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TASSVES'AEE A Team Effort
&7 of Glasgow

The Advanced LIGO Suspensions Team consists of more than sixty scientists, mechanical
engineers, electronic engineers, designers, technicians and students from eight institutions.

USA

. LIGO Caltech: Jay Copti, Philip Croxton, Todd Etzel, Kate Gushwa, Jay Heefner, Alastair Heptonstall, Kristen
Holtz, Tim McDonald, Gary Mcintyre, Margot Phelps, Norna Robertson, Calum Torrie

. LIGO Hanford Observatory: Jeff Bartlett, Mark Barton, Betsy Bland, Doug Cook, Jeff Garcia, Jesse Garner,
Gerardo Moreno, Gerardo Moreno Jnr., Jason Oberling, Andres Ramirez, Travis Sadecki, David Stone, Vern
Sandberg

. LIGO Livingston Observatory: Carl Adams, Anna Aitken, Joe Betzwiezer, Derek Bridges, Virginia Brocato
Anamaria Effler (LSU) , Robert Giglio, Matt Heintze, Ed Merilh, Mike Meyer, Ralph Moffatt, Bobby Moore, Terry
Pitre, Janeen Romie, Danny Sellers, Gary Traylor, Gene Winton

LIGO MIT: Sam Barnum, Michael Hillard, Jeff Kissel, Rich Mittleman, Brett Shapiro
UK

. University of Glasgow: Angus Bell, Nicola Beveridge, Alan Cumming, Liam Cunningham, Giles Hammond, Jim
Hough, Russell Jones, Rahul Kumar, Sheila Rowan, Ken Strain, Marielle Van Veggel

. Rutherford Appleton Laboratory (RAL): Justin Greenhalgh, Tim Hayler, Joe O'Dell, lan Wilmut
. University of Birmingham: Stuart Aston (now LLO), Ludovico Carbone, Ron Cutler, Alberto Vecchio

Strathclyde University: Nick Lockerbie, Kirill Tokmakov
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OfGlasgovg Overview

A aLlGO suspensions and requirements
A Suspension construction/testing

A Lessons learned

A Suspension upgrades to aLIGO

A Thoughts for LIGO India

Aéé.

A Extra slides for discussion
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T ISENGNANN Suspension System Functions

of Glasgow

A Support the optics to minimise the effects of
I thermal noise in the suspension
I seismic noise acting at the support point

A Provide damping of low frequency suspension resonances (local control),
and

A Provide means to maintain interferometer arm lengths (global control)

i while not compromising low thermal noise of mirror

I and not introducing noise through control loops
Provide interface with seismic isolation system and core optics system
Support optic so that it is constrained against damage from earthquakes

Accommodate a thermal compensation scheme and other systems as
required e.g. baffles

To Do o

d} advancedligo 4




(s Preieo Ml Requirements:Test Masses

of Glasgow

A Top-Level Requirements:

Requirement Value

Suspension Thermal Noise 101 m/OHz at 10 Hz (longitudinal)
106 m/OHz at 10 Hz (vertical)

Residual Seismic Noise 101 m/OHz at 10 Hz

(assumes seismic platform noise
2x1013 m/OHz)

Pitch and Yaw Noise 1017 rad/OHz at 10 Hz (assumes beam
centering to 1 mm)

Technical Noise Sources 1/10 of longitudinal thermal noise for each
(e.g. electronic noise, thermal source
noise from bonds)

d} advancedligo 5




PNCSUAI Requirements: Other Masses
of Glasgow
LIGO-G1100434-v2

In general, requirements are relaxed by two or more orders of magnitude
compared to the test masses (End Test Mass/ETM, Input Test Mass/ITM)

A Beamsplitter/Folding Mirror triple suspension (BS/FM):
i 6.4x101¥ m/ a Ht210 Hz
A HAM large triple suspension (HLTS):
I 1x101Y m/ & HHtAA0 Hz
A HAM small triple suspension (HSTS):
I 1x10' m/ & HtZ10 Hz when used in recycling cavities
I 3x101m/aHzat 10 Hz when used in input modecleaner
A Output modecleaner double suspension (OMC SUS):
i 108 m/aHzat1l0 Hz

BS/FM seismic noise is product of suspension transfer function and residual noise on the two-stage BSC-
ISI seismic platform

HLTS, HSTS and OMC seismic noise is product of suspension transfer function and residual noise on the
one-stage HAM-ISI seismic platform

The HLTS and HSTS requirements assume equal contributions from the 3 mirrors in the recycling cavities.
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Advanced LIGO
Corner Station Optical Layout, L1 or H1
with Seismic Isolation and Suspensions
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s gfgﬁig%% aLIGO ISI/SUS

Ahydraulic external Aactive isolation platfor
pre-isolator (HEPI) (2 stages of isolation)
(one stage of

Isolation) l

Steel
suspension
wires leading
to upper

metal
suspension
stages

Penultimate silica

mass, 40 kg
Silica fibres
welded
between the
ears
Silica test
mass, 40 kg

Catcher
Aquadruple pendulum (four stages of structure

isolation) with monolithic silica final

@e advancedligo 9




A Universit Monolithic Suspensions
i‘; (y"Glasgov%’/ P

w—

A Monolithic suspensions & signal recycling pioneered in GEO-600 -
upscaled to aLIGO

d@) advancedligo
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Mathematica:
matrices,
(QUAD, HLTS, H

A
s/

LIGO

Suspension Models

transfer
thermal

STS)

Quad Model

functions,

*Features:

—Fully 3D with provision for arbitrary
asymmetries

—Rigid-body masses (no internal modes)

—Realistic wires with longitudinal and
bending elasticity

—Arbitrary frequency dependent damping
on all sources of elasticity

—Optional violin-mode modeling using 5
mass beads in each fibre to approximate
distributed mass

auvdiiveulilyv

» Configuration:

Two blade springs

Two wires

Top mass

Two blade springs

Four wires (two per spring)
Upper intermediate mass
Four wires

Intermediate mass

Four wires (fibres)

Test mass

SS

noise, all suspensions

https://labcit.ligo.caltech.edu/~e2e/SUSmode

'\g/‘
G

Penultimate’

mass,
constrained
for analysis

Gravity

Test mass

A FEA: thermal noise, details
of lower stage
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Thermally excited vibrations of
I suspension pendulum modes
I suspension violin modes
I mirror substrates + coatings

Use fluctuation-dissipation theorem to
estimate magnitude of motion
To minimise:

I use low loss (high quality factor)

materials for mirror and final
stage of suspension (fused silica)

I use thin, long fibres to reduce
effect of losses from bending

I use low loss bonding technique:
hydroxide-catalysis bonding

I reduce thermal noise from upper
stages by careful design of break-
off/attachment points

LIGO-G1100434-v2
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OthSgovg Seismic Noise

Transfer Function of Single and Double Pendulum

Seismic noise limits sensitivity at

low frequencies -isei smi ¢c wwall o

Typical seismic noise at quiet site
at 10 Hz is ~ few x 1010 m/OHz

I many orders of magnitude
above target noise level

Solution - multiple stages of
Isolation

Isolation required in vertical
direction as well as horizontal due
to cross-coupling

Two-stage internal isolation
platform has target noise level of
2 x 1013 m/OHz at 10 Hz.

require 4 more stages, i.e.
guadruple pendulum, to meet
target of 10 m/ OHz

10

10

Magnitude (abs)
>

magnitude
3

4

i}

frequency (Hz)

10" 10" 10
Frequency (Hz)

A Advantage of

double over
single pendulum,
same overall
length

A Initial LIGO
used a single
stage wire
suspension

A Quadruple pendulum
transfer function:
predicted longitudinal
isolation ~ 3 x 107 at
10 Hz



¥ 7 Glasgow Seismic Noise

Seismic noise limits sensitivity at
low frequencies -nfsei smi ¢ wal

Typical seismic noise at quiet site
at 10 Hz is ~ few x 1010 m/OHz

I many orders of magnitude
above target noise level

Solution - multiple stages of
Isolation

Isolation required in vertical
direction as well as horizontal due
to cross-coupling

Two-stage internal isolation
platform has target noise level of
2 x 1013 m/OHz at 10 Hz.

require 4 more stages, i.e.
guadruple pendulum, to meet
target of 10 m/ OHz

HLTS model




B s
[ Jrkese Al Origins of Thermal Noise

A Thermal noise of the optical materials and suspension elements manifests as
statistical fluctuations of the front surface which is sensed by the laser beam:

I coatings and suspensions are important areas of R&D.
A The fluctuation of the surface can be produced by two possible mechanisms:

I Brownian motion of the surface i Brownian thermal noise

| statistical temperature fluctuations within the test mass cause local
changes of the surface position (thermal expansion) T Thermoelastic noise

A The origin is the thermal energy that is stored in the atoms of the system so
improvements require:

i ultra pure materials with low mechanical loss
I lower temperature

d} advancedligo




ol Ef%ﬁifg%% aL1GO Quadruple Suspension

Py

We will look at the QUAD, but same concepts
apply for the triples/doubles (except no reaction
chain and fewer isolation stages)

ASeismic isolation: use quadruple pendulum
with 3 stages of maraging steel blades for
horizontal/vertical isolation

AThermal noise reduction: monolithic fused
silica suspension as final stage

AControl noise minimisation: use quiet reaction
pendulum for global control of test mass position

AActuation: Coil/magnet actuation at top 3
stages, electrostatic drive at test mass

d' advancedligo 16




s pereiemuAlll 2L |GO Quadruple Suspension

of Glasgow

We will look at the QUAD, but same concepts
apply for the triples/doubles (except no reaction
chain and fewer isolation stages)

ASeismic isolation: use quadruple pendulum
with 3 stages of maraging steel blades for
horizontal/vertical isolation

_ _ o four stages
AThermal noise reduction: monolithic fused

silica suspension as final stage

AControl noise minimisation: use quiet reaction
pendulum for global control of test mass position

AActuation: Coil/magnet actuation at top 3
stages, electrostatic drive at test mass

40kg silica parallel reaction
test mass chain for control

d} advancedligo 17




UmverSIty Local and Global Control
ofG asgoOw

A Local control: damping at top mass, separately for _
each chain, using BOSEMs (next slide) with AMain

test
10mm x 10mm NdFe magnets B AReaction E:hai)n
A Global control (length and angular) at all four Chain
levels

I BOSEMSs with 10mm x 10mm NdFe magnets
attopmass B

I BOSEMs with 10mm x 10mm SmCo magnets
acting between chains at upper intermediate
mass g

I AOSEMs** with 2Zmm x 6mm SmCo magnets
acting between chains at penultimate mass @

. . . /
I Electrostatic drive (ESD) using gold pattern on

reaction mass/compensator plate at test mass
level

ABOSEM = Birmingham Optical Sensor/Electromagnetic Actuator
AAOSEM = ALIGO OSEM = modified initial LIGO OSEM




SN E SIS Sensors/Actuators
7, of Glasgow

Magnet

aLIGO ESD

Connector Photodetector

Coil Actuator

d' advancedligo 1
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A Drawings, installation routines

A Cabling

21
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) | 4
A Fibre pulling with CO, laser

A Fibre profiling for
importing into
Finite  Element
Analysis

d' advancedligo 29




OfGlasgovy, Laser Pulling
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A Alignment with:

I autocollimator
(° 10urad)

I scale (°0.1mm)

Weld 8 fibres at penultimate and
test masses

De-stress welds (to set pitch
angle)
Hang




B e
B o Glasgow Suspension testing

ALearn as much as you can about the system(s), as early as possible
Aln aLIGO, asfemblyd0 atestingd wer e heavily integr:

ATest fAprocedureso must fluid and fl ex
understanding / surrounding changes (schedule and infrastructure)

Driving Principles:

* Learn as much as you can, as early as possible
+  “Assembly” and “Testing” are synonomous

+ Test simple cases first

= All lead naturally to a phased approach to assembly and testing:

Phase 1a Phase 2a Phase 3a
Metal Build, Metal Build, Glass Build, In- Commissioning
Assembly & Fully Assembled Chamber, In-Air Glass Build. In-
Tests ’ Sanity Checks Testing ChamberTe;ting
,o\%
o
o7 cy
P &S
D 2" 2 A
& L @q’édb
o,\?: @ &g° Phase 2b Phase 3b
Metal Build, '& \00‘606\60@ Glass Build, Fully Glass Build, In-
Fully Assembled N & Assembled Chamber, In-
Testing Testing Vacuum, Testing
[
System Complexity
Final System Accuracy \
Tests increase in Fragility with testing phase

Functionality
Characterization Ability /

LIGO-G1200134 Knowledge / Understanding o5




Lico Iesting and Commissioning
A Phased Approach [=aa8

o
: . L, 'r [
a N - - ~ -

« Phase 1 Sub Assy and Upper Stage Mechanical
Characterization
- Pretestand sanity check sub-assemblies
- Testmechanical assembly/ alignment / suspension of upper stages

- Testsensors, actuators, and cabling of upper stages with test
electronics

- Testability to control from TOP stage

+ Phase 2 Semi-final Configuration, Pre-install
Characterization
- TestGlass assembly/ alignment / suspension of all stages
- Checkout sensors, actuators, and cabling of all stages
- Testfinal digital and analog electronics
- Testlower stage actuators

» Phase 3 Final, As-installed Characterization
- Testas installed alignment/ suspension of all stages
- Testsysteminteractions

- Final checkout of sensors, actuators, and cabling
G1200134-v1
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Document #:
LIGO-E1000495-x0 (Public)
LIGO-E1000495-x0 (Private)

Document type:

E - Engineering documents

Submitted by:

Derek Bridges &=

Updated by:

Betsy Weaver =

Document Created:

01 Oct 2010, 11:13

Contents Revised:

01 Oct 2010, 11:13

Metadata Revised:

Abstract:

Testing Logs

Home Reserve Number Search Recent Changes Topics Events Public Help

aLlGO SUS QUAD Testing and Commissioning Documentation

This is a compilation of documents related to testing and commissioning of the Quad Suspensions for Advanced LIGO.

Files in Document:
MNaone

Topics:
+ Commissioning
* Subsystem Test
* Assembly
* Suspensions

Authors: &7

# Derek Bridges &=
» [Mark Barton =1

13 Jan 2016, 10:23 « Robert Lane =

Watch Document Keywords: ) o
SUS guad testing commissioning

Notes and Changes:
An "Electronics Testing Reports” branch has been added for test results and reports that are not specific to a particular Quad.

To find info on predicted resonances for the quad suspensions, go to the SUS Operations Manual at

https-//awiki.ligo-wa.caltech.edu/al IGO/Suspensions/OpsManual
and look in the "Table of Contents” under "Resonances”.

Related Documents:
* LIGO-G1100769: QUAD Testing Outline, Phase 2B
* LIGO-E1101049: aLIGO SUS Quad Suspension Fibre Test Reports
* LIGO-F1000008: Quad Suspension Assembly Process Traveler Template
* LIGO-E1000516: alLlGO SUS Quad Suspension Assembly Process Travelers
* LIGO-E1000617: Quad Suspension Controls Arrangement Poster
* LIGO-E1000167: Advanced LIGO Quad Suspension Glass Mass Preparation Procedure
= LIGO-E1000366: QUAD Monolithic Fiber Pulling/\Welding Procedure
(Approved)
» LIGD-E1000277: Preparation of an end or input penultimate mass (ETM-PMATM-PIM) (Hydroxide-Catalysis Bonding of ears and gluing prisms and magnet flags)
* LIGO-E1000278: Preparation of an end or input test mass (ETM/TM) (Hydroxide-Catalysis Bonding of ears)
* LIGO-F1000013: Ear quality control sheets
* |IGO-G1100693: |deal Order/Contents of alIGO QUAD Testing / Commissioning
* LIGO-G1200070: |deal Order/Contents of al IGO Triple SUS Testing / Commissioning
* LIGO-E1000617: Quad Suspension Controls Arrangement Poster
* LIGO-E1200343: OSEM Chart

Referenced by:
« LIGO-E1200902: alIGO BSC Test Procedures (associated with install)
* LIGO-D0901346-+12: Advanced LIGO Quadruple Suspension Assembly
* LIGO-G1200070~+2: |deal Order/Contents of alIGO Triple SUS Testing / Commissioning
« LIGO-E1200482: aLIGO, SUS

d} advancedligo
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D ey Examples of Testing

Py

of MOTOP Tto T Zoomed SEVEN (7) phase 1 tested
- (Phase 1 Meas'ts) QUADs built, all with
- ; virtually identical TOP stage
M 107"t mechanical transfer

functions

- Reproducable
“plant” means control
systemdesignis a
one-time, one-size fits
all, i.e. easier

]
[

—_
o

|
an

—_
o

- Model matching
measurements mean
we have a complete
understanding of the

Magnitude (m/N)

|

-5 || == Model (wire)

10 5 X2 QUAD11 BUILDO1 (wire 2011-07-31)

7 . .

Reaction [ — X2 QUAD12 BUILDO1 (wire 2011-06-07) ' i mechanics — makes it

Chain | — X2 QUAD13 BUILD04 (wire 2011-02-12) Model thiried s Vvery usefulto predict

10 8L — X2 QUAD14 BUILDO3 (wire 2011-04-03) behind i the of the 4 motion of stages that

) - | ——H2 ITMY (wire 2011-08-25) g can’t be measured
Main | —— X1 QUADO4 BUILDO3 (wire 2011-11-22) measurements £ locally
Chain Yio7 —— X1 QUADO3 BUILDO3 (wire 2012-01-24) which matchitwell
10’ 10'
Frequency (Hz)

G1200134v1 L

CAGRTy  asvanceci LIGO-G1200134
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D ey Examples of Testing

M1 TOP R to R Zoomed

ubbing, rubbing, rubbing

| BSFM M1 (Top) Mass

(Phase 1 Meas’t)

“vv ¢ g Blade Spring(s) /’7,,; [j ~=~ 'o.0%
\ S Twuasssasemaze(mibfzz)?

Suspension Wire
(To M2)

Magnitude (rad/N.m)

== Model (bsfmopt_metal)

X2 BSFM06 BUILDO1 M1 (2011-11-18)
- X2 BSFMO06 BUILDO1 M1 (2012-03-15)
4 = X2 BSFM06 BUILDO1 M1 (2012—03:20)

-1 0

10 10
Frequency (Hz)

Faulty assembly and poor alignment cause
fixed mechanical parts (the cage, sensors, EQ o
stops) to interfere with the suspended elements R

Measurements direct the search for problems, L
confirm fixes

d' advancedligo 29
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(leaSgovg Fused Silica

Diameter of filfe, um

g & Tension

Breaking stress, GPa

0
o
&,
(o
o
=
L
o
po)
@
=
5
®
==
g
g
@
S|
=

50 100 150 200 250 300

Diameter of fiber, um

A aLIGO fibres operate with a safety factor of °©7 (@800MPa)
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Suspension Thermal Noise

A aLIGO utilises thermoelastic cancellation to meet the noise requirement of
10-1°® m/CHz at 10Hz.

A Fused silica has a Y o u n maddglus which increases with temperature

Top Tube

25
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2 y 1 Roof .
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e . Time(s) x 10* E
10 2
®) i . ; : c
o — [0+
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% -g/ I._a’.g,«'«w ,f“"“"#' Is“""“""‘x’l ’f’ Roof Expansion g
o B 0 { " | f 4 [l ———Bestfit
g \ . 4 | 2
> j ob o el | IS—| | L S
LL 05
-4 1 L 1 L !
1 15 2 25 3 35 4 45 5 55 B
Time(s) w10t
0 40 0
U) Pl Pl 7y e, e Top Tube 1 071
o ~_| | !
s D f | I | Bottom Tube
(/) — \ | \
g‘ | | Roof
c 10 L . . . ) . &£ 80
08 0.9 1 11 12 13 1.4 15 <@
"C—U' Time(s) % 10° 3 7% F
6 b—
10 =
c 45 ; ; S
: BT S 76 |-
g ,g sl oo - - /‘—’3: Fibre Posmo'n =
Q i lf \( ;‘F ; { i f { Roof Expansion K% -
C H»o [ | —1 | SIS Q0
= § Jl \\ } 0 A li Pl Bestfit e o :C;
c d -2 )‘*:rr\; Wingy \mﬂ?,{ N et v M >°_ 72 |-
(@)
4 . : L . . :
O 08 09 1 T 12 13 14 15 305 L S et
Time(s) «10° 100 200 300 400 500 600 700 800 9500

Temperature (°C}



B University
7 of Glasgow

AViolin modes show extremely high quality factor
ARing down over several days

V1011n mode rlngdown 2015 12-19 07: 00 00

5 f = 500. 053 Hz

............ L Q= 199 0% ]
: : T =1269173s : :

1.0

o5l e _—_— —— i
T o o oo . R T

07 b S S e S S

Normalized amplitude in DARM

06F o oo oo e e o

] B S S E— S

O OMeasureinent.
0.4 H— Fit

I froreneneeee oeeneannaneas frorene e s oo -
0 5 10 15 20 25 30 35
Time [h]

d' advancedligo
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E}’éﬁirg%% aLIGO Suspension Thermal Noise

i

1E-12
Vertical
1E-13 ——Yaw 1mm beam displacement  —
Pitch 1mm beam displacement
1E-14 = Horizontal
= Fundamental violin mode
1E-15 ——2nd Violin mode —
— \A == <Total
1E-16 \____/ \ ——— Pitch 5mm beam displacement
1E-17 +— J \ \\

1E-18

1E-19 \\\
1E-20 — N

1E-21 \\\

rms displacement (m Hz2)

1E-22 S ——— -
1E-23 ——
1E-24
1E-25 | |
0.1 1 10

Frequency Hz

AFEA models to estimate final stage thermal
noise

AMathematica models to predict the
transmissibility of all stages/transfer functions

d' advancedligo




Umversny aLIGO Sensitivity

&7 of Glasgow

- ot 2l } e 2eof s e aodle e Bs B : ore o Quantum noise
S 1 | DRSNSttt D I e At | mm— Sejsmic noise

A N U U RS SRS S Gravity Gradients
. Ll R SR U T DU NP Lol | me—Suspension thermal noise

' : : s 8§ BB L3 : ; ; Coating Brownian noise

Coating Thermo-optic noise

Substrate Brownian noise

: Excess Gas

| w—— Total Nnoise

Strain [1/VHz]

Frequency [HZz]
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[JIORRCM Lessons Learned
i JShies Al Lessons Learned

A Suspensions are complicated, comprise multiple build varieties, and attention
to detail is important

A Good documentation is essential (plus modifications/redlining)

/
= = A T —~ AW
A — i VA - {
L= = by iy l¢ AN
S i = (B = Ly R | i » e N

e
.. =
e
)\ .\\c b/ s ‘pd/
o 0.
RN B et — L B2 |V oSV LY N e
. T
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ofc;lasgo% Lessons Learned

Suspensions are complicated, comprise multiple build varieties, and attention
to detail is important

Good documentation is essential (plus modifications/redlining)
A well integrated assembly/testing programme is essential

o o Io Do

Lots of interactions between teams: SUS/ISI/SYS
I Layout drawings
I cables, tooling, interferences
I Quality Assurance/Quality Control
I Contamination Control
A Need good interactions with the site/sites
I Ownership of hardware
I Preparation of work space and tooling

I Organization and coordination
From work on GEO/aLIGO there is lots of expertise on fused silica/bonding
Good links with UK/US SUS activities were essential, including training of staff

A
A

d} advancedligo L|GO 61301002 37




1 Prreniesadd Lessons Learned

Py

A Prior lesson that needed to be re- A Squeeze film gas damping

learned with wire loops => extend gap/redesign
reaction mass

Prototype: Tested wire loop

LIGO G1301002

38



MiSsVeShAEE | essOons Learned
&7 of Glasgow

LIGO G1301002

A Optic handling within the suspension needed work

A EQ stops A Captive screws: damage
A Transport mitigation and ease of

A Shielding/Face guards assembly

A Magnetic materials

d' advancedligo 39




MASSIVESISE | essoNnNs Learned
o/ of Glasgow

A Work space i cleanroom

A Cleanroom needs to be completely
moved to crane into chamber.

d) advancedligo LIGO G1301002
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A D o nuhderestimate the smallest of jobs; EP30-2 i
thenrepl apemedntct o

A Required 13 gluing configurations with 6
procedures, and counting!

A Failures due to lifting, curing, handling
A Glue removal

&
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Bounce/Roll mode dampers LIGO G1600371

A The highest modes at ~9.7Hz/13.8Hz
(bounce/roll )» have Qbés of

A Damping strategies using PUM feedback have
been applied

A Bounce and Roll mode dampers currently
being installed

H1: 24 W, 66 Mpc (2015 Jun 06)
L1: 25 W, 65 Mpc (2015 Mar 03)
10—15 — —
5\\ ! H1: 17 W, July 20
_\\ N GWINC: 23 W, 129 Mpc
el \\
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