAM isolation and no reaction chain

2. Dynamics: dynamics of damped double are much simpler than quad 
damped only from the top.

3. Kicks to ISI at UIM during lock acquisition: need to check, but 
should be fine if high freq. drives sent to bottom 2 stages of quad.

4. Tracking for scatter: should be fine, R0 tracking for double should 
be simpler than a quad because dynamics are simpler.

5. Size and Weight: Fits.  
Modeled with 40 and 80 kg mass (easily fits 200 kg budget).  
Wires routed through the TOP & UIM  (requires 4 holes).

6. Compensation plate meets requirement if both stages have springs.
7. Q: What else?
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updated performance plot
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updated performance plot

9

10-1 100 101

freq (Hz)

10-21

10-18

10-15

10-12

10-9

10-6
m

ot
io

n 
AS

D
 (m

/
H

z)
Motion of the Reaction Chain bottom mass

cr
ea

te
d 

by
 s

im
pl

e_
re

ac
tio

n_
ch

ai
nv

4.
m

 o
n 

26
-N

ov
-2

02
3

from lower HoQI
from upper HoQI
from ISI
ESD req
Comp. plate req. (inc. 10x safety)

ISI motion

CP

ESD

consider,  BS is a triple in MICH, with  
coupling of optic motion to MICH motion of ~ 1.
RC is a double, with  
Coupling of 1e-3.    Like a having a  
SUS mode at 1/√1000 below 10 Hz (0.32 Hz)
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just for fun
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consider the performance of a  
single, double and triple reaction chain
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triple is 
M = 80, 60, 40 kg
L = 68, 32, 60 cm

single is good enough, but daft.
double has margin of 220, 
triple has margin of 8000, 
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1, 2, 3, 4
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Single - no margin, daft
Quad - Too much. Similar performance to main chain, but 
we’re 285 *1000 times less sensitive to the motion of the CP. 

Double
• Good fit, good weight
• Meets all motion req’s w/ large margin 

(220 and 10x SF) 
• Direct sensing on UIM enables more 

info about where the stages are, and 
makes things like modal damping more 
more plausible

• With sensors and actuators at bottom 
mass you get very well damped 
performance (see 3.3 Hz mode)

• Need vertical springs on both stages
• No reaction mass for UIM driver.  

Lock acq. pushes on ISI. This calc is 
complicated and necessary.  
BTL expects it will be OK. 

• Maybe drive local reaction masses?

Triple
• Heavier, fit is complicated  

(see JD’s talk in a few minutes)
• Likely compromises performance of 

the main chain - probably going to 
compromise the UIM design 
(interfering springs, size to achieve 
large moments on RC hard, structure 
of the Main chain UIM gets cut up, or 
lower masses are sausage shaped)

• Meets all motion req’s w/ very large 
margin (8000 and 10x SF)

• Maybe sense vs. ISI and drive vs. 
reaction masses?

• 3 stages have more modes to control
• Need vertical springs on 2 stages
• No UIM drive on the ISI
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Moving forward…
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• I think the double is the right way to move forward
• The extra performance margin of the triple is not worth the 

“cost” of interfering with the main chain
Next steps
• The ISI reaction to locking needs to be done, check that no UIM 

reaction mass is OK
• Are there other calculations/ measurements we should do before 

we pick 2 vs. 3?
• Start getting “workshop parameters” for masses, springs, angular 

modes, etc.
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updated transmission
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undamped modes at 0.53, 1.04 Hz
m1 = 80 kg, m2 = 40 kg
L1 = 50 cm, L2 = 60 cm 
10 Hz transmission is 2e-5 m/m

adding damping at second stage 
reduces Q of lowest mode,  
tuning necessary at 10 Hz. 

Allows interesting controllers.

simple damping @ top
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input noise
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The rest of these slides are unchanged 
from the first workshop
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Coupling via ESD spring
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5.2 Modelling 233
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Figure 5.17: The ESD coupling coefficient α as a function of separation between the
reaction mass and the test mass. Vertical line shows nominal separation corresponding
to 2.9 × 10−10 NV−2. Least squares fitting reveals that dependence is stronger than
quadratic.

Another area in which there is often great uncertainty is in the selection of material

properties. For our fused silica masses we chose to use εr = 3.75. So that we might

study the implications of this decision a second series of simulations were run.

Fixing the separation to 5 mm the relative permittivity of both masses was varied

simultaneously. Again a new mesh was constructed and a value for α extracted upon

each iteration. The resulting data is shown in fig. 5.18. The dependence is purely

quadratic with coefficients (-7.932e-012,1.167e-010,-3.566e-011) in order of descending

power – a dramatically weaker effect than variation in separation. The potential for

changes in α is of the order ±5 % for a reasonable range of εr.

Both results suggest that all parameters should be verified before model output is used

with confidence. With this caveat in mind we begin to evaluate the parametric gain

Rm and the ESD mechanical mode coupling bm in the next section.

pg 233, John Miller’s thesis P1000032

TL;DR - scaling from aLIGO @ 400 V, ESD requires reaction mass motion < 7e-13 m/rtHz

From aLIGO: 
Effective spring rate of the ESD is proportional to the slope
da/dx = -2.38 * 9.54*10-16 * x-3.38 N/(m*V2)
at 5 mm, 400 V, (LLO only uses 100 V now)
k = dF/dx = -0.022 N/m (400 V) or -0.0014 N/m (100 V).

Scale to A# by guessing similar geometry and gap, 
Use 2.5 more authority for the 100 kg mass.
Gives a conservative estimate of  
k = 0.055 N/m for A# ESD (likely 10x smaller)

m*w2 * XTM= k * XRC 
  at 10 Hz, 100 kg, k of 0.055, we get
XRC = 7e-13 m/rtHz 
   (ISI is about 1e-12 m/rtHz at 10 Hz) 

ESD coupling vs. gap

spring is this slope * V2

https://dcc.ligo.org/p1000032
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Coupling calc
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T2300112, based on  
pg 233 of P1000032

A# Reaction Chain Requirement from ESD Coupling

Brian Lantz

T2300112-v1, March 2023

1 Introduction

What is the spring rate for the Advanced LIGO ESD, and what might we expect for A#?
For aLIGO From John Miller’s thesis P1000032, pg 233, we get

↵ = 9.54 ⇤ 10�16 ⇤ x�2.38N/V 2 (1)

so the slope is
d↵

dx
= �2.38 ⇤ 9.54 ⇤ 10�16 ⇤ x�3.38N/(m ⇤ V 2) (2)

at x = 5 ⇤ 10�3 meters, this becomes

d↵

dx
= �1.36 ⇤ 10�7N/(m ⇤ V 2) (3)

The Advanced LIGO bias can go as high as 400 V, although for O4 it is expected to be 100 V at
LLO, and LHO is also considering working at 100 V bias. We make the conservative choice of 400
V for this calculation. This results in a spring rate, kaLIGO, of

kaLIGO =
dF

dx
= �1.36 ⇤ 10�7 ⇤ V 2 N/m = �0.0218 N/m at 400 V for aLIGO (4)

At 100 V bias, this drops to k = �1.36 ⇤ 10�3 N/m.
No real work has been done on the ESD for A#, so we assume the same basic electrode geometry,

bias, and 5 mm gap. Because the mass is 2.5 times larger, we scale the electrode size up by 2.5,
and estimate the spring rate kA# for A# ESD to be

kA# = �0.0544 N/m at 400 V for A# (5)

Now, we can estimate the allowed motion of the reaction mass at 10 Hz. When the reaction mass
moves, this spring produces a force on the optic.

m ⇤ !2 ⇤ xoptic = k ⇤ xRM (6)

If we set the motion requirement of the optic to be less than 10�19 m/rtHz at 10 Hz, then the
allowed motion of the reaction mass is

100kg ⇤ (2⇡ ⇤ 10)2 ⇤ 10�19m/rtHz/(�0.0545 N/m) > xRM (7)

xRM < 7.26 ⇤ 10�13m/rtHz at 10 Hz (8)

1

https://dcc.ligo.org/LIGO-T2300112
https://dcc.ligo.org/LIGO-P1000032
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Triples - no reaction chain
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In 2002, Phil Willems showed the triples don’t need a reaction chain (T020059)
    Updated in 2008 by J. Kissel, N. Roberston, M. Barton, P. Willems 
Coupling via ISC drive at least 100x below coupling via SUS transmission

Now - ISC drives react directly against the SUS cage (and ISI)
Q: Do HAM triples have any issues with no reaction chain?


Triples includes the Beamsplitter.
Beamsplitter does have an issue - there are no drives for the bottom stage 
(the beamsplitter optic) so high frequency lock acquisition is driven from the 
middle mass.  (no reaction chain, no direct drive. HF drives are very large) 
The back reaction from this drive creates so much disturbance on the ISI that 
the loops saturate. Thus, ISIs engage full isolation after MICH is locked.  
Beamsplitter Drive issue would be resolved with OSEMs at bottom stage 
(True/ False?)

Quad reaction chain isolates the ISI from lower stage ISC drives.

https://dcc.ligo.org/T020059
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BOSEM estimate
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LIGO-T020059-v3-

2 Noise Model

We first review Willems’ model for the force noise coupling of various terms onto the
bottom mass. We restate the model here for convenience, with a few terms more
explicitly labeled for clarity. The subscripts or superscripts “T,” “M,” and “B” are
indicative of terms involving the top, middle, and bottom mass, respectively. Where
necessary, after each Willems’ model equation, we describe improvements to the model.
Both models are identical between the HSTS and HLTS; only input parameters and
transfer functions unique to either are varied. Note that they do not take into account
o✏oading control to previous stages of isolation, in such a way that we could reduce
the actual amount of control needed on the middle or bottom mass. Hence, each are
a “worst-case” scenario, in which all stages of the suspension must be driven at the
maximum capacity of the OSEM coil driver.

In both models, the longitudinal displacement noise requirements of the bottom
mass of the suspension, x

req
B (f), are related to force noise requirements, F

req
B (f), by

assuming a simple equation of motion for the bottom mass,

F
req
B (f) = mB !

2
x

req
B (f) (1)

where mB is the mass of the bottom mass, and ! is the angular frequency (band) of
concern.

In T020059-v1, the noise coupling from the third stage’s OSEMs (mounted to the
cage) to the bottom mass, F

O!B
B (f), is modeled to be at worst

F
O!B
B (f) = F

OB

max ⇥
(dF/dx)

F
⇥ xp(f) (2)

with F
OB

max = NOB
I

req
OB

AOB
, the maximum possible force exerted by the bottom OSEMs

in [N ] (NOB
is the number of OSEMs acting on the optic, I

req
OB

is the dynamic range
requirements of the coil drivers in [A], and AOB

is the actuation strength of the coils
on the magnets in [N/A] all for the bottom OSEMs), (dF/dx)/F is the gradient of
the applied force with displacement in [1/m], and xp(f) is motion of the platform to
which the suspension is mounted (assumed to be the same motion as the cage, and
therefore the OSEMs) in [m/

p
Hz]. As with the requirements, this force is converted

to displacement assuming a simple equation of motion,

x
O!B
B (f) =

F
O!B
B (f)
mB !2

(3)

We update this model by computing the displacement noise directly,

x
O!B
B (f) = F

OB

max ⇥
(dF/dx)

F
⇥ xp(f)⇥ T

B!B
F!x (f) (4)

where T
B!B
F!x (f) is the longitudinal, force-to-displacement transfer function in [m/N ],

where force is applied directly bottom mass.
The noise coupling from the second stage’s OSEMs (also mounted to the cage)

to the bottom mass, through the second-to-third stage suspension, F
O!M!B
B (f), is

modeled in T020059-v1 (again at-worst) to be

F
O!M!B
B (f) = F

OM

max ⇥
(dF/dx)

F
⇥ xp(f)⇥

✓
f0

f

◆2

(5)

2

T020059-V3, for HLTS (pg 9)

LIGO-T020059-v3-

Table 2: HLTS Parameter Table.

Parameter Units HLTS T020059-v1 HLTS T020059-v2 v2 Reference

xreq

B
(f) m

p
Hz

4⇥ 10�16 @ 10 Hz,
1.5⇥ 10�17 @ 100 Hz

3⇥ 10�17 @ 10 Hz,
Falling as f�5/2 T010007

NO – –
T : 2
M : 4
B : 4

T1000012, Tbl. 1

OSEM Type –
T : IOSEM
M : IOSEM
B : IOSEM

T : BOSEM
M : AOSEM
B : AOSEM

M0900034, Tbl. 1

Magnet Type, Size mm⇥mm
T : NdFeB, 1.905⇥ 3.175
M : NdFeB, 1.905⇥ 3.175
B : NdFeB, 1.905⇥ 3.175

T : NdFeB, 10⇥ 10
M : SmCo, 1.905⇥ 3.175
B : SmCo, 2⇥ 0.5

M0900034, Tbl. 1

Ireq

O
A –

T : 6.0⇥ 10�2

M : 3⇥ 10�3

B : 1.5⇥ 10�4
T1000012, Tbl 1

AO N/A –
T : 1.6940
M : 0.0158
B : 0.00281

“fmax,”
Tbls. 2 & 3,
T1000164

F O
max = NO Ireq

O
AO N

T : ��
M : 80
B : ��

T : 1.156⇥ 10�1

M : 1.896⇥ 10�4

B : 1.686⇥ 10�6
Calculated

CF!x

O
(N/A)/m –

T : 87.6
M : 1.61
B : 0.288

“coupling,”
Tbls. 2 & 3,
T1000164

(dF/dx)/F = CF!x

O
/AO 1/m 100

T : 90.97
M : 101.9
B : 102.5

Calculated

f0 Hz 1.0 2.899 T080310
mB kg 10 12.14 T1000012, Sect. 10

xp(f) m/
p

Hz
1⇥ 10�11 @ 1 Hz
2⇥ 10�13 @ 10 Hz
5⇥ 10�15 @ 100 Hz

HAM ISI eLIGO Perfor-
mance, aLIGO PRCL and
SRCL Requirements

T0900285, Y Drxn.
T1000216, Horz Drxn.

8

LIGO-T020059-v3-

Table 2: HLTS Parameter Table.

Parameter Units HLTS T020059-v1 HLTS T020059-v2 v2 Reference

xreq

B
(f) m

p
Hz

4⇥ 10�16 @ 10 Hz,
1.5⇥ 10�17 @ 100 Hz

3⇥ 10�17 @ 10 Hz,
Falling as f�5/2 T010007

NO – –
T : 2
M : 4
B : 4

T1000012, Tbl. 1

OSEM Type –
T : IOSEM
M : IOSEM
B : IOSEM

T : BOSEM
M : AOSEM
B : AOSEM

M0900034, Tbl. 1

Magnet Type, Size mm⇥mm
T : NdFeB, 1.905⇥ 3.175
M : NdFeB, 1.905⇥ 3.175
B : NdFeB, 1.905⇥ 3.175

T : NdFeB, 10⇥ 10
M : SmCo, 1.905⇥ 3.175
B : SmCo, 2⇥ 0.5

M0900034, Tbl. 1

Ireq

O
A –

T : 6.0⇥ 10�2

M : 3⇥ 10�3

B : 1.5⇥ 10�4
T1000012, Tbl 1

AO N/A –
T : 1.6940
M : 0.0158
B : 0.00281

“fmax,”
Tbls. 2 & 3,
T1000164

F O
max = NO Ireq

O
AO N

T : ��
M : 80
B : ��

T : 1.156⇥ 10�1

M : 1.896⇥ 10�4

B : 1.686⇥ 10�6
Calculated

CF!x

O
(N/A)/m –

T : 87.6
M : 1.61
B : 0.288

“coupling,”
Tbls. 2 & 3,
T1000164

(dF/dx)/F = CF!x

O
/AO 1/m 100

T : 90.97
M : 101.9
B : 102.5

Calculated

f0 Hz 1.0 2.899 T080310
mB kg 10 12.14 T1000012, Sect. 10

xp(f) m/
p

Hz
1⇥ 10�11 @ 1 Hz
2⇥ 10�13 @ 10 Hz
5⇥ 10�15 @ 100 Hz

HAM ISI eLIGO Perfor-
mance, aLIGO PRCL and
SRCL Requirements

T0900285, Y Drxn.
T1000216, Horz Drxn.

8

LIGO-T020059-v3-

Table 2: HLTS Parameter Table.

Parameter Units HLTS T020059-v1 HLTS T020059-v2 v2 Reference

xreq

B
(f) m

p
Hz

4⇥ 10�16 @ 10 Hz,
1.5⇥ 10�17 @ 100 Hz

3⇥ 10�17 @ 10 Hz,
Falling as f�5/2 T010007

NO – –
T : 2
M : 4
B : 4

T1000012, Tbl. 1

OSEM Type –
T : IOSEM
M : IOSEM
B : IOSEM

T : BOSEM
M : AOSEM
B : AOSEM

M0900034, Tbl. 1

Magnet Type, Size mm⇥mm
T : NdFeB, 1.905⇥ 3.175
M : NdFeB, 1.905⇥ 3.175
B : NdFeB, 1.905⇥ 3.175

T : NdFeB, 10⇥ 10
M : SmCo, 1.905⇥ 3.175
B : SmCo, 2⇥ 0.5

M0900034, Tbl. 1

Ireq

O
A –

T : 6.0⇥ 10�2

M : 3⇥ 10�3

B : 1.5⇥ 10�4
T1000012, Tbl 1

AO N/A –
T : 1.6940
M : 0.0158
B : 0.00281

“fmax,”
Tbls. 2 & 3,
T1000164

F O
max = NO Ireq

O
AO N

T : ��
M : 80
B : ��

T : 1.156⇥ 10�1

M : 1.896⇥ 10�4

B : 1.686⇥ 10�6
Calculated

CF!x

O
(N/A)/m –

T : 87.6
M : 1.61
B : 0.288

“coupling,”
Tbls. 2 & 3,
T1000164

(dF/dx)/F = CF!x

O
/AO 1/m 100

T : 90.97
M : 101.9
B : 102.5

Calculated

f0 Hz 1.0 2.899 T080310
mB kg 10 12.14 T1000012, Sect. 10

xp(f) m/
p

Hz
1⇥ 10�11 @ 1 Hz
2⇥ 10�13 @ 10 Hz
5⇥ 10�15 @ 100 Hz

HAM ISI eLIGO Perfor-
mance, aLIGO PRCL and
SRCL Requirements

T0900285, Y Drxn.
T1000216, Horz Drxn.

8

LIGO-T020059-01

page 2 of 4

1 OVERVIEW
It is possible that the HAM cavity optics for Advanced LIGO can be controlled entirely with mag-
netic actuators.  If so, then there is a potentially substantial simplification that can be made on the 
GEO triple pendulum suspension as applied to AdLIGO- the removal of the reaction chain.

The reaction chain is an essential part of the GEO suspension because they require a very quiet 
platform from which to apply forces to their sensitive optics.

This quiet platform is also essential for AdLIGO as well.  However, the displacement noise spec-
trum of the seismic platform is quite low, and the noise requirements for the HAM cavity optics 
are not so strict.  Because the force exerted by a voice coil actuator is relatively forgiving of the 
coil/magnet spacing around the ‘sweet spot’, the noise force from a moving coil can be quite low 
if the force itself is low.

This document analyzes the issues involved.

2 CALCULATION
The AdLIGO seismic isolation platform noise requirement is xsei(f)=10-11m/root Hz at 1Hz, fall-

ing about as f-1.7.  Thus at 10Hz it is 2x10-13m/root Hz, and at 100Hz it is projected to be about 

4x10-15m/root Hz.  We assume that the voice coil is rigidly attached to the platform and thus has 
the same noise spectrum.  

The mode cleaner is required to have longitudinal noise less than 3x10-17m/root Hz at 10Hz and  

3x10-19m/root Hz at 100Hz.  The mass of the mode cleaner mirror is 3.5kg, and the noise force 
F(f) on the mirror resulting in this motion is given by

The values obtained are F= 4x10-13N/root Hz over 10-100Hz.  

The voice coil is expected to exert no more than Fmax=1 microNewton on the mode cleaner mir-
ror. To estimate the noise force due to motion of the coil, we need to know how the force varies 
with distance.  A Mathematica model of the LIGO OSEM supplied by Mark Barton shows that, so 
long as the magnet is positioned within 1mm of the ‘sweet spot’ of the coil, then the gradient of 
the force with displacement in any direction is about (dF/dx)/F=.1/mm, or 100/m.

The noise force is then simply estimated as

F f( ) Mω2x f )( )=

F f( ) Fmax
dF dx⁄( )
F--------------------- xsei f( )××=

T020059-V3

T020059-V1
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AOSEM coupling for Quad
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LIGO-T1100595-v4-

ETM/ITM Quad Suspension
Details of OSEMS, Magnets, ESDs and  DC control ranges at each stage
T1100595-v4
Norna A Robertson and Jeff Kissel
26th May 2014

Max DAC Voltage (Differential voltage across the Plus and Minus legs)
[V_p]

10

Suspension Stage OSEM Type Magnet Type
Magnet Size 
diameter x 
thickness

Coil Magnet 
Actuation 
Strength 

Coil Magnet 
Actuation 
Strength 

Units [ ] [ ] [mm] [N/A] [N/mA]
Main and Reaction Chain Top (TOP) BOSEM NdFeB 10 x 10 1.694 0.001694

Upper-Intermediate Mass (UIM) BOSEM SmCo 10 x 10 1.694 0.001694

PenUltimate Mass (PUM) AOSEM SmCo 2 x 6 0.0309 0.0000309

Coil Driver DC 
Transconducance

DC Max 
Current Output

DC Current 
Range

DC Current 
Range 

Requirement

Frequency 
Range

Units [mA/V] [mA_p] [mA_pp]
[(mA_pp) or 
(mA_rms)] [Hz]

TOP (D0902747-v4) 9.943 99.43 198.86 200 (pp) continuous

UIM (D070481-v4) 0.1535 1.535 3.07 2 (rms) < 1

MODUIM (T1400223-v1) 0.6154 6.154 12.308 2 (rms) < 1

PUM (D070483-v5) 0.2685 2.685 5.37 16 (rms) 200 - 5000

Degree of Freedom (DOF) Stage DC Compliance 
at Mass Lever Arm # of OSEMs

DC Compliance 
at Coil Driver 

Output

DC Max Disp. 
from Coil Drive

DC Max Disp. from 
Coil Drive

DC Disp. Range 
from Coil Drive

DC Disp. Range 
from Coil Drive

Units [ ]
[(m/N) or 
(rad/N.m)] [m] [ ]

[(m/mA) or 
(rad/mA)

[(m_p) or 
(rad_p)]

 [(um_p) or 
(urad_p)]

[(m_pp) or 
(rad_pp)]

[(um_pp) or 
(urad_pp)]

Longitudinal TOP 0.000348 1 2 1.179E-06 1.172E-04 117.23 2.345E-04 234.461

Pitch TOP 0.033500 0.078 1 4.426E-06 4.401E-04 440.12 8.802E-04 880.238

Yaw TOP 0.015100 0.12 2 6.139E-06 6.104E-04 610.41 1.221E-03 1220.813

Longitudinal UIM 0.000630 1 4 4.269E-06 6.553E-06 6.55 1.311E-05 13.105

Pitch UIM 0.047200 0.065 4 2.079E-05 3.191E-05 31.91 6.382E-05 63.822

Yaw UIM 0.036500 0.065 4 1.608E-05 2.468E-05 24.68 4.935E-05 49.354

Longitudinal MODUIM 0.000630 1 4 4.269E-06 2.627E-05 26.27 5.254E-05 52.541

Pitch MODUIM 0.047200 0.065 4 2.079E-05 1.279E-04 127.93 2.559E-04 255.868

Yaw MODUIM 0.036500 0.065 4 1.608E-05 9.893E-05 98.93 1.979E-04 197.864

Longitudinal PUM 0.001060 1 4 1.310E-07 3.518E-07 0.35 7.036E-07 0.704

Pitch PUM 0.078600 0.0707 4 6.868E-07 1.844E-06 1.84 3.688E-06 3.688

Yaw PUM 0.053500 0.0707 4 4.675E-07 1.255E-06 1.26 2.511E-06 2.511

ESD Driver
DC Gain 

(Differential In to 
Single-ended Out)

DC Max 
Voltage Output

DC Voltage 
Range

DC Voltage 
Range 

Requirement

Frequency 
Range

Units [V/V] [V_p] [V_pp] [V_pp] [Hz]
Acquisition Driver (T1000220-v1) 40 400 800 800 < 2000

Low Noise Driver (T0900567, see above) 1.1 11 22 30 < 2000

ESD Pattern / Driver RM to TST Gap 
Size

Actuation 
Strength       (all 
four quadrants)

Max BIAS 
Voltage

Max QUAD 
Voltage Max Force Max Force w/ 

Bias Offset ***

Units [mm] [N/V^2] [V_p] [V_p] [N_p] [N_p]
ETM / Acquire 5 4.20E-10 400 400 2.69E-04 1.34E-04

ITM / Acquire 20 7.50E-12 400 400 4.80E-06 2.40E-06

ETM / Low Noise 5 4.20E-10 11 11 2.03E-07 1.02E-07

ITM / Low Noise 20 7.50E-12 11 11 3.63E-09 1.82E-09
*** In order to get both attractive and repulsive forces, we'll operate with a force offset of -1/2 Fmax, see reference P1000032 below

Degree of Freedom (DOF) Stage / Driver DC Compliance 
at Mass Lever Arm

DC Max Disp. 
from ESD w/ 
Force Offset 

DC Max Disp. 
from ESD w/ 
Force Offset

DC Disp Range 
from ESD w/ 
Force Offset

DC Disp. Range 
from ESD w/ Force 

Offset

Units [ ]
 [(m/N) or 
(rad/N.m)] [m]

[(m_p) or 
(rad_p)]

[(nm_p) or 
(nrad_p)]

[(m_pp) or 
(rad_pp)]

[(nm_pp) or 
(nrad_pp)]

Longitudinal ETM / Acq. 0.0026 1 3.494E-07 349.440 6.989E-07 698.880

Pitch ETM / Acq. 0.116 0.14 2.183E-06 2182.656 4.365E-06 4365.312

Yaw ETM / Acq. 0.105 0.14 1.976E-06 1975.680 3.951E-06 3951.360

Longitudinal ITM / Acq. 0.0026 1 6.240E-09 6.240 1.248E-08 12.480

Pitch ITM / Acq. 0.116 0.15 4.176E-08 41.760 8.352E-08 83.520

Yaw ITM / Acq. 0.105 0.15 3.780E-08 37.800 7.560E-08 75.600

Longitudinal ETM / Low Noise 0.0026 1 2.643E-10 0.264 5.285E-10 0.529

Pitch ETM / Low Noise 0.116 0.14 1.651E-09 1.651 3.301E-09 3.301

Yaw ETM / Low Noise 0.105 0.14 1.494E-09 1.494 2.988E-09 2.988

Longitudinal ITM / Low Noise 0.0026 1 4.719E-12 0.005 9.438E-12 0.009

Pitch ITM / Low Noise 0.116 0.15 3.158E-11 0.032 6.316E-11 0.063

Yaw ITM / Low Noise 0.105 0.15 2.859E-11 0.029 5.717E-11 0.057

References
DAC Voltage T1200311-v1
OSEM and magnet details M0900034-v4
OSEM Coil/Magnet Actuation Strengths T1000164-v3
DC Compliances for long/pitch/yaw https://redoubt.ligo-wa.caltech.edu/svn/sus/trunk/Common/SusModelTags/Matlab/quadmodelproduction_rev3311_fiber_2012-09-06.mat

Model: ssmake4pv2eMB5f_fiber.mrev1797
Parameters: quadopt_fiber.m rev2731
DC compliance == Transfer function from given stage drive to test mass; L to L,P to P, and Y to Y

Coil driver requirements T060067-v1
Informed by http://www.its.caltech.edu/~rana/aLIGO/suselecreq.html

Coil Driver DC Transconductance  https://alog.ligo-la.caltech.edu/aLOG/index.php?callRep=4495 and T1400223
Lever Arms D0901346 for TOP, UIM, and PUM drives; D0900949 / D080177 for ETM / ITM ESD Patterns (assumes that that effective lever arm for ESD is in the middle [radially] of the pattern)
Actuation strength for ESD drive T1000119-v1, Figure 4, 20[mm] gap, Nominal Pattern data point for ITM, G0900956-v1, pg 7 for ETM
Peak Voltage for High Voltage ESD Driver T1000222
Peak Voltage for Low Noise ESD Driver T1200479, Section 5
Maximum Force Used (with - 1/2 Fmax offset) P1000032-v3, Section 5.3.1.3, pg 251 (or 291 of the .pdf)

Figure 1: Explicit actuation range calculation at DC for aLIGO QUAD Suspension. As this
calculation is prone to erroneous factors of two everywhere (di↵erential vs. single ended,
peak vs. peak-to-peak, etc.), the calculation is shown explicitly from both the maximum
displacement (peak) and displacement range (peak-to-peak). Note that maximum, peak
values are denoted with subscript “p,” and range, peak-to-peak values are denoted with
subscript “pp.” Similar results from -v1 of this document should be compared against the
peak-to-peak range. 3

pg 3 of T1100595

Fmax = 3.09e-5 N/mA * 2.685 mA-pk max * 4 actuators = 3.3e-4 Nmax  

Xoptic = TFPUM2optic (m/N) *     k (N/m)     * XPUMreaction

Xoptic =     1e-8 m/N       *  8.3e-2 N/m * XPUMreaction @10 Hz (from Edgard)
Xoptic =    8.3e-10  * XPUMreaction for aLIGO

 XPUMreaction < 7.5e-11 m/rtHz at 10 Hz, for optic motion to be < 6e-20 m/rtHz

k = Fmax * (df/dx)/Fmax= 3.3e-4 Nmax * 100 1/m = 3.3e-2 N/m for aLIGO
k = 8.3e-2 N/m for A# (2.5x larger) 
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Reaction chain length transmission, ISI to second stage

Frequency  (Hz)

Double RC transmission

21

undamped modes at 0.53, 1.04 Hz
m1 = 80 kg, m2 = 40 kg
L1 = 50 cm, L2 = 60 cm 
10 Hz transmission is 1e-4 m/m

adding damping at second stage 
reduces  Q of lowest mode,  

but has less isolation at 10 Hz. 
Allows interesting controllers.

simple damping @ top
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adding damping at second stage 
makes top stage dynamics simpler, 

probably simplifies ISC control
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control on lower mass
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from Ideal HoQI
from Length OSEM
from ISI

Reaction chain motion
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osem noise

ISI Leng. transmission
HoQI damping of bottom mass

req. from ESD 
coupling

The double reaction chain easily meets the 10 Hz ESD spec.
what about the compensation plate?
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osem noise

ISI Leng. transmission
HoQ
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ping of bottom

 m
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req. from OSEM 
coupling

Top mass motion and AOSEM spec
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Conclusions

26

1. We need a reaction chain (ISC drive noise, scatter, ISI kicks)
2. A double seems to give large margin for isolation performance
3. but we haven’t calculated angles, 
4. or the vertical isolation requirements, 
5. or the compensation plate.
6. The dynamics look really nice (no funny 3.3 Hz modes lurking)
7. It fits with the space and weight, 
8. but probably requires a hole in the UIM structure. 
9. Overall, it’s probably easier to install than a quad
10. Please tell me what else we need to consider.
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compensation plate?
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LIGO-T010075-v3

designs vary, depending on performance needs and physical constraints; most are multi-stage
suspensions for better isolation compared to the initial LIGO, single-stage design. In addition,
the test mass suspensions include a suspended reaction mass chain adjacent to the main
chain, to provide low-noise points from which control forces can be applied to the main chain.
Table 4 gives a summary of the di↵erent suspension types:

Number of Noise req. @10 Hz

Component suspension stages Fiber type m/
p
Hz

Test masses 4 fused silica 1⇥ 10�19

Reaction masses (CP, ERM) 4 steel wire

Beamsplitter 3 steel wire 6.4⇥ 10�18

Recycling cavity optics 3 steel wire 1⇥ 10�17

Input mode cleaner mirrors 3 steel wire 3⇥ 10�15

Output mode cleaner 2 steel wire 1⇥ 10�13

Output Faraday isolator 1 steel wire

ETM transmission monitor 2 steel wire

IO SM/MM optics 1 steel wire

Table 4: Summary of suspension types in the interferometer. The test mass suspensions
are paired with suspended reaction mass chains and control forces are applied between the
reaction and main chains. Fiber type refers to the fiber at the last stage of the suspension,
supporting the optic. The noise requirement @10 Hz refers to the motion along the optic
axis, including cross-coupling from the vertical direction. Complete noise requirements for the
cavity optic suspensions are given in Ref. [31]. IO SM/MM optics refers to steering mirrors
and mode matching optics between the input mode cleaner and the PRM.

Test Mass Monolithic Suspension. The test masses will be suspended from the quad
suspension penultimate mass using glass fibers (four fibers per test mass). Glass is used
because its mechanical loss is several orders of magnitude smaller than that of steel and thus
can give much lower thermal noise. Its high strength and low density also mean that the
vertical eigenmode of the last suspension stage (aka the ‘bounce mode’) and the fundamental
violin mode of the fibers are at lower and higher frequencies, respectively, than a corresponding
steel wire suspension, thus encroaching less on the GW band.

The geometry of the glass fibers was changed in 2008 from a ribbon design (i.e., an ap-
proximately rectangular cross-section, with a 10:1 aspect ratio) to a stepped circular design
[32], [33]. In this design, short sections at the ends of each fiber – i.e. the regions where the
dissipation that leads to suspension thermal noise occurs – have a diameter that is chosen so
that the thermally driven dimensional changes due to ↵ and dY/dT essentially cancel each
other2. This diameter is about twice as large as would be needed for strength alone. The
diameter of the main (middle) section of fiber is kept small to maintain the low vertical mode
and high violin mode frequencies.

2↵ being the thermal expansion coe�cient and Y the Young’s modulus
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???

Other refs which I’ve looked at: 
Cavity Optics Suspension Subsystem Design Requirements - T010007
Displacement Noise in Advanced LIGO Triple Suspensions - T080192

https://dcc.ligo.org/t010075
https://dcc.ligo.org/T010007
https://dcc.ligo.org/T080192

