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Abstract

We describe the conceptual designfor modi cations to the Caltech 40 meter Interferometer
Laboratory for protoyping AdvancedLIGO optical con gurations.

Contents
1 Intro duction 3
2 Design Requiremen ts 3
2.1 Generalobjectives . . . . . . . . e 3
2.2 Specicrequiremertsandgoals . . . . . . ... o 5
3 Adv anced LIGO technical innovations tested at the 40m 7
4 Preparation of the 40m lab oratory 7
4.1 \LIGO-lik e" interferometer . . . . . . . . . 8
4.2 Laboratory Infrastructure upgrade . . . . . . . . . ... ... 9
4.3 Laboratory hallrehab . . . . ... .. .. .. ... 9
4.4 Seismicisolation stadks. . . . . ... 11
45 Bake-out. . . . . . .. e 11
4.6 Vacuumsystemandcontrols . . . .. .. ... e 12
4.7 New Output Optic Chamber . . . . . . . . . . ... 12
4.8 Modecleaner . . . . . . . 13
4.9 In-vacuumCables. . . . . . ... e 14
4.10 Optical VIEWPOItS . . . . . . . . e e e e 14
4.11 Optical tables . . . . . . . . . 15
4.12 Environmental Monitoring . . . . . . . ... e 15
4.13 Computing, networking, EPICS and VxWorks. . . . . .. .. .. ... ... ..... 17
4.14 Data Acquisition System. . . . . . . . . e 17
4.15 Online Data Monitoring tools . . . . . . . . . . . . . . . . e 17
416 Safely . . . . . e 17
5 Design of optical con guration and control 18
5.1 Designconstraints . . . . . . . . . e e e e e e 18
5.2 Optical Conguration . . . . . . . . . .. ... 20
521 LoSSESANA TETM - « « « « v v v e e e e e e e e e e e e e 20



522 TITM  « « o o e e
523 TprM and TSRM ..................................
5.3 RF sidebands,cavity lengths and cortrol scheme.. . . . . . .. .. ... ... ....
5.3.1 Modecleaner . . . . . . ...
5.3.2 Sideband1, and Power recyclingcavity . . . .. ... ... ... .......
533 AMMS . . L e e
5.3.4 Sideband2 . . . . . .. e
5.3.5 Michelsonasymmetry . . . . . . . . .. . . ... e
5.3.6 Signalrecyclingcavity . . . . . . . . ...
5.3.7 Summary of lengthsand frequencies . . . . . . . .. .. ... ... ... ...
5.3.8 DC detection . . . . . . . . . . e

6 Mo deling
6.1 Twiddle Model . . . . . . . . e
6.2 ModalModel Modeling . . . . . . . . . .
6.3 End-To-EndModeling . . . . . ... .. . . . . . . .
6.4 FFT Modeling . . . . . . . . . . . e

7 Suspended optical comp onents
7.1 Choice of test massoptic sizeand aspectratio . . . . . ... ... ... ... .....
7.2 Speci cations for suspendedoptics . . . . . . ...
7.3 Radii of curvature . . . . . ..
7.4 ModeCleaneropticCs . . . . . . . . o i i e e
7.5 CoatiNgS . . . o o

8 Thermal lensing

9 Suspensions
9.1 Suspensionmedianical . . . . . ...
9.2 Suspensioncortrol . . . . ... e e e e e e e e

10 Control Electronics and photo electronics
11 Input mode cleaner
12 Optical Layout

13 Noise
13.1 Fundamertal noiseat 40m . . . . . . . . ..
13.2 SensingnoiSe . . . . . . .. e
13.3 Internal thermal noise . . . . . . . . . . . . . e
13.4 SUSPENSIONNOISE . . . . . o o e e
13.5 GaspressurenOISE . . . . . . v i v i e e e e e e
13.6 SEISMICNOISE . . . . . . . o e e e

14 Outstanding issues

15 Schedule, milestones

40

41
41
42

42

43

47

49
49
50
50
50
50
51

54

54



16 App endix A - Acron yms 56

17 App endix B - Gaussian Beam Optics 56
18 App endix C - RSE, Signal Recycling, Dual Recycling 58
18.1 Motivation . . . . . . . e 58
182 Dual recycling. . . . . . . . 60
18.3 Coupledcavities . . . . . . . . . e e 61
184 RSE . . . . e 61
18.5 Initial LIGO, AdvancedLIGO, andthe 40m. . . . . . . . . . . . . . . ... ..... 61
19 Ac knowledgemen ts 66

1 Intro duction

This document summarizesthe current thinking on the rolesthat the Caltech 40m LIGO interfer-
ometer (IF O) prototype can play in advancedLIGO R&D, and our current plans on carrying out
theseroles. Many details and supporting documerts can be found on the 40m web page [1].

Seriouswork on AdvancedLIGO designis only just beginning, and the role of the 40mis in as
much °ux asthe AdvancedLIGO ideasthemseles. Expect that the ideasand designspresened
in this document will changein responseto the ewlving plans for AdvancedLIGO.

A 40 Meter Interferometer Tednical Advisory Committee exists and has met se\eral times, to
aid in formulating the goalsof the prototype upgrade. Presenations to this committee arein [2], and
minutes of these meetings can be found on the 40m web page[1]. Any and all interested parties
are welcome at these meetings, and are also welcome passon their ideas, commerts, criticisms,
guestions, etc., to the 40m team and the LIGO managemenh

2 Design Requiremen ts

2.1 General objectiv es

There are seweral important reasonsto pursue an upgrade/rebuild of the 40m prototype:

2 QOptical con gurations for Adv anced LIGO: As atest bed or staging areafor the design,
testing, re nement, and staging of advanceddetector con gurations anticipated for Advanced
LIGO, which require afull IFO for testing. It is anticipated that AdvancedLIGO will operate
with both power and signal recycling mirrors (dual recycling DR), operated in either the
resonart sidebandextraction (RSE), signal recycling (SR), or tuned DR con guration. These
signal recycling techniques needto be prototyped with a full IFO. This may be regardedas
the primary goal of the upgrade, and thus drivesits scoge.

{ The primary goal of the 40 m upgradeis to demonstrate a control schemefor using reso-
nant sidebandextraction (RSE), in either broadband or tuned con guration, appropriate
for an optimal LIGO con guration.

{ The purpose of such con gurations is to tune the shot-noise limited (high frequency)
response of the GW signal. Thus, it may be desireablefor the 40m to expose and
demonstrate this limit in its noise spectrum. This is not necessaryif the goal is limited



to establishing a control scheme. For example, even if the GW noise spectrum at the
upgraded40m is dominated by test massthermal noise,the IFO canstill be controlled to
the required precision. The predicted transfer function (di®erertial end test massmotion
to demadulated optical sensorsignal) can be measureddirectly through excitation of the
test masses.

{ Note that RSE and DR have beendemonstrated at the Garching 30m [3], and at various
table-top IFOs [4]. Further, an RSE/DR con guration appropriate for LIGO will be
demonstrated at the Glasgov 10m prototype by 2002. Even after these demonstrations,
the AdvancedLIGO optical control schemewill needa full engineeringprototype, using
LIGO-engineeredsensorsand cortrol electronics.

{ The Advanced LIGO optical con guration and cortrol scheme is extremely complex,
with many innovations. Without a high- delit y prototype of the system, it would take
excessie time to make the transition from Initial ! AdvancedLIGO (a mistake learned
the hard way during Initial LIGO commissioning). LIGO obsenatories must remain
undisturb ed during initial sciencerun, and transition betweenlinitial ! AdvancedLIGO
must proceed as quickly and exciently as possible. A full engineering prototype is
essetial for minimizing downtime betweenInitial ! AdvancedLIGO; the prototyping
pays for itself.

{ The primary goal requiresus to test the control schemewith an implementation which
resenbles as closely as possible the realization to be usedin Advanced LIGO. This
will minimize the down-time assaiated with installation of AdvancedLIGO in between
scienceruns. This is the primary goal of the 40 m upgrade.

2 Other elements of an advanced LIGO: The 40mlab canbe usedasa test bed or staging
area for the design, testing, re nement, and staging of other advanced detector elemeris.
Many advanced designs(such as multiple suspensions, advanced seismicisolation, thermal
compensation, and advancedthermal noisecortrol) do not require testing on the 40m proto-
type; they may only require a \ table-top" facility or a dedicated facility such as LASTI at
MIT, ETF at Stanford, TNI at Caltech, or ARI at Gin Gin, Western Australia. Others (like
a delay-line SagnaclFO, di®ractive optics, syndironous recycling, or QND) require such a
radical changein the IFO layout that they cannot be accomalated in the available real-estate
of the 40m lab. Howewer, many of these innovations may benet from the use of the 40m
prototype. It is therefore usefulto rebuild the prototype with the aim of accomalating some
of these anticipated developmerts. Theseinclude:

{ multiple pendulum suspensions| this may even be necessaryto extrapolate experience
gained at 40m on the electronics/corntrol system to Advanced LIGO. Full scale Ad-
vancedLIGO multiple suspensionscannot be accomalated in the existing 40m vacuum
chambers.

{ advanced SEI systems| scaleddown, of course. The 40m cannot replace full-scale
testing at LASTI.

{ Thermal noise measuremelts with maximized beamwidth (» °at mirrors) | a big, and
challenging, diversion. Mirror Brownian noisewill dominate above 100 Hz.

{ LIGO-III: cryogenicTMs, QND, etc.



2 The 40m lab prototyping complemerts other facilities, suc asthe prototyping e®ortsat MIT
and Stanford. The MIT, facility, e.g. is designedfor the prototyping of medanical isolation
and suspensionsystemsfor advancedLIGO detectors, targeting the low-frequencysensitivity.
The 40m focuseson advanced con gurations that target the optical sensingnoise, which
dominates at high frequencies.To summarize:

{ The Caltech 40m will focus on shot (phase, sensing)noise, high-f
{ LASTI at MIT: full-scale SEI, SUS prototyping; low-f

{ TNI at Caltech: thermal noise;middle-f

{ Gingin at Western Australia: high powered lasers,thermal e®ects
{ ETF at Stanford: Sagnac,high powered lasers

2 Testing of small impro vements: The 40m lab is a facility for the dewvelopmert, testing,
implemerntation, and staging of small improvemens to the LIGO interferometers (while they
are left undisturb ed during scienceruns), sud as new corntrol system hardware or software,
variants of the readout control scheme(lik e third-harmonic sidebandcortrol), minor improve-
merts to the suspensionmedanics or cortrol, etc.. It is far easierfor minor modi cations to
be implemented in the 40m prototype than in the obsenatory sites.

2 Physicist education/training: The 40m has beena valuable learning facility for the edu-
cation of a new generation of GW IFO physicists. The LIGO obsenatories are largly under
the cortrol of operations specialists and engineers,giving inexperienced physicists little op-
portunity to understand the IFO as a device. The GW IFO community is growing rapidly,
and new players need hands-on experiencein order to contribute meaningfully to the e®ort.

2 Public education: The 40m is a learning facility for the education of the public. The
facility should continue to accomalate regularly scheduled tours, and sponsor seminarsand
educational programs for the sciencemedia, teachers, high school studerts, etc..

As noted above, the 40m lab will play a critical role in the developmert of the AdvancedLIGO
dual recycling control plant. Its role in the developmert of advanced suspensions, evaluation of
high-power thermal loading, or other aspectsof advancedLIGO systems,remainsto be determined.

2.2 Speci ¢ requiremen ts and goals

In order to achieve the primary objective of providing useful prototyping information for Advanced
LIGO, the 40m must, at a minimum satisfy the following requiremerts:

2 The interferometer optical con guration and cortrols should be designedto emulate, asclosely
as possible, Advanced LIGO. Any signi cant deviations from the Advanced LIGO design,
due to the smaller vacuum ernvelope at the 40m, the higher ambient seismic noise, or any
reason, should be noted, and its consequencedor prototyping the Advanced LIGO optical
con guration and cortrols with high delit y, understood.

2 The interferometer cortrols, diagnostics, and monitoring must be adequate to the task of
bringing and keepingthe interferometer in lock, and must be manageableby human operators
(section 10).



The interferometer must be able to be brought into lock (including all length and angular
degreesof freedom), with locking times on the order of seconds,and remain robustly in-lock
for hours.

The interferometer must be able to perform stably over signi cant periods of time, on the
order of hours.

The DC circulating beam power in all cavities, and in all beamfrequencycomponerts, and at
all stagesof lock acquisition, should be within expectations from reasonablemodels (section
6).

The in-lock GW responsefunction should be measureable and measuredto be within expec-
tations from reasonablemodels (section 6).

In particular, the ability to control the degreesof freedomunique to AdvancedLIGO (signal
recycling cavity length, signal mirror pitch and yaw, peakin responsefunction due to SRC
detuning, o®set-laking of the arms, DC readout of the L; degreeof freedom, etc) without
degrading the cortrol of the Initial LIGO degreesof freedom, should be demonstrated.

Sourcesof noise which impact the ability of the interferometer to obtain and maintain lock
must be identi ed, and all e®ortsmust be made to eliminate them.

Best e®ortsmust be madeto reducethose sourcesof noisethat contribute to the GW readout.
It is most desireableto be ableto exposethe shot-noise-limited sensitivity of the interferometer
to GWs in the high frequencyragion (above 1 kHz). (seesection 13).

Systemsmust be in placeto monitor and reduce excessnoisefrom many anticipated sources,
including:

electrical sourcessuch as pickup (sections10 and 9.2)

scattered light (sections7 and 12)

vacuum pressure(section 4.6)

seismicmotion (section 4.4)

environmental disturbances (section 4.12)

suspensions(section 9)

suspension cortrollers (section 9.2)

misalignmerts (sections6.2 and 10)

Lt Bt B e T e S e T e W e S e I

mode mismatches (section 7).

All data acquired at the 40m must be loggedto frames, and facilities must be available to
fully diagnoseand characterize IFO performance,on-line and o®-line(sections4.14and 4.15).

The laboratory must be a safeervironment in which to work, and all laser safety protocols
must be establishedand followed 4.16).



3 Adv anced LIGO technical innovations tested at the 40m

Seeral innovations are anticipated for the AdvancedLIGO optical con guration[5]:

2

2

2

A sewerth mirror for signal recycling (length control goesfrom 4x4 to 5x5 MIMO).
A detuned signal cavity (carrier o® resonance).
A pair of phase-malulated RF sidebands:

{ frequenciesmadeaslow and ashigh asis practically possible(9/180 MHz for AdvLIGO;
36/180 MHz for 40m).
{ unbalanced: only one sidebandin a pair is used.

{ double demaodulation to produce error signals.
A short output mode cleanerto Tter out all RF sidebandsand higher-order transversemodes.

O®set-laked arms to allow a cortrolled amourt of arm- Itered carrier light to exit the dark
port of BS.

DC (homodyne) readout of the gravitational wave signal using the arm- Ttered carrier light
asthe local oscillator.

The intention is to prototype the optical con guration with all of thesefeatures.
Elemerts of the optical con guration and cortrols for Advanced LIGO and the 40m prototype
that require further developmert include:

2

Modulators and photodetectors (including wavefront sensors)capable of operating at 180
MHz, with high power beams.

Double demodulation at 9/180 MHz (AdvLIGO) or 36/180 MHz (40m).
Seno lter designand optimization.

An output mode cleanerwith cortrols.

Arm o®setlocking control.

DC demoadulation sensorand electronics.

4 Preparation of the 40m lab oratory

To support the prototyping of the AdvancedLIGO innovations at the 40m, we wish to make the
40m look as LIGO-lik e as possible,within the obvious constraints assaiated with the smaller arm
length, for seweral reasons:

2

Extrap olating the results of advancedoptical con guration R&D from the 40mto LIGO will
meet with minimal ditcult y and uncertainty.



2 The useof LIGO-engineeredand tested componerts (especially the sensorselectronics, moni-
toring and cortrols) minimizesthe needfor extensive re-engineering,and enhanceghe chances
that technical noisewill be under control.

2 Testing and staging of small modi cations to LIGO (such as improved cortrol systems)at
the 40m will be most relevant.

2 Physicist education and training on the 40m will be most relevant.

4.1 \LIGO-lik e" interferometer

The anticipated upgradesto make the 40m prototype IFO \LIGO-lik e" are listed below, along with
brief commerts to justify them and/or anticipate changes.
Systemsare in place as of fall 2001 include:

2 LIGO-lik e data acquisition system (DAQS) hardware, disk farm, software, displays.
2 LIGO-lik e EPICS-baseddetector control system software and displays.
2 LIGO-lik e EPICS-basedvacuum cortrol system software and displays.

2 LIGO-lik e ervironmental monitoring (PEM) hardware, electronics, and software (far fewer
PEM deviceswhould be neededat the 40m).

2 A LIGO-lik e 1064 nm pre-stabilized laser (PSL), at LIGO-lik e power levels of » 6 watts at
the recycling mirror.

In the next year (AY 2001-2002),it is expected that the control scdheme for Advanced LIGO
will be nalized, sothat the optical and cortrol designof the 40m prototype can also be nalized.

All suspensionsand suspendedoptics, sensingoptics and photoelectronics,and control electron-
ics will be assenbled during AY 2001-2002,ncluding:

2 A suspended mass mode cleaner, so that the optical con guration is as closeas possibleto
AdvancedLIGO (to explore interactions betweenthe mode cleanerand the DR IFO), and to
provide a stable beam for developing the advancedoptical con guration.

2 LIGO-lik e core optical elemerts (5 mirrors and one beam splitter), with the addition of a
sewernth (signal recycling) mirror.

2 |nitial LIGO-lik e (SOS and scaled-SOS)suspensionsand sensors,and digital cortrollers, for
ten suspendedoptics: three mode cleanermirrors (MCFM1, MCFM2, and MCCM), the BS,
PRM, and SRM, two ITMs and two ETMs.

2 LIGO-lik e length sensingand cortrol (LSC) photoelectronics, electronics, and software.

2 LIGO-lik e alignment sensingand cortrol (ASC) devices, electronics, and software. This
includes the optical lever arms and the WFS sensorsand cortrol electronics.



4.2

Lab oratory Infrastructure upgrade

By fall 2001, the Laboratory infrastructure upgrade is essetially complete. We limited ourseles
to modi cations that did not require a rebuild of the building or the vast majority of the vacuum
ervelope. Essettial elemens of this work include:

2

4.3

The dismartling of the old (recycling experiment) IFO, and the distribution of surplus equip-
ment to LIGO and LSC colleagues.

Enlargemen of the IFO hall to make room for optics tables and electronics racks (and for
a new 12m input mode cleanervacuum tube). This required the elimination of the old 40m
corntrol room; a new cortrol room was built in the north-west corner of the lab.

Major building rehabilitation: roof repaired, leaks sealed; new cortrol room and physicist
work/lab space;new entrance room/changing area; new paint and wall sealing; new smoke
alarms, kill switches,warning lights, etc.; rehab of cranes,safety equipmert, etc..

New electrical feeds(with power conditioners) to all electronicsracks. One isolation trans-
former / power conditioner for the PSL, another for all other electronics.

New EPICS-basedvacuum cortrol system,and new or refurbished vacuum equipmert (RGA,
ion pumps, gate valves, etc.). Details on this e®ortare in [6].

The installation of a (pre-existing) output optic chamber, the construction and installation of
a seismicstack for the output optic chamber, and the design, construction, installation and
commissioningof the vacuum envelope for a 12 meter input mode cleaner.

The developmert of more °exible, vacuum-compatible cablesfor the suspensioncortrols and
all other in vacuum electronic equipmert.

The seismic noise spectrum at the laboratory was measuredduring the daytime and the
evening, and the transfer functions of the existing 40m test masschamber seismicstadks were
measured. Details are in Ref. [7].

An active seismicisolation system (STACIS) was procured, installed, and commissionedon
all four test masschambers. Details on this e®ortare in [8].

New optical tables and custom support legsfor IFO sensingoutput beams.
New CDS electronicsracks and crates, and new 12" cable trays.
New computersand networking for IFO DAQS and EPICS monitoring and cortrol, have been

procured and set up [9].

Lab oratory hall rehab

The 40m laboratory building underwernt a major rehab, beginning July 2000. It was declared
complete in March, 2001, and we reverted to clean-room conditions shortly thereafter (we use
HEPA Tters, but problemsremain with the over-pressuring. The lab is e®ectiely a class 10,000
cleanroom).

Before the work began,the old interferometer was largely dismartled, and the vacuum ervelope
was protected from harm and dust by covering all optical port glasswith hard plastic covers, and
the whole vacuum envelope with plastic sheeting.

9



2

The old Argon-based PSL, all old electronics crates and racks, and all cables (except for
vacuum and RF) were removed.

The old PSL, much electronicsand greenoptics, were transferred to Drever's lab.
Someelectronicswere transferred to TNI lab.

The LIGO-protot ype DAQS movedto CDS lab (Wilson house)for DAQ developmen by Rolf
Bork.

All optical bendes (ISC, Oplevs) were disasserbled and stored.

Test massesand suspensionswere left in the vacuum chambers (deemedthe cleanestand
safestplace to store them). The recycling mirror wernt to Saulson'slab in Decenber 2000.
The East Vertex suspensionand controllers went to Fred Raab at Hanford, in July 2001. All
other green-coatedsilica optics went to Drever's Lab.

We of coursekeepall useful scopes, analyzers,lasers,oplev optics, SRS amps, etc.

The rehab was managedby Fred Asiri, and much of the construction work was performed by
Ray V. Anderson Compary (General Contractors) of Los Angeles.
The construction involved many steps:

2

2

Remove the \doghouse" on roof and patch temporarily.

Re-roof main IFO hall, and North and South Annexes. Caltech contracted Anderson Com-
pany to do this in January 2001. The roof held up against the winter rains well.

We need more spacefor CDS racks, ISC tables; etc.. So, the wall between the old cortrol
room and IFO hall was completely removed (leaving posts for supports).

The under-utilized North Annex becameour new oxce/w ork spaceand control room. The
north wall of the North Annex building was extended northward to become®ush with the
north wall of the main IFO hall. A time capsule[10]was buried under the new concreteslab,
on 7/31/00.

The south annexchanging areawall wasremoved, to enlargethat lab space,sincethe changing
areafor the south annex will now be sharedwith the 40m lab.

The exposedarea which had entrances to the 40m lab, north annex, and south annex, was
enclosed.It now servesasa commonertrance and changing areafor the 40m lab, 40m control
room, and south annex.

New electrical wiring wasrun in the new 40m cortrol room and main IFO hall. New isolation
transformers/ power conditioners (Topaz XXX) wereinstalled: one for the PSL and one for
all other CDS racks. Power lines were run from these transformers, through breaker panels,
through kill switches,to the CDS racks in the vertex and end stations.

New 12" cable trays were installed in the IFO main hall, for ISC and CDS.

New °oor tiles, cieling tiles, paint, wall sealing, window sealing, door sealing, etc.

The changesto the layout of the laboratory areillustrated in Fig. 1.
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Figure 1: lllustration of the modi cations madeto the layout of the 40m laboratory.

4.4 Seismic isolation stacks

The current seismicisolation stacks in the test masschamberson the 40mwere prototypesfor LIGO

HAM stadks [11, 12, 13, 14]. They are fully functional, providing e®ective passiwe isolation from

seismicnoiseabove 100Hz, using viton springs[7]. The LIGO | passiwe seismicisolation stadks use
damped-metal springswhich are somewhatsofter (but lesswell damped), provide e®ectiw isolation

above 40 Hz (but potentially worsetotal rms motion due to inadequately damped resonan peaks
belov 10 Hz). The active system proposedfor AdvancedLIGO is e®ective at 10 Hz or below.

We consideredrebuilding the 40m stacks with damped-metal springs (we even purchasedthe
springs). In the end, we decidedthat the improved noiseat high frequencieswas not worth the cost
of degradedtotal rms motion and its (uncertain) impact on the control system (lock acquisition).
This is documerted in [15].

To help reducethe rms motion of the mirrors asan aid to lock acquisition in the noiser seismic
ervironment of the 40m lab (as compared with the sites), we installed active seismic isolation
systemson all four test mass chambers. The devicesare commercial versions of the prototype
Barry Controls active isolators used in the PNI experiment at MIT [16]. These deviceswork
acceptably, and their performanceis documerted in Ref. [8].

45 Bake-out

The presenceof °uorocarbons in the 40m RGA suggeststhat the existing viton springs in the
passiwe seismic stacks are contaminating the vacuum. We initially planned to disassermle, and
bake and clean, the existing stadks. We planned to bake out the 40m beam tubes and pumps,
which would require raising the entire interferometer vacuum envelope in order to apply heat to
the bottoms of the chambers.
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However, the level of °uorocarbonsin the 40m RGA is not very high, and there is no evidence
that sud contaminants causeproblemswith IR laserlight [17].

After reviewing the pros and cons[15], we decidedthat a stadk rebuild and vacuum envelope
bakeout was of questionablevalue and required great e®ort and expense;it was abandoned.

All newly constructed elemeris of the vacuum envelope and in-vacuum IFO componerts will,
of course,be cleanedand baked in accordancewith standard LIGO procedures.

4.6 Vacuum system and controls

The vacuum envelope, instrumentation, and EPICS-basedcortrol systemfor the 40m IFO is com-
plete. As mentioned above, the new output optic chamber, 12m mode cleanertube and MCCM
chamber, and active seismicisolation, have been installed. As of Fall 2001, seweral large items
remain to be installed: two seismicstadks, cables,and all IFO componerts. All thesein-vacuum
componerts are or will be cleaned, baked, and RGA scannedprior to installation in the vacuum
envelope.

The vacuum envelope is instrumented with three molecular turb opumps, four ion pumps, and
one cryopump (as well as 4 roughing pumps). Pirani and cold cathode vacuum gaugesare dis-
tributed about all the vacuum lines, and in the main vacuum ervelope. Two RGAs are installed for
simultaneous use: a Dycor M200MC and an SRSRGA200. Seral calibrated leaks are available.

During normal IFO operation, only the one maglev turb opump and the four ion pumps would
be operating; the others create lots of mecanical noise and should not be necessary The total
pressureunder those conditions is below 10 © torr, dominated by atmospheric gases(in order of
partial pressures:H,0, N2, Oz, Ha, Ar, CO,, Ne). Hydrocarbons (from pump oil) with AMU's of
41,51, 55, 64, 67, 78, etc., are typically below 10 11 torr and are carefully monitored.

It is believed that such hydrocarbon levels do not present a hazard to the high-quality optics
in the presenceof the high IR laser powers. The total pressurecontributes little to the phasenoise
in the GW channel; seesection 13.

It is possiblethat the vacuum may degradedue to the presenceof equipmert yet to be installed.
It may also be necessaryto improve the vacuum in order to further reduce phasenoiseor contam-
ination of IFO componerts. If necessaryit is possibleto further improve the vacuum by installing
additional pumps and diagnostic equipmert.

The new EPICS-basedvacuum monitoring and control system works well and reliably, and is
easyto use. Seweral software interlocks badk up and complemer the required hardware interlocks.
Vacuum data are cortinuously loggedto disk in frames by the DAQS system. Secondtrands are
available on disk with a one month look-badk, and minute trends are available with a 150 day
look-badk (which will be archived).

4.7 New Output Optic Chamber

Two \side chambers" with seismicisolation (one-legmassesyiton springs, 4 stagesif you include
the top table) were built for the 40m Mark |l interferometer.

One hasbeenin usefor many yearsasthe \input optic chamber”, housingthe faraday isolator,
RF modulator, and mode matching telescore.

In the AdvancedLIGO prototype, RF modulators will be on the PSL table (in air). The input
optic chamber will housetwo of the three 12m suspended mass mode cleaner optics, the faraday
isolator, and a mode matching telescope.
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The second\output optic" chamber will house a small, monolithic output mode cleaner, as
described in section 5.3.8, and will provide paths for the input beam and for many output beams.

This output optic chamber (OOC) has beenpumped on for somemonths and is clean enough
to be installed in the 40m vacuum without baking [18].

The OOC wasinstalled and commissionedfor the rst time in July 2001,alongwith a new 29.5"
adjustable bellows spool piecethat connectsit to the input optic chamber (I0OC). A new seismic
isolation stack (almost identical to the input side chamber stadk, but with somesmall changesto
correct someerrors in the original design) was constructed and cleaned, and will be installed as
soon as in-vacuum cablesare available (late fall 2001).

4.8 Mo de cleaner

A long suspended-masamode cleanerwould deliver a laserbeamwith LIGO-lik e beamquality (low
frequency noise, low amplitude noise, low higher order mode HOM power, and low beam position
and pointing jitter); this presumably will make lock acquisition and IFO operation lessdixcult and
more LIGO-lik e, and increasethe chancesthat fundamertal noisesourcescan be exposed. (On the
other hand, previous experiments at the 40m have found that the noise°oor has not beenseento
be limited by frequency noise, pointing jitter or HOM losses).

The current 40mhasa xed mirror (514 nm light) mode cleanerin a 1m quartz tub e, suspended
from beampipe on springs. It is usedto further stabilize the PSL frequency

The current 40m con guration placesthe RF modulator pockels cell after the mode cleaner, so
that the mode cleaneris not required to passthe sidebands. This simpli es the requiremerts on
the mode cleaner considerably (LIGO needsa 12 meter MC to passthe sidebands). However, all
the noisegeneratedin the Pockels cell goesright into the IFO.

Further, the pockels cell is in vacuum; the heat load and inaccessibility has led to numerous
heat-related failures. If the pockels cell can be placed on the PSL table beforethe vacuum system
and mode cleaner,that will help alot; but it requiresa long mode cleanerto passthe RF sidebands.

For cortrol realism, we would like to have an input mode cleanerthat is as similar to what
is ervisioned for Advanced LIGO as possible. Current thought is that an AdvancedLIGO input
mode cleanercould look very similar to the Initial LIGO 12m mode cleaner;it might be increasedto
16.7min half-length in order to pass9 MHz RF sidebandsfor cortrol. As discussedin section5.3,
the 40m will operate with » 36 MHz sidebands,and a 12.7m mode cleaneris called for.

These considerationshave led to a decisionto construct a 12.7m suspended massinput mode
cleaner for the 40m. A triangular 12m suspended-massmode cleaner was designedfor the 40m
badk in 1995, was partially built but never installed, and was subsequetly disasserbled. We have
recovered three 4m long beam pipes,an end mirror chamber and seismicstadk, and supports.

We have designed, constructed, and installed the additional hardware required to assenble
the 12m input mode cleaner vacuum ervelope. The vacuum equipmernt was cleanedand baked,
and installed in the 40m vacuum envelope in the July of 2001. The erntire 40m vacuum envelope,
including the new output optic chamber, the 12m mode cleanerbeamtube, and the mode cleaner
curved mirror end chamber, was pumped down in early August; the vacuum pressurereaced pre-
installation levels shortly thereafter, with no indication (from RGA scans)of contamination. The
systemwas leak chedked successfully

The input mode cleaner designis described in section 11. The plan is to install the optical
componerts as soon asthe optics are ready, in winter 2002.
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4.9 In-vacuum Cables

The °at-ribb on 25-conductorkapton-insulated in-vacuum cableswere consideredfor usein the 40m.
Howewer, our seismicstacks are much smaller than LIGO's; thesecablesare rather sti®, and there
was someconcernthat they could mechanically short the seismicstadks, especially the small stack
in the mode cleaner curved mirror chamber. Further, there is very little room betweenthe stadks
and the chamber walls, making it very ditcult to run the cablesfrom the optical table down the
stadks to the vacuum feedthrough.

In addition, the CDS group would prefer twisted-pair cables,with a braided shielding around
a bundle of 12-twisted-pairs.

We therefore searted for a °exible, small diameter vacuum-compatible wire which could be
formed into 12 twisted-pairs with braided shielding. After some searding and prototyping, we
arrived at a satisfactory solution, using Cooner wire (as is used for the OSEM pigtails). Cooner
will twist the wires and braid the shielding to our specs(12 twisted pair, 5 tpi, of 65/46ga with
0.005" FEP jacket; braided shield of 24X7/38ga, copper, 90% coverage). These cablesare made of
materials that are vacuum approved for the LIGO sites (and, in fact, are in usethere).

We require approximately 35 sud cables, eat 8 feet long, to service 10 suspended optics (2
cables per optic), along with miscellaneouslow-voltage electronic devices (two pairs of steering
mirrors, mode-matching telescope, beam °ags, output mode cleaner PZT, an in-vacuum DC pho-
todetector, and spares).

In addition, we require cable clamps and assaiated hardware for routing the cablesdown the
stadks, and vacuum feedthroughs. All these parts will be in hand by Decenber of 2001. They will
be cleanedand baked. We plan to install the cablesin February 2002. At that time, we will also
install the new seismicstadks in the output optic chamber and the mode cleanerend chamber. At
that point, the vacuum envelope will be 100% complete.

4.10 Optical viewp orts

The 40m vacuum system contained many optical windows to permit the entrance and exit of the
main Argon laser beam, of the optical lever He:Ne beams,of cameraviewports, and visual access.
Thesewindows were specially coatedto minimize re°ection of the greenlaser light.

We are replacing all optical viewports on the 40m vacuum envelope with new, or newly coated,
windows. All viewports attach to 8" cf vacuum °anges. Thesefall into seeral categories:

2 New optical-quality (BK-7) windows, AR coated for 1064 nm. One for the input beam and
one for the (seweral) exit beamsin the vertex area. The coated windows are purchasedfrom
CascadeOptical. They should reduce re°ection to < 0.2% at normal incidence for 1064
light. These mount onto newly-designedviewport seal °anges which will hold the window
at a 2.5degreetilt, to minimize badkscatter into the IFO. These °anges are being built by
CES at Caltech. Mike Smith hasdonedetailed BRDF calculations of the backscattering, and
concludesthat 2.5degreeds suxcient, even for the ETM transmitted beams(which are the
worst case).

2 New optical-quality (BK-7) windows, AR coated for broad-band. They will be usedfor the
pick-o® beams,and for ETMx and ETMy beams. Thesewindows will also have optical lever
beams,which is why they will be AR coatedfor broad-band. The broad-band coating should
reducere’ection to < 0.75%for both 1064 and red He:Ne light.
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2 12 \camera"-quality optical viewports (7056 glass), welded onto °anges, already existed at
the 40m laboratory. They were AR-coated for 1064 by Cascadeoptical. Thesewill be used
for all the cameraviewports and other viewports for visual access.

4.11 Optical tables

We require high quality optical tables and table supports for the input beam (PSL) and all output
beams. We have re-usedthe 6'x10' Newport 2000 optical table that was usedfor the laserin the
Mark 11 40m experiments. All other tables are newly acquired, (TMC CleanTop Il 790 series),
and are supported by legsthat were specially designedand constructed to maximize stability and
minimize resonances.All tables will be permanertly installed by the end of October 2001.

The tables at the laboratory, their dimensions and locations, and the beamsthat they are
intended to sense,are as follows:

2 ETMX (2'x4', 4" thick, 32.75" high) (just east of eastend) - East arm transmitted, initial
pointing

2 ETMY (2'x4', 4" thick, 32.75" high) (just south of south end) - South arm transmitted

2 OPLEV (2'x4', 4" thick, 32.75" high) (just north of vertex) - optical leversfor vertex suspen-
sions

2 AP2 (3'x4', 12" thick, 32.75" high) (just westof vertex) - OMC transmitted, and beamoutput
mirrors

2 BSPO (3'x5', 12" thick, 31.25" high) (just south of vertex) - BS picko® beam

2 ITMXY (3'x5', 12" thick, 32.75" high) (just eastof vertex) - ITMX, ITMY picko®beams
2 AP1 (4'x6', 12" thick, 32.75" high) (south of PSL and SP&MC tables) -

2 SP&MC (5'x12', 24" thick, 32.75" high) (just south of PSL table)

2 PSL (5'x10', 12" thick, 25" high)

All beamsare nominally 36.75" from the °oor, exceptfor the oneson the PSL table.

All I1SC table tops are nominally 32.75" from the °oor, EXCEPT for the BSPO table, which
must t below the MC beamtube. The beam height is 4" from table top.

The PSL table top is 25" from °oor, and the beam height is 3" from table top. A periscope
will bring the beam from 25+3" to 36.75".

The vacuum chamber tables are nominally 31.25" from the °oor, and the beam height is 5.5"
from table top.

The locations of the vacuum chambers and tables in the vertex areaare shawn in Fig. 2.

4.12 Environmen tal Monitoring

It is presumel that a physical environment monitoring (PEM) system similar in design(but much
scaled badk in scope) will be sutcient for identifying and reducing the e®ectof environmental
disturbancesthat negatively impact the ability of the IFO to acquire or maintain lock, or nd their
way into the GW readout channel(s).

As of Fall 2001, the following deviceshave beeninstalled or will soon be installed in the DAQS
and/or EPICS systems:
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Figure 2: lllustration of the locations of the vacuum chambers and tables in the vertex area of the
40m laboratory.

Dust particle court at 1.0 and 0.5* m diameters, with a MetOne 227.

Inside and outside weather conditions (temperature, humidity, barometric pressure, rain,
wind speedand direction) using a Davis Instruments 7440 Deluxe Indoor/Outdo or Station
with WeatherLink.

Two three-axis accelerometergWilcoxon 731A).
A one-axis(vertical) seismometer(Kinemetrics Ranger SS-1).

Vacuum pressuresand RGA partial pressures.

Devicesthat we anticipate installing within the next 6 months:

2

2

Readout of the STACIS cortrollers.
microphones.

Magnetometer.

Power line monitor.

RF monitor.

We will require help from knowledgeableLIGO personnelfor choosing appropriate and econom-
ical solutions for thesedevices.
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4.13 Computing, networking, EPICS and VXW orks

Currently, the CDS group believesthat the architecture of the control, monitoring and data systems
usedin Initial LIGO (embedded VME processorsrunning VxWorks and EPICS, and re°ective
memory modules with b er links for the fast cortrol, DAQS, and monitoring networks) will be
adequatefor AdvancedLIGO aswell. Thus, the 40m lab will be out tted with a full complemen
of these cortrol devices.

The lab will have the infrastructure for maintaining all the embedded processorsrequired for
prototyping AdvLIGO, including b er links to the \end stations" 40 meters away.

Currently, the 40mlab hasa small number of embeddedVME processorsunning VxW orks and
EPICS, asat the sites. As of Fall 2001,we have a DAQS systemwith a b er-basedre®ective memory
network; three \IOCs" (I/O cortrollers) controlling the vacuum, PSL, and the PEM systems;an
\EDCU" (Electronic Data Collection Unit) for passingthe slow EPICS channelsinto the DAQS;
and a 64-channel\ADCU" (Analog Data Collection Unit) for the fast PSL and PEM signals.

We have a Sun Ultra 60 serving as a DAQS frame builder (fo40m). We will shortly have a
Sun Ultra 30 serving as a Frame Broadcaster (br40m), driving a dedicated \F rame Broadcasting"
network (100BT) connectedto a Sun Blade 100 workstation running DMT (dmt140m). We have
two Sun Blade 100 workstations (op140m, op240m)to sere as operator consoles.

We currently have a\martian” network (131.215.113.xxx)isolated from the Caltech net through
a gateway (rana). All the VME processors,Sun computers, and seweral PCs, are on this martian
network.

In order to archive our data (frame Tles), we require a fast b er link to the CACR archive.
Albert Lazzarini and Larry Wallace are arranging for this, and we hope to have it in place by
1Q02.

4.14 Data Acquisition System

The data acquisition system (DAQS) for Initial LIGO was prototyped at the 40m by Rolf Bork
and compary. It sernedthe 40m IFO until it wasremoved for upgrade in summer 2000.

In spring 2001,the hardware and software for the upgraded DAQS wasinstalled in the 40m lab,
including a Sun Ultra 60 framebuilder, a DAQS crate with a pentium VME processor,a 600 GB
RAID array, a 64-channel\ADCU" (Analog Data Collection Unit) for fast signals,and DataViewer
software.

Except for failures of the RAID array disks (which have beenreplaced), this system has been
in continuous and reliable usesince April 2001.

4.15 Online Data Monitoring tools

We are currently deweloping and installing a full complemert of online software, including site-
speci ¢ EPICS summary screens,Data Monitoring (DMT) software, DTT, LIGOT ools, etc..
Wedo not currently foreseethe needfor an LDAS installation at the 40mlab. This may change!

4.16 Safety

The entire 40m IFO hall is a Laser Hazard Area, governed by an approved Standard Operating
Procedure [19] adhering to the overall LIGO laser safely plan [20]. The 40m Laboratory Safety
Ozcers are Steve Vassand Dennis Ugolini.
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In addition to the Initial LIGO 10-watt laser,the laboratory will operate approximately 10 class
Illa He:Ne lasersoperating at 635nm (red) at lessthan 5 mW, usedas optical levers for sensing
the alignment of the suspendedoptics in the IFO.

There are three hazard conditions: Laser Safe (10 W laser interlock is o®, so that the laseris
not capable of being powered), Laser Hazard (laser interlock is on so that the laseris capable of
being powered), and Laser Hazard - Doors Open (laser interlock is on sothat the laseris capable
of being powered, and the PSL enclosuredoors are open). Proceduresfor safelytransiting between
states are outlined in [19].

During normal operations, all e®ortis made to keepthe PSL enclosuredoors closed;and when
open, special care is required for all peopleworking near the PSL enclosure. At the momert, the
enclosuredoors are not properly sensingtheir state (open/closed); this will be xed soon.

No one should energizeor work with or near the 40m IFO LIGO 10-W Laserunlessauthorized
to do so. All personsoperating the lasermust have completedlasersafely training and be registered
with the LIGO Laboratory asspeci ed in LIGO-M960001-B-P. All personsoperating the lasermust
befamiliar with all operating procedures,including emergencyserviceprocedures,emergencyphone
numbers, etc. The Responsible Laser Operator shall coordinate activities on or in the vicinity of
the laser optical table.

All entrancesto the Laser Hazard Area are clearly marked with placards and lighted warning
signs,and all personnelmust wear protectiv e lasergogglesoptical density of 5.0 or greater for 1064)
in that areawhen the Laser Hazard conditions apply. A supply of such gogglesare available at the
main entrance to the Laser Hazard Area. Laser kill switches (which causeautomatic transition to
the Laser Safecondition) are located in seweral placesaround the lab, near the PSL enclosure,and
at all entrances.

5 Design of optical con guration and control

The design of the 40m prototype IFO upgrade is basedon the \stra w-man" optical con guration
and control designoutlined at the August 2000 LSC meeting by Peter Fritschel and Ken Strain
[21], shawvn schematically in Fig. 3. Further detail can be found in the AdvancedLIGO technical
notes [5].

Considerablework must go in to understanding and optimizing this design, and that work is
only just beginning. Expect that the ideasand designspresened in this document will changein
responseto the ewolving plans for AdvancedLIGO.

However, the overall optical and cortrols designseemsrather robust. If no radical changesare
introduced, there is suzcient information to do a detailed designof a high- delit y 40m prototype.
This is described in the following sections.

5.1 Design constrain ts

Someof the constraints and considerationsthat guide our designare given below:

2 We want to determine the con guration for Advanced LIGO and the 40m simultaneously
(same modeling tools, such as matlab, twiddle, and e2e les) to make sure they are similar,
and that di®erencesare understood.

2 The optical con guration design (mirror re°ectances, etc.) are chosento be the sameas
current AdvancedLIGO Il design. This meansthat all cavity nessesare designedto be the
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Figure 3: Schematic of the cortrol topology of Advanced LIGO (and the 40m upgrade), showing
the pattern which laser light componerts (carrier, RF sidebands)resonar in the various optical
cavities, and the ports at which the cortrol signalsare sensed.

same. Sincethe 40m hasmuch shorter arms, the cavity storagetimes and frequencyresponses
will thus be very di®erent. For example, the arm cavity pole for a 4 km cavity with 0.5%
tramsitting ITMs is 15 Hz, while for 40 m arms it is at 1500 Hz. Any attempt to match
the arm cavity pole / storagetime will require exceedingly high nesse for the 40m arms,
making lock acquisition and control very dizcult. We judge that the prototype will achieve
higher delity to Advanced LIGO, from the cortrols perspective, by matching nesse, not
pole frequency

2 Becauseof the shorter arm length, the detuning of the signal recycling cavity (SRC) will be
di®eren: for AdvancedLIGO, the SRC will be detuned by 0.038/#2 (one-way phaseadvance)
in the direction of broadening the bandwidth beyond the arm cavity pole of 15 Hz out to
» 300Hz (RSE); for the 40m, we plan to detune the SRC by 0.23%%2 to bring the bandwidth
from the cavity pole of 1500 Hz out to 4000 Hz. The cortrol of the IFO has very little
dependenceon the detune phase;from the perspective of the IFO control, the direction and
amourt of detuning doesn't matter. Thus, a test of detuning at the 40m will be directly
relevant for AdvancedLIGO. As a purely practical matter, the larger tune phaseemployed
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at the 40m makesthe beam-splitter chamber somewhatlesscongested,and it puts the dip in
the sensitivity curve out to a high enoughfrequencythat it can be detected over the reduced
test massthermal noise.

2 Becauseof shorter vacuum ervelope, the choice of cavity lengths, RF frequencies,etc., will
be di®eren. We can make the control schemevery closeto that of AdvancedLIGO, and err
on the side of a somewhatlessrobust (diagonal) cortrol matrix.

2 The beamspot sizes,mirror ROCs, will of coursebe di®erert aswell, by a factor P 4000-400=
10. In the rst round of experiments, we will not attempt to blow up the beamssizesby using
a lessstable arm cavity (as is envisioned for Advanced LIGO). New core optics would be
required if we chooseto do this in the future.

2 The input mode cleanerwill be almost identical to Initial LIGO, which is similar to the input
mode cleanerervisioned for AdvancedLIGO.

2 We don't know what the output mode cleanerfor Advanced LIGO will look like; however,
we are designing a short monolithic output mode cleaner for the 40m (almost identical to
the PSL PMC), which could easily be usedin Advanced LIGO (if a rigid, short, OMC is
consistent with the design,and if a scheme can be dewveloped to suspend it).

5.2 Optical Con guration

5.2.1 Losses and Tetm

Mirror coating and substrate lossesdrive many aspects of the IFO optical design. Expectations
for these values with sapphire optics are still under study. For de niteness, we take middle-ish
expectations for the fused silica optics and coatings realized for Initial LIGO:

2 Absorption and scattering lossesin all optics: 37.5 ppm.

2 Absorption, scattering, picko®lossesin transmissive optics in the PRC (BS, ITM substrates)
add up to 1000 ppm.

2 ETM transmissivity of Tetm = 10 ppm to let somelight out for monitoring and lock acqui-
sition. This lossis included in the 37.5 ppm lossassumedabove.

522 Titm

The optimization of the dual-recycled AdvancedLIGO for binary inspirals was performed by Ken
Strain [21], using the BENCH padkage [22]. He concludedthat for both sappire and fused silica
test masses high(er) nesse arms are desired: Tyt = 0:005, leadingto nesse= 1231;G4m =
770;f armpole = 15 Hz (LIGO), 1591Hz (40 m). (Initial LIGO hasT,;tm = 0:03).

523 Tprm and Tsgrm

We choosethe transmissivity of the power recycling mirror Tpry to let 1% of carrier light power be
re°ected at the symmetric port. With the lossassumptionsgiven above, this givesTprm = 0:086;
PRC nesse= 38; Gprc = 14 (dependson losses!). These numberswill be the samefor Advanced
LIGO and the 40m.
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The peak detuned responseof the signal recycling cavity (SRC) for AdvancedLIGO was opti-
mized by Ken Strain, as noted above. A near-optimal responsewas obtained with a peak detune
frequencyof' 330Hz and signal recycling mirror transmittance Tsgrm = 0:05. We choosethe same
Tsrm for 40m asfor AdvancedLIGO, soasto obtain the sameSRC nesse.

We cannot hope to achieve the samepeak frequency due to the much shorter arms of the 40m;
we aim for a peakfrequencyof' 4000Hz. This may changeasthe AdvancedLIGO designis further
optimized.

5.3 RF sidebands, cavity lengths and control scheme.

An earlier version of this discussionof the 40m optical con guration, appropriate for a broadband
RSE con guration, is in Ref. [23].

There will betwo pairs of phase-malulated sidebands,placedon the main beamjust downstream
of the PSL, in air, using two fast- and high-powered Pockels cellsin series. Sincetheseare in series,
the secondPockels cell will place sidebandson the rst pair of sidebands,producing four desired
sidebandsat (§f1, §f,) and four \parasitic" sidebandsat (§f1 8§ f2) (plus higher orders).

The goalis to measureand cortrol the arm degreesof freedom(L+ and L; ) using beatsbetween
the carrier and one of the two pairs of sidebands,and the power- and signal-recycledMichelson
degreesof freedom (|, I; , and |s) using beats betweenthe pairs of sidebands. No carrier light is
usedto sensethese\short" degreesof freedom,sothat their signalsare not swamped by the large
signalsfrom the high- nesselong arms.

The Michelsonasymmetry is set to be a bright port for the higher of the two RF sidebands
(f2). The lower RF sideband(f;) should be aslow as possible,sothat f, \sees" the signal mirror
while f1 doesnot, providing maximal separation betweenl, and Is.

Becausethe 40m cannot accomalate a large power recycling cavity (PRC) (it is limited by the
vacuum ervelope to be on the order of 2 meters), we will seethat the 40m cannot make use of
valuesfor f1 aslow asthat proposedfor AdvancedLIGO (9 MHz); thus, the ratio f1=f, will be
larger at the 40m than at LIGO and the separation betweenl, and Is will be worse. If we can
make this work at the 40m, it will only be easierat LIGO (I think).

Both pairs of sidebandswill be placed on the beam before the input mode cleaner. The mode
cleaner must passboth pairs of sidebands,so their frequenciesmust be chosento be multiples of
the FSR of the mode cleaner.

The \detuning" of the signal recycling cavity (SRC, discussedbelow) results in an imbalance
betweenthe two sidebandsin a phase-malulated pair. (In Initial LIGO, the RF sidebandshave a
balancedresponsein the IFO). The upper and lower sidebandswill experiencedi®erert buildup in
the PRC and SRC, and di®ereri re°ectivities and transmittances through the IFO. This imbalancing
has both positive and negative consequencesbut the cortrol scheme discussedbelow is far less
robust with balanced sidebands (as in broadband RSE or signal recycling). Fortunately, it is
anticipated that AdvancedLIGO will always operate with a detuned signal recycling cavity.

5.3.1 Mo de cleaner

The input mode cleanerwill have a half-length of Ly ¢ = 13542 m, determined by the length of
the 8" diameter and 12 m long MC pipe, and the positions of the suspensionsin the chambers on
either end of the pipe. Then, FSRyc = ¢c=2Lyc = 11:069 MHz. For a triangular mode cleaner,
it's the half-length, and not the total length, which determinesthe FSR (for a linear Fabry-Perot
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cavity, the round-trip length is twice the total length; for a triangular Fabry-Perot, the total round
trip length is twice the half length).

5.3.2 Sideband 1, and Power recycling cavity

The f 1 sidebandsmust resonatein the MC, sothey must be an integral multiple of the free spectral
range of the mode cleanerF SRy ¢ = ¢c=2Lyc: f1 = N FSRy ¢, wheren; is someinteger.

In addition, they must resonatein the PRC. Recall that the carrier seesan overcoupled arm
re°ectivit y whosesign is opposite to that of the sidebands. Thus, if the carrier is resonarn in the
PRC, the sidebandsmust experience an additional phase shift of (2n, + 1)¥4 where n, is some
integer. Thus, we require f; = (2n, + 1)c(4LpRrc). The length of the PRC can be made as short
as2 m or aslong as2.5m or maybe evenlonger. Wewant f 1 to be assmall aspossible(seeabove),
sowe choosen; = 0 and thusf1 = cH4LpRrc). The smallest multiple of FSRy ¢ that can satisfy
this isny = 3,and f; = 3FSRy ¢ = 33207 MHz, with Lprc = cH4f,) = 2:257m.

5.3.3 Armms

The f1 sidebandsshould not be resonant in the arm cavities. They should avoid exact anti-
resonance becausethen their even harmonicswill be resonart in the arms. The arm cavity nesse
is so high that even a slight departure from exact resonancewill lead to very little sideband light
in the arms (as desired). Howewer, separation of the length degreesof freedomis best when the f ;
and f, sidebandsare both pretty closeto anti-resonance, so that negligible sideband light enters
the arm cavities. Thus, we require L m = (N3 + 1=2)c<2f ;) with n3 closeto an integer (but not
exactly an integer, so that even harmonicswill not be resonarn in the arms). With L = 3855
m, we get nz = 8:04.

5.3.4 Sideband 2

Now we want the secondpair of sidebands(f ;) to be as high as possible,and resonart in the MC
and in the PRC; soit should be an multiple of f1: fo = nsf1 = n4sniFSRyc. We can choose
ni= 3andng = 5, sothat fo, = 5f1 = 15F SRy ¢ = 166033 MHz. We will needto demadulate at
f1+ fo = 200 MHz, which is closeto the 180+ 9 MHz chosenfor Advanced LIGO. It's about as
high as one daresto go using presert photodetector, mixer, and RF distribution technology.

As we will seebelow, the mixer will needto demadulate at f, 8 f4; at AdvancedLIGO, this is
180+9 = 189 MHz; but at the 40m, this is 200 MHz. Too high? Actually, the current schemecalls
for double-demdulation; instead of demodulating at f,+ f; andat f»j f1, onecandemadulate at
f,, and then feedthe output to a mixer demadulating at f 1; this accomplishesthe samething. So
we'll only needto demodulate at 165 MHz at the 40m.

5.3.5 Mic helson asymmetry

Now we choosethe Michelsonasymmetry to make the asymmetric port of the BS \brigh t* for the
f, sidebands, so that the f, sidebands\see" the signal recycling mirror. We need a Michelson
asymmetry of &l = cx4f,) = 0:451 m, or Michelsonarm lengths that di®er by § 0:251 m. This is
relatively easyto arrangein the 40m vacuum envelope.

Of course, someof the f; sidebandswill also go out the asymmetric port of the BS. Because
f1=f>» must be larger at the 40m than at LIGO, more f; sidebandwill go out the asymmetric port,
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degrading the separation betweenthe sensingof the |, and |5 degreesof freedom. The fraction of
f1 sideband power exiting the asymmetric port of the BS is small but non-zero (about 10%).

5.3.6 Signal recycling cavity

Finally, we must determine the length of the signal recycling cavity (SRC). If we put the signal
recycling mirror in the samechamber asthe BS and PRM, then we want the SRC to be roughly
the samelength asthe PRC. If we put the SRM in the output optic chamber, then L sgc must be
between 0.8 and 1.5 meters longer than Lprc. We want the f, sidebandsto be resonar in the
SRC.

Howewer, the carrier light will be detuned in the SRC; not resonan. The carrier detune in the
SRC is chosento give a peakin the transfer function at somefrequencyf i = ! (k=2% The detune
frequencyis given by [24]:

Y : . Ya
do, = 1 tani 1 (@i Litm i Ritm)sin(! pkéarm) i Lsrc
Ya Nnivm=retm I+ @i Litm)Rerm)i (Li Litm + Ritm)cos( pkéarm) Larm

! pk éar m

wherethe L's are power losses,R's are power re°ectivities, and r's are amplitude re°ectivities.
The arm cavity round-trip travel time is ¢arm = 2Larm=C

We choosea peak frequency well above the arm cavity pole of 1591Hz, at 4000Hz. This gives
a carrier detune in the SRC of d°s = 0:235, or a one-way carrier phase shift of dAs = 0:235/#2
radians.

We can then make the f, sidebandsresonan in the SRC, if Lsgrc = (ns+ d°)(c=2f,) i Lprc
where ns is an integer. Choosingns = 5 givesLsrc = 2:151m, or 10 cm shorter than Lprc. This
can be accomalated in the BS chamber.

5.3.7 Summary of lengths and frequencies

All thesecavity lengths are optical path lengths; physical distanceswill be a bit smaller due to light
travelling through glass.

Parasitic frequenciesexist at §f, 8§ f; = § 1328 MHz and § 1992 MHz. THE LSC AIC group
believe that theseare not a problem; their e®ecton the signal extraction is under study.

Table 1 summarizesall the frequenciesand lengths. They satisfy the following resonart condi-
tions: c

Lmc = 1o ny=3;
C .

Lprc = (N2 + 1=2)2f1,

n, = 0;
c
Larm = (N3 + l=2)m; ns = 8:05:
f2 = n4fy; Ng = 5;

c
Lsrc = (N5 i d°s=2)2f—2i Lprc; ns=5 d°=0:235
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Table 1. Parameters for seweral LIGO interferometers: the 40m in 1998 (recycling experimernt),
the Initial LIGO 4K interferometers, the 40m in 2002 (dual recycling for Advanced LIGO), and
AdvancedLIGO 4K. All lengths are optical path lengths. Physical path lengths are shorter due to
extra path through optics. The Advanced LIGO numbers are not at all oxcial; they're just our
strawman designto complemern the 40m design. All theseoptical parametersneedto be carefully
reviewed!

Parameter 40m (1998) | LIGO 4K | 40m(2002) | Adv LIGO units
Carrier | 514.5 1064. 1064. 1064. nm
Transmissivity T(ETM) 1.2E-5 1.5E-5 1.0E-5 1.0E-5
Transmissivity T(ITM) 0.00565| 0.02995 0.005 0.005
Transmissivity T(RM) 0.1375 0.0244 0.07 0.07

Mode cleanerlength 1.0 12.255 13.542 16.655 m
FSRm ¢ 150. 12.23 11.07 9.00 MHz
RF freqlfq = nyf Srmc 32.7 24.46 33.207 9.00 MHz
Arm Cavity Larm 38.25 3999. 38.55 3999. m
PR Cavity Lprc 2.294 9.191 2.257 8.328 m
PRM{BS length 0.25 4.396 0.30 4.000 m
BS{ITMinline length 2.315 4.877 2.183 4.536 m
BS{ITMp erpin length 1.773 4.599 1.731 4.119 m
Schnupp Asymmetry length 0.542 0.278 0.451 0.416 m
Arm cavity pole freq 1814 91 1578 15 Hz
Arm Cavity Finesse 1080 205 1235 1235

Rec Cavity Finesse 24 138 47 47

Arm Cavity power gain 670 130 775 775

Rec Cavity power gain 9 48 16.5 16.5

mirror diameter 10.16 25.0 12.5 314 cm
mirror length 8.89 10.0 5.0 13.0 cm
mirror mass 1.58 10.8 1.35 40.0 kg
PRM ROC °at 8700 348 8700 m
ITM ROC °at 14540 °at 14540 m
ETM ROC 61 7400 57.375 7400 m
ni - 3 3 1

Ny 0 1 0 0

N3 7.84 652.13 8.05 239.61

Ng 0 0

Ns 5 21

RF freq2f, = nafy 166.033 180.0 MHz
SR Cavity Lsrc 2.151 9.148 m
SRM{BS length 0.200 3.821 m
RSE peak frequency 4000 300 Hz
Signal Cavity tune 0.235 0.038 | rad/( ¥&2)
SRM ROC 365 9000 m
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5.3.8 DC detection

Finally, in order to implement DC detection of the GW signal, we needto let a little bit of carrier
light out the dark port. This canbe doneeither by slightly o®settingthe arms from exact resonance
(in opposite directions in the two arms), or by o®setting the Michelson asymmetry. The former
is better, sincethe light so leaked has been Ttered by the arms and thus is far lessnoisy. Arm
o®setsat the level of § 5£ 101 12 m, a small fraction of the cavity linewidth, will let a bit of carrier
light out the dark port (1.3 mW for an input power of 1 watt). This haslittle e®ecton the "elds
anywhere else. No other changesare required to the optical con guration or cortrols. There is only
small e®ecton the length control matrix.

The light exiting the dark port then consistsof arm- Ttered carrier light, possibly GW sidebands,
aswell aslots of RF sidebandlight (mostly ) and \junk” light in higher order modes(HOM) due
to misalignmerts, imperfect Michelson cortrast, etc..

This light can be usedto control seweral length and angular degreesof freedom, including the
arm di®erertial mode (L; , the GW signal) and the Michelsonlength (I; ), by beating the carrier
against the RF sidebandsor the sidebandsagainst eat other.

The current plan for AdvancedLIGO is to read out the GW signal via another path, in which
the carrier is beat against the (audio) GW sidebands (homodyne or DC detection). A small,
monolithic output mode cleaner (OMC) with cavity pole well below f; Tters out all the HOM
(non-TEM (o) and RF sidebandlight, thus dramatically reducing the shot noiseat the photodiode.
Only the Ttered carrier light and GW sidebandsmake it through, and the (audio) beats between
them on a DC photodiode are proportional to the GW sideband amplitude, and thusto h.

For example, the output mode cleanercan look just like the pre mode cleaner (PMC) of the
existing Initial LIGO PSL [25]. The deviceis a fused silica spacer (approximately 8" by 2" by
2") on which are glued three PZT-actuated mirrors forming a ring cavity. The re°ectivity of the
mirrors is chosento achieve a pole frequency of 2 MHz.

6 Mo deling

To obtain con dencein the designof the optical con guration and control scheme, we make use of
a variety of simulations and models. Theseinclude:

2 Twiddle [26] is usedto verify the optical parameters,cavity lengths, RF sidebandfrequencies
and resonanceconditions described above for carrier and all sidebands, determine the DC
“elds at all points, predict the DC responseat the photodetectorsto all length changes(and
thus the LSC cortrol matrix), and predict the shape of the GW responsefunction. Advanced
LIGO and 40m con gurations were developed simultaneously, following parallel paths.

2 ModalModel [27] is a Mathematica program that is usedto propagate mirror misalignmerts
through to output ports, in order to designa wavefront sensingalignment sensingand cortrol
matrix.

2 E2E [28]is usedto further verify everything that Twiddle predicts, but in the presenceof
semi-realisticnoiseand dynamics. In particular, the degradation of the LSC control matrix in
the presenceof noisecan be studied. Then, the model can be usedto simulate lock acquisition
dynamics, for developmert of lock acquisition software (as has been pursued by Matt Evans
for Initial LIGO [29]).
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2 FFT [30]is usedto study the degradation of the DC responseof the IFO in the presence
of optical imperfections and misalignmerts, in order to establish tolerance speci cations for
optics polishing and coating, and alignment control.

2 Mechanics and local damping control of suspensionsfor 5" test massesare modeled using
Simulink [31].

2 Various Matlab modelsare usedto predict fundamenrtal noisesource§ BENCE22]and noise 40m.m
[32]), propagatelasernoise(rsenoise.m [32,33]), calculate mirror radii of curvature and gaus-
sian beam optics (propagate.m), predict properties of the 12m mode cleaner (mctrans.m ),
predict properties of the seismicstadks (stacks.m, trstacis.m ), etc..

2 Thermal lensing e®ectscan be modeled using Melody [34]. Sincesud e®ectsare estimated to
be negligible (seesection 8), this e®ortis not high priority (although it would be interesting
to pursue).

Theseare discussedin the following sections.

6.1 Twiddle Mo del

A Twiddle [26] model hasbeenusedto verify the resonanceconditions described above (Table 2),
determine the DC "elds at all points (Table 3), predict the DC responseat the photodetectorsto
all length changes(and thus the LSC cortrol matrix) (Table 4), and predict the shape of the GW
responsefunction (Fig 4). Preliminary work was reported in [35], which is supercededby the work
preseried here.

Becauseof the signal cavity detuning, the sideband elds everywherein the IFO are asymmetric

(di®erert power for +f 1 siebandthan for i f1, and similarly for §f,). Only one sidebandin a pair
is useful for length sensing. The consequeh lossin length sensingsensitivity is compensatedfor by
the increasedsensitivity in the shot noisedip region. And, it hasno e®ecton the GW DC readout
sensitivity.

In thesetables and gures, there is no arm DC o®set,sono carrier light leaksout the dark port

for DC detection. The addition of a small, balancedarm DC o®setmakeslittle changeto anything
exceptthe amourt of carrier light exiting the dark port.

Thesenumbersare NOT nal! Seweral things have not yet beenoptimized:

2 There's sideband light in the arms, becausethe sidebandsare not near antiresonance. We
needto nd out how much we can push the ratio L arm =Lm ¢ towards the nearestresonart
condition, given the vacuum envelope. This will improve the LSC matrix diagonality.

2 Nominally, we have speci ed the picko®re’ectivities to be the sameasin Initial LIGO: the
AR-coating of the two ITMs and the BS have a re°ectivit y of 600 ppm.

2 We needto optimize the modulation depths, the picko®re°ectivity, and (what else?XXX).

2 Wemay want to optimize Tsrm , andevenTpry (but rememnber, we are not trying to optimize
our responseto binary inspirals; we're trying to maximize our delit y to AdvancedLIGO).

2 We can changethe tune of the SRC, and thusthe position of the peakin sensitivity. Howewer,
this would require a change in the macroscopicposition of the SRM, so that the optical
layout drawings would all have to be redone (which is not trivial becausethis is an extremely
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Table 2: Various quartities characterizing the DC responseof the 40m optics, (no arm o®set).

T(TM) 0.005
T(RM) 0.070
T(SM) 0.070
SRC carrier roundtrip tune 0.235/4
Arm cavity pole frequency (Hz) 1578
Arm cavity carrier nesse 1235
PRC carrier nesse 47
Arm cavity carrier power gain 775
PRC carrier power gain 16.5
Sym Port carrier power re°ectivity | 0.006

Table 3: DC power in the 40m cavities (no arm o®set) per one watt of input power. The signal
cavity detuning producesan asymmetric responsefor the sidebandpairs, thus, e®ectiely, only one
sidebandis usedfor generating error signals.

2

frequency i T2 i f1  carrier fq fo
Modulation depth 0.1 0.1 0.1 0.1
Input from Laser 0.00249 0.00249 0.99003 0.00249 0.00249
Re°ected (SP) 0.00249 0.00210 0.00620 0.00205 0.00003
Asym port (AP) 0.00000 0.00020 0.00000 0.00021 0.00233
PR Cavity 0.00010 0.08929 16.3827 0.10566 0.03334
SR Cavity 0.00010 0.00264 0.00000 0.00279 0.03095
Arm Cavity 0.00000 0.00005 6338.8 0.00007 0.00004

congestedbit of real-estate, with three suspended optics within 30 cm of ead other). In
principle, the ROC of the SRM would have to change; but any small change would be well
within tolerances.

We must remenber that the AdvLIGO optical con guration and cortrol schemeis still not
“nalized, and is subject to change.

Things to note in Table 3:

2

2

2

Input is 1 watt of laser power. modulation depth not optimized.
All the carrier power everywhere agreeswith naive analytic formulas.
All carrier and sideband powers agreewith E2E model! Seebelow.

No DC o®set. When added, everything changesa little; and, of course,a little carrier light
goesout the AP.

Note the asymmetry betweenj f, and +f 1, and samefor f,. This is an imbalancedIFO.

Note signi cant +f, in SR and PR cavity. Little f; in SRC. This allows one to distinguish
¢ Lprc signalsfrom ¢ Lsrc.
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Table 4: Length sensingsignals. - meansdouble demodulation.

Signal L+ L; l+ I Is
SP, 1 15.2 0.000 -0.062 0.064 -0.001
AP, f; 0 1.69 0 0.002 0
SP, fj f1 | -0.0003 0.0001 0.214 0.029  0.039
AP, fo- 1 0 0 0.0025 -0.0034 -0.0004
PO, f,j f1 | 0.005 -0.004 1.000 -0.277 -2.980

Table5: Length sensingsignalsfor AdvancedLIGO. - meansdouble demadulation. Thesenumbers
agree, up to an overall constart, with the table Peter Fritc hel shoved at the August 2000 LSC
meeting (LIGO-G000225).

2

2

Signal L+ L; L+ l; ls
SP, f, 1890 0.00 -194 0.11 0.00
AP, f> 0 -1500 0 -1.88 0

SP,f2j f1 | -0.11 -0.01 195 -0.11 8.66
AP, f,- f1 | 0.000 0.001 -0.031 0.242 0.005
PO, f,j f1| -042 -001 884 581 245

Only +f, usedfor cortrol of arm cavities.

Little (but non-zero) RF sidebandlight in arms.

Things to note in Table 5 and Fig. 4:

2

Nomenclature is in °ux for AdvancedLIGO. L. is alsoknown as Arm Common Mode; L,

is also known as Arm Di®erertial Mode; I is also known as power recycling cavity length
Lprc; |; is also known as di®erertial Michelsonlength ¢ Ly ; |s is also known as signal
recycling cavity length Lsgc or signal extraction cavity length Lsec.

The LSC control matrix, now 5£ 5 instead of 4 £ 4, is much more diagonal than in Initial
LIGO, dueto the presenceof two pairs of RF sidebandsto work with.

Nonetheless,there is no signal in which the I, (di®erertial Michelson) degreeof freedom
dominates.

The |+ and|; signalsare not very robust, but neither are they at Initial LIGO.
Thesenumbers vary as one varies arm length, unmatched arms, imperfections, losses,etc..

The picko® (PO) signal must be multiplied by the PO power re°ectance (600 ppm nominal).
Is the signal big enoughto be signi cantly above PD noise? Can make it bigger, with some
sacri ce in PRC gain and thus GW shot noiseresponse;maybe that's appropriate here. Ditto,

for modulation depth.

Double demadulation is dixcult; it is hard to determine the demodulation phasesexperimen-
tally.
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Figure 4: GW (L; ) responsefor 40m parameters, as predicted by Twiddle. The choice of signal
cavity roundtrip detune of 0.5Y4 produces a peak in the response, and a dip in the shot noise
sensitivity, at around 1500 Hz.

2 |n Fig. 4, we seethat seweral error signals have more than one zero-crossingof the cortrol
signal; that DOF can achieve lock at the wrong point. IFO experiencetells usthat evenwhen
this is so, the IFO can eventually achieve lock in the right place. locking at the wrong point
in one DOF is often unstable when other DOF's acquire lock.

2 O®set-laking the arms di®erertially lets somearm- Ttered carrier light out the dark port.
This has no e®ecton the sensitivity of the auxiliary length degreesof freedom, since they
demadulate at f1 8§ f,, ie, they don't usethe carrier. The e®ecton the L. sensingis small
and inconsequetial. The e®ecton L; is to improve the sensitivity by a factor 2.

2 It's time for a full lock acquisition study, with E2E. This takessometime. Meanwhile, there's
somecon dencethat this is a workable scheme.

2 Thanks to Jim Mason for all his help!

6.2 Mo dalMo del Mo deling

ModalModel [27] is a Mathematica program that is usedto propagatemirror misalignmerts through
to output ports, in order to designa wavefront sensingalignment control matrix.

See[36] for a preliminary study of the wavefront sensingat Advanced LIGO and the 40m,
including the use of ModalModel to generatea alignment wavefront sensingand control matrix.

One conclusion from that study is that the presenceof two pairs of RF sidebandsmake it
unneccessarnyto have an additional re°ected sideband, asis usedfor Initial LIGO.

That study made use of a control schemethat was somewhat di®erert from the scheme that
emergedin August, 2000. Updating those results using the currently ernvisioned control schemeis
a high priorit y item.
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Figure 5. Predictions from Twiddle for error signal for ead degreeof freedom. Top row: Arm
di®ererial mode, at asym port, f,. 2nd row: Arm common mode, at symm port, f1. 3rd row:
PRC length, at symm port, f»j f;. 4th row: SRC length, at PO port, foj f1. 5th row: Michelson
I, , at asymport, fo- f1. In ead case,the g on the right is a zoom-in of the gure on the left,

and the x-axis is the mirror motion in units of ,=2Y%
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Farsd

Figure 6: Someof the E2E \b oxes" usedto model the 40m dual-recycled interferometer.

6.3 End-T o-End Mo deling

E2E [28]is usedto further verify everything that Twiddle predicts, but in the presenceof semi-
realistic noise and dynamics. In particular, the degradation of the LSC cortrol matrix in the
presenceof noise can be studied. Then, the model can be usedto simulate lock acquisition, for
developmert of lock acquisition software (as hasbeenpursuedby Matt Evansfor Initial LIGO [29].

We modi ed the Han2K padkageof E2E \b oxes" to producea dual-recycledinterferometer, with
7 core optics (seeFig. 6). E2E doesnot yet have a dual-recycled summation cavity, so we simply
used primitiv e propagators, and added the signal mirror. Developing a dual-recycled summation
cavity is an important task for the future.

E2E runs with a time-step that is roughly the one-way light travel time through the shortest
propagator that has HAVEDELAY= true . In our case,that is the distance between the signal
recycling mirror and the summation cavity (around 0.2 m). On the other hand, in order for elds
to build up to full strength in the arm cavities, the simulation must be run for a time corresponding
to the round-trip light travel time through the arms, times the nesse,times another factor of 100{
1000 (why this factor needsto be so large is not understood). Thus, even for perfect alignmert
and mirror positions, and in the absenceof noise, one needsto run the simulation for 10°; 1C?
time stepsto build the "elds up to their full strength. To get around this practical problem, for
now, we have beenrunning with HAVEDELAY= false for all the short propagators. This allows
us to study the DC elds everywherein the interferometer, as well as the responseof output port
signalsto slow mirror sweeps. Of course,the dynamics of lock acquisition will not be realistically
reproducedif delays are turned o®in the propagators.

We have veri ed that the DC elds everywherein the interferometer, as predicted by E2E in
the absenceof noise, agree with the predictions from Twiddle and from analytical formulas, to
excellert precision. This hasbeentested (a) for the untuned broadband RSE con guration; (b) for
the tuned con guration; (c) with o®set-laked arms for DC demadulation of the GW signal.

All this is in the absenceof noiseand global LSC cortrol. The plan for the near term is:

2 Turn on the seismicnoise,and watch the IFO slowly fall out of lock.
2 Then sweepmirrors, measure5£ 5 linear control matrix, comparewith Twiddle.

2 Then implement a global LSC cortrol loop (as a simple 5£ 5 linear control matrix), turn the
noise badk on, and watch the IFO stay in lock.

2 Only THEN can we explore lock acquisition with a suitably generalizedversion of Matt's
guided lock code.
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This last stepis a dixcult, long-term project.

6.4 FFT Mo deling

FFT [30] is a FORTRAN program usedto study the degradation of the DC responseof the IFO
in the presenceof optical imperfections and misalignmerts, in order to establish tolerance speci -
cations for optics polishing and coating, and alignment cortrol.

Despite its misleading name, it is not a program to take FFT's; rather, it usesthe NAL FFT
program (and has recerily beenconverted to use FFTW) to take 2-D Fourier transforms of the
transversepro le of the beam everywhere in the interferometer in order to propagate the beams
from optical elemen to optical elemen. The optical elemens are modeled as 2-D spatial maps,
which can represent imperfect or misaligned optics. Imperfections can be low-spatial-frequency
distortions (astigmatisms, Zernicke distortions, tilts, etc.) mid-spatial-frequency surfaceroughness,
or transmission imperfections. High-spatial-frequency micro-roughness,which generateslow-angle
scatters, are not simulated.

With these\realistic" maps, the elds are relaxed to a stable DC value. The amount of non-
TEM oo componert to the beamis calculated, as well asthe contrast defectand the level of \junk"
light at the asymmetric port photodiode. This allows oneto determine the DC strain sensitivity of
the instrument. Turning it around, one canrequire limited degradation of the DC strain sensitivity,
and thus obtain speci cations for the level of tolerable misalignmert, optical surface gure, and
surfaceroughness(measuredin fractions of a wavelength, e.g., , /1200).

Quartities which can be calculated with FFT in the presenceof imperfect or misaligned optics
include.

2 FFT-optimized recycling mirror Re°ectivity;

2 FFT-optimized Scnupp asymmetry;

2 FFT-optimized modulation depth;

2 FFT-optimized mirror curvatures (due to Schnupp asymmetry);
2 FFT-predicted arm gain and PRC gain;

2 FFT-predicted carrier and SB power at APD;

2 FFT-predicted cortrast defect;

2 FFT-predicted hgnet(0).

Table 6 represerts the beginnings of a table which can be °eshed out in order to establish
speci cations for optical quality of AdvancedLIGO and the 40m.

This work is being pursued, for the 40m and for Advanced LIGO, by the CSUDH group [37]
(as speci ed in their MOU to the LIGO Lab).
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Table 6: The beginningsof a table which can be °eshed out in order to establish speci cations for
optical quality of AdvancedLIGO and the 40m.

RMS deformation 0 ,/1800 ,/1200 ,/ 800 ,/ 400
RMS deformation (nm) 0 0.59 0.89 1.33 2.66
Rrm (%) 68.4
Opt. Asymm (cm) 45.5
Mod Depth Gamma 0.36
Gypr ¢, Carr, TEMOO 8.9
Garm, Carr, TEMOO 2600
Gap p, Carr, TEMOO 5e-3
Gap b, Carr, Total 6e-3
1-C 1.6e-3
Gpr ¢, SB, TEMOO 7.2
Gar b, SB, TEMOO 0.95
Gap D, SB, Total 0.95
Rref , Total 0.015
fpole (HZ) 2022
hsn (0) (1e-22) 1.8
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7 Suspended optical comp onents

The 40m prototype upgradewill (initially) contain three suspendedoptics for the 12mmode cleaner,
and 7 core optics (PRM, SRM, BS, two ITMs, and two ETMSs).

We may needto develop a suspendedmonolithic output mode cleaner. Other in-vacuum optics,
including the mode matching telescope and steering mirrors (which are suspendedin LIGO 1) will
be xed on the optical tables at the 40m. This is primarily due to lack of in-vacuum real estate for
suspensions. We can get away with it becausethere is low priority for \heroic" e®ortsto reduce
noise from these sourcesin the GW signal.

With the optical con guration to bepdescribed below, the beam is everywhere (from the 12m
mode cleaneron) on the order of wg » = L gm=%>» 4.0 mm in transversedimension (amplitude
1=eradius). Sincethe arms will be half-symmetriﬁ with °at ITMs, it's actually wo » 3:1 mm.
This correspondsto a power 1=e diameter of ro = = 2wp » 4:4 mm, and power 1ppm diameter of
dippm ¥4 5:25w0 » 16 mm.

Becauseof the inevitable misalignmerts, and to play it safe,we require 30 mm clear aperture
for all optics except for the beam splitter, where we require a factor 1=sin(45%) = 1:4 larger clear
aperture (in the horizontal direction).

OSEM sensor/actuators have an outer diameter of 25 mm and are certered 3 mm radially from
the edgeof the optic. Consequetly to ensurea 50 mm clear aperture, the optic must be at least
75 mm in diameter (3"). The beamsplitter (and MC °at mirrors) are at 45 to the beam, but the
OSEMsfor theseoptics can be placedfurther to the top and bottom of the optic, ensuring maximal
clear aperture in the horizontal dimension. This is probably suxcient for all optics except for the
test masseqITMs and ETMs), asdiscussedbelow.

LIGO | input suspendedoptics [38] (mode cleanerand mode matching telescope) use3" diame-
ter, 1" thick (more precisely 75mm diameter, 25mm thick), on SOSsuspensions[39]. Theseoptics
and suspensionsare fully engineeredand relatively well understood; some 20 of them have been
built for LIGO |. They appearto be ertirely appropriate for usein the 40m prototype upgrade, for
the 12m mode cleanerand for the PRM, SRM, and BS.

7.1 Choice of test mass optic size and aspect ratio

The four test mass optics (ITMs and ETMs) cortribute thermal noise to the GW signal. As
discussedbelow, this test massthermal noise will likely dominate the entire GW noise spectrum
above 100 Hz; therefore, somee®ort should be made to minimize it.
Thermal noisein the GW channel is generically of the form
A 1, x " 0 i
S)t(hermal » hl— — 4kg T ®n! 7An(!)

2 T m o, (R0 P ER

where Sy is the displacemen noise power spectrum, 1 is the equivalent GW noise power spectrum,
kg is Boltzmann's constart, T is the temperature, ! = 2¥f is the GW frequency m is the massof
the test mass,and the sum is over normal modes of vibration with resonan frequency! , = 2¥f,,
e®ective mass[41] ®,, and lossangle A,.

There are two sourcesof thermal noisethat are relevant here: suspensionthermal noise (pen-
dulum and wire violin modes), and internal test massthermal vibrations.

Suspensionthermal noisein h scaleslike 1=~ m, so larger massesreduce this. The pendulum
thermal noise peaksat the pendulum frequencyof fo = 1 Hz and falls like 1=f 32, Above 100 Hz,
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Figure 7. Frequenciesand e®ective massesof the node 0 (drumhead and breathing) modes of a
right-circular cylinder of the dimensionsshown [41].

it is negligible at the 40m (seenoisediscussionbelow). The wire violin modeshave resonanceghat
are right in the detection band, and they have very high Q = 1=A,(! ). Although they may have
someimpact on a GW signal seard, they are not a problem for the 40m program. The noiselines
at discrete frequenciesin the GW channel may even sene as a useful sign-post in diagnosing the
IFO. Nonethelessthey can be minimized by choosing a large mass.

The test masseshave natural resonan frequencieswhich, for the optic sizeswe are considering
(much smaller than LIGO), are well beyond the Nyquist frequency of our 16kHz ADCs. The
frequenciesand e®ective massesof the node 0 (drumhead and breathing) modes, calculated with
testmass5.c [41], are shown in Fig. 7.

Theseinternal resonancedhave high Q and thus leak only a little into the GW frequency band
via dissipation, at a level i » A,. We thus want to minimize the lossA,. How doesthis scalewith
test masssize and aspect ratio?

The intrinsic loss of fused silica should depend only on the anelastic property of the material,
and thus is not expectedto scalewith mass. This lossis very small, on the order of 10" 7; this is
a primary reasonwhy fused silica is the material of choice for LIGO | (and why sapphire may be
even better for AdvancedLIGO).

Our test masseswill have attachmernts (stando®s) for the suspension wires and the actuator
magnets. These provide a loss medianism which dominates the total lossin our test masses.The
lossis given by
dU=dt
2v§ U
where U is the total energy stored in the optic. The attachments present a \hole" for energy
leakage, proportional to the area A of the attachment on the test masssurfaceand to a \coupling"
- which dependson the \softness" of the attachmert, the position of the attachmert relative to the
spatially varying vibrational mode, etc.. With an energy density u and volume V, U = uV, and
dU=dt » -UA , sothat A(f) » -A=V . Assuming the attachment areais xed, independert of test
masssize, this suggestghat larger masseshave lesslossdue to attachmerts; asthis lossdominates,

A(f) »
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we can minimze thermal noise by maximizing the test masssize.

For intrinsic loss, it is assumedthat - grows linearly with f, sothat A(f) = 1=Q(f) is indepen-
dent of frequency For attachment loss,we might assume:- is roughly independen of frequency

What about aspect ratio (optic radius to thickness)? The thinner the optic, the lessbeamloss
due to absorption and scatter. But it alsoleadsto lower-frequencyvibrational modes (saddle and
drum-head), which may comecloseto the GW signal and IFO control frequency bands. This was
of someconcernfor the rather thin LIGO beam splitter [42], and it presumably played a role in
determining the optimal aspect ratio for the LIGO core optics [43]. This is not a concernfor the
small optics usedat the 40m.

In [44], it is shawvn that the internal thermal noiseis a weak function of aspect ratio, with thicker
optics preferred. It's a very weak function, however; and internal thermal noisedoesnot dominate
for us.

Stan Whitcomb [45] has suggestedthat the LIGO aspect ratio (10" diameter, 4" thick) \may
reduce undesireableparasitic torques from sideways forceson the magnets".

There are also practical matters to consider, such as price and availabilit y of the optic blanks,
polishing, hanging and balancing. However, thesedon't seemto be signi cant in driving a decision
[46].

We can have relatively large massand \understood" (ie, LIGO |) aspect ratio, by choosingtest
masseswith 5" diameter, 2" thickness. This gives 1.4 kg test masses. They can be purchased,
polished, and coated with acceptablecost and schedule, and can be hung on a straightforwardly-
scaledup LIGO SOSsuspension[46]. This is what we choose,for the two ITMs and two ETMs.

7.2 Speci cations for suspended optics

Speci cations must be establishedfor the the suspended optics mirror blank material, polishing,
and coating.

Speci cation details and drawings are in the 40m COC web page [49]. Here we summarize.
Mirror blank material speci cations:

2 Dimensions for the two MC °at mirrors, the MC curved mirror, the PRM, SRM, and BS:
78, mm diameter, 28", mm thickness.

2 Dimensionsfor the four test masses:125|*10 mm diameter, 50;'10 mm thickness.

2 Clear aperture: certral 30 mm for all optics except for the BS and the two MC °at mirrors,
which are 70 mm horizontal.

2 Material: fused silica. For the BS and ITMs, through which signi cant power passes,we
chooselow-absorption HeraeusSV glass(< 1 ppm/cm absorption). For all the other optics,
we can live with < 20 ppm/cm absorption, as achievable with Corning glass.

2 Limits on defects,homogeneiy, absorption, birefringence, bubbles and inclusions.
Mirror polishing speci cations:

2 Sidesand bewels polished to transparency.

2 Limits on number and size of scratchesand point defects.
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2

Surfacesare nominally °at or spherical concave. Concave surfaceshave speci ed radius of
curvature (seebelow) with tolerances,and a limit on astigmatism (typically: - 10 nm).

Surfaceerrors are speci ed asa limit on rms deviation from the best t spherical surface,as
measuredfrom phasemaps.

{ Low spatial frequency (- 4:3 cmi 1) cortributing to small angle scattering: typically
% 0:8 nm.

{ High spatial frequency(4:3;j 7;500cmi 1) cortributing to large anglescattering: typically
% 0:1 nm. This correspondsto \sup er-polish".

These specsrequire detailed modeling to establish. These studies are in progress(Ganezer
for FFT, and Mike Smith for scattering noise). While we wait, it is bestto specify the best
performancethat can be adhieved with established techniques, which are good enough for
LIGO; hence,the \t ypical" numbers given above.

Wedge angles. These have been speci ed by Mike Smith (see Tables 8 and 7) to provide
adequateseparationof secondarybeamsfor pick-o®sand bazing (all in the horizontal plane).

Mirror coating specs:

2

2

7.3

Coatings are for , = 1064 nm.

Angle of incidenceto be 0* for the PRM, SRM, ITMs, ETMs, and MCcurved; 45 for the BS
and two °at MC mirrors.

Surfacel (high-re°ectivit y): speci ed power transmission (seebelow).
Surface2 (anti-re°ection coating): re°ection of (6008 100) ppm.
limits on non-uniformity, scatter, and absorption.

Mik e Smith has determined that light scattering from the ba2es badk to the test massescan
send signi cant amounts of scattered light bad into the IFO. In order to limit this, we will
only coat a portion of the high-re°ectivity surface of the test mass mirrors; only scattered
light incident on this certral portion has a chanceof getting badk in. The beam sizesat the
ITMs and ETMs are 3.03 and 5.24 mm, respectively; the 1ppm diameters are thus 15.9 and
27.5 mm, respectively. Howewer, we should give ourselves someroom for tolerance against
misalignmerts (deliberate and unintentional); | guessthat an additional 10mm provides some
extra room. SO, the plan is to coat only the certral 40 mm (diameter) of the test massoptics,
rather than the full 125 mm diameter. Garilynn says that this is no problem.

Radii of curv ature

We can make the cavity symmetric (ITM and ETM with equal curvature, beam waist half-way
between), half-symmetric (ITM °at, ETM curved, beamwaist at ITM), or somewherein between
(The LIGO | beam waist is a bit closerto the ETM, in order to keepthe spot size at the ETM
below somelimit).

There are no compelling argumerts for any choice, here. Howewer, choosinga °at ITM means:
(a) placing the waist at the ITM meansthat onecan directly measureit with the ITM camera;(b)
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the beam s a bit smaller in the input optics than it might otherwise be; (c) it might be faster to
get a nominally °at replacemen optic, if necessary

We therefore choosehalf-symmetric arm cavities, with °at ITMs.

We choose an arm cavity g-factor (see Appendix) of 1/3, for optimal stability. We can in-
stead opt for larger g-factors and thus larger beams,thereby reducing the test massthermal noise
somewhat. Increasing g up to 0.95 increasesthe spot size at the ETM by » 50%, decreasingthe
thermal noiseby » 21%. We prefer to work consenatively with a more stable cavity, as envisioned
for AdvancedLIGO; thus, we'll stick with g = 1/3 unlessAdvancedLIGO plans change.

The arm cavities will be of equal length; nominally, 38.25m. Therefore, the ROC of the ETM
shall be 57.375m. It is reasonableto expect a few percert tolerance on this number from the
polishing process. However, we must require that the two ETMs have the sameROC to 1% (see
Appendix).

The beamsfrom the arms propagate through the 50 mm thick ITM (with n = 1:4496), then
through an averageof 1.80metersto the beamspilitter. In the current designof the readout scheme,
the PRM is 300mm from the BS, and the SRM is 200 mm from the BS. This determinesthe beam
spot sizesand ROC of all the core optics, asspeci ed in Table 7. Note that thermal lensing e®ects
are being neglectedhere; seesection 8.

In ead case,we determine toleranceson the ROC by requiring that the incoming beam be
mode-matched to the arm cavity beam, with higher order mode loss of 1%.

The Scnupp asymmetry producesdi®eren-sized spots on the BS: Transmitted arm: w = 3:108
mm; Re°ected arm: w = 2:953nm; AveragePRC :w = 3.033mm. This correspondsto deviations
from the averageof § 2:.5%. We require that the arm optics are suxciently well matched that they
produce a cortrast defectat the beam splitter that is no larger than the inevitable contrast defect
resulting from the Scdnupp asymmetry.

In the end, toleranceson the radius of curvature are driven by what is do-able by the polishing
vendors, and what is measureable.From previous LIGO experience,and from corversations with
the vendors, it appearsthat it is possibleto achieve a tolerance of 20 nm sagacrossthe certral 30
mm of the optic. This will allow usto meetthe tolerance criteria discussedabove. It producesthe
ROC toleranceslisted in Table 7.

The cavity lengths are xed by the analysisin section5.3. Theseare optical path lengths. Since
optical phaseadvancesmore slowly through glass,the physical path lengths are larger, by:

Hrm(ni 1)=n= 50(0:45=1:45) = 155mm (ITMS)
ps(nj 1=n= 2:8p 2(0:45=1:45) = 12:3mm (BS):

7.4 Mo de Cleaner optics

For now, the mode cleanercon guration is plannedto be a duplicate of the LIGO | 4K version[38].

The cavity length will be a bit longer (12.246mfor LIGO 4K, 12.690mfor the 40m). We keep
the same g-factor of 0.29, so the ROC of the curved mirror (MC2) goes from 17.25mto 17.87
m, with roughly 2% tolerances. We keep the same mirror dimensions, materials, polishing, and
transmittances. Theseare as summarizedin Table 7.

7.5 Coatings

As discussedabove, we endeavor to make the 40m optical con guration ascloseas possibleto what
is planned for AdvancedLIGO (mirror transmissions,cavity nesse;not arm cavity storagetime!).
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The the core optics coatings are as speci ed for AdvancedLIGO in refs [47] and [48].

2

The power transmissivities for the ITM (0.5%) and the signal mirror (0.7%) are design pa-
rameters for AdvancedLIGO, and will be usedfor the 40m.

For Advanced LIGO, the SRM transmission maximizes the CBI reach. For the 40m, this
gives a strong peak in the RSE response function, easyto see. The SRC is not so high in
"nesseasto be di+xcult to cortrol.

For Advanced LIGO, the ITM transmission maximizes the CBIl react. For the 40m, we
want the same nessein the arms asin AdvLIGO. The common-male toleranceis estimated
by requiring the re°ectivity of the IFO to stay in the over-coupledregion for a xed PRM
transmissivity of 7%. The di®erertial toleranceis estimated by requiring the resulting contrast
defectto be no biggerthan 300ppm. A tighter tolerance of (0:508 0:01)% would be desirable!

The power transmissivities for the ETMs are speci ed to be 158 5 ppm asin Initial LIGO.

For AdvancedLIGO and the 40m, it is assumedthat any ETM transmissionis to be counted

as part of the 37.5ppm total ETM loss. For AdvancedLIGO, the specis > 1 ppm, becuase
it operatesat high power; the 40m needsto seethe light even with 0.1 w of input light.

For the PRM, we want a transmissivity that almost critically coupleswith the rest of the
Michelson, but is slightly over-coupled, to let somelight back to the symmetric port for
IFO control. The re°ectivity of the Michelson depends on all the losses,and cannot be
predicted reliably in advance. Thus, we will have 3 optics with three di®erert transmissivities:
(6:5+ | 0:7)%, (7:0+ j 0:7)%, and (8:0+ | 0:7)%. Note that ref. [47] says \T(PRM) » 6%",
but my Twiddle simulations suggestthat this would yield an under-coupled IFO; T(PRM)
needsto be 6.5for an over-coupledIFO (r(front) < r(back)).

In addition, the anti-re°ectiv e (side 2) coatings are chosenas follows:

2

2

We want picko® beamsfrom the BS and ITMs;

and there's no harm in also having a picko®beamat the PRM just in case(although we also
have an "initial pointing beam"). But we'll get sutcient beam with a standard <300ppm
coating.

In principle, we should optimize the picko®amount (trading o® PRC loss,which reducesPRC
gain, for suzcient picko®signal). Howewer, this is not a critical issuefor the 40m, sowe can
stick with the Initial-LIGO and AdvLIGO spec of 600 ppm.

NOTE that this builds in 1200 ppm of loss, minimum, in the PRC cavity. For modelling,
assumel500-2000ppm of loss, total.

So, we chooseanti-re°ectiv e coating for side 2 with re°ectivit y of 6008 100 ppm for BS, ITM,
and < 300 ppm for PRM, SRM, ETM, and all 3 mode cleanermirrors.
The detailed coating speci cations are in ref. [49] and are summarizedin Table 7 and Fig. 8.
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Figure 8: Cavity lengths, beamwidths, and ROC at all optics for the 40m prototype upgrade.

8 Thermal lensing

The absorption of laser power on the suspended optics heats the fused silica, causing thermal
expansionand a shift in the index of refraction (dn=dT), both of which canleadto a distorted laser
beam and degradation of the mode matching in the interferometer.

Estimates of the thermal expansionand dn=dT of fused silica have also been made: thermal
expansion= ®= 0:51£ 10 5=*K , dn=dT~ ~ = 87£ 10 ®=*K. It can be seenthat dn=dT is the
dominant e®ect.

Both e®ectsausea changein the faceof the optic. The sagitta s of the optic over an areade ned
by the width of the beam w is determied by the specied radius of curvature ROC Y4 w?=(4s).
A change 1s in the desired sagitta producesa corresponding change in the radius of curvature,

Table 7: Suspendedoptic mirror parametersfor the 40m prototype upgrade.

Mirror diameter | thickness| mass | wedge | ROC | ROCtol | spot w power T R(AR side
(mm) (mm) | (kg) | (deg) | (m) (m) (mm)
PRM 75 25 0.225| 25 348 8§23 3.04 (7.08 0.7)% < 300 ppn
SRM 75 25 0.225| 25 365 8§25 3.04 (7.08 0.7)% < 300 ppn
BS 75 25 0.235| 1.0 °at >5625 | 3.03 50.0% (6008 100) p
ITMs 125 50 1.320| 1.0 °at >5625 | 3.03 (0.58 0.05)% (6008 100) p|
ETMs 125 50 1.276| 2.5 |57.37| §0.6 | 5.24 15ppm < 300 ppn
MC1, MC3 75 25 0.235| 0.5 °at >5625 | 1.66 | 0.2%8 100ppm < 300 ppn
MC2 75 25 0.225| 05 |17.87| §0.35 3.08 10ppm < 300 ppn

40



and thus in the position and size of the beam waist de ned by the optical cavity containing the
distorted optic.
The changeszts in the desiredsagitta due to thermal expansionand dn=dT are given by [40]

®
— : -
S = —]/4 Fa —]/4 Fa 1 3—1/4 pad,

where- = 1:38 W/m/ *K is the thermal conductivity, P, is the power absorbed on the coating,
pad is the power absorbed in the bulk (of thicknessd).

Power is absorbed by the HR coatingson the optics, the AR coatings,andin the bulk. Estimates
of the absorption in eat of theseelemeris have beenmade and incorporated into Melody [34].

Using an input power of 1 watt, a PRC power gain of 17, and an arm power gain of 775, we
estimate that the ROC of the ITM changesfrom 1 to 511 m, and the ROC of the ETM changes
from 57.375m to 51.9 m. This producesa power mode mismatch into the arms of 0.5This is
presumably tolerable.

9 Suspensions

In the rst incarnation of the upgraded 40m ifo, we will focuson the control of the dual-recycled
optical con guration. Learning how to control prototypes of advanced (multiple pendulum) sus-
pensionsat the sametime will be dixcult, sowe chooseto start with LIGO I-lik e sinlge pendulum
suspensions,which will have beenwell characterized and understood within the coming year.

Following this, we may chooseto implement (scaled-davn) prototypes of multiple pendula, if
the overall goalsof the AdvancedLIGO R&D work calls for it. Full scaleAdvancedLIGO multiple
pendulum suspensionscannot be accomalated in the 40m vacuum chambers; these will be tested
at the LASTI facility at MIT.

9.1 Suspension mechanical

We will needtwo types of mecanical suspensionsfor the 40m upgrade, to support the two sizes
of optics we will be using (75 mm dia. X 25 mm thick and 125mmdia. X 50mm). The 75x25
suspensionscan be exact replicas of the SOS suspensionscurrently in useat LIGO for the mode
cleanerand mode-matching telescope [39], with modi cations to re°ect lessondearnedduring LIGO
I commissioning(improved sensor/actuators).

The 125x50suspensionscan be simply scaled-upversionsof the existing SOSsuspensions(work
by JaneenRomie). Both suspensiontypeswill usethe redesignedLIGO | sensor/actuator heads
(\osems").

The larger suspensionshave beendesignedso that the various resonari frequenciesare shifted
somewhatfrom those of the LIGO SOSsuspensions,to make it easierto diagnoseproblems.

The AR-coated optic face has a wedgeanglein order to avoid etalon e®ects,to provide a pick-
o®beam, and to permit bazing of undesiredre®ections. The °at optics (BS, MCF1, MCF2) are
wedgedsymmetrically. All wedgessendthe re°ected beam o® horizontally, either to the right or
left. All suspensionsand xtures are designedfor speci ¢ wedgeanglesand orientations.

The suspension cagesare made of stainlesssteel and aluminum. The wire, suspension block,
wire stando®s, magnets and stando®s, sensor/actuator heads and head holders, safely cage and
safety stops, and cablesand cable harnessesswould be as described in [39].

The 1ppm diameter of the beamspot in the vertex areais 16 mm. The open aperture of the SOS
suspensionsare 31.75mm. Thus, there is suxcient beam stay clear at all suspended optics, even
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Table 8: Suspensiondesignparametersfor the 40m prototype upgrade.

Parameter ETM | ITM BS | PRM | SRM | MCC | MCF1 | MCF2
Pendulum freq. (Hz) .800 | .800 || 1.000 | 1.000| 1.000| 1.000 | 1.000 | 1.000
Pitch freq., (Hz) 500 | .500 || .744 | 744 | 744 | 744 | 744 744
Yaw freq., (Hz) .600 | .600 | .856 | .856 | .856 | .856 | .856 .856
Violin freq., (Hz) 451 | 459 641 | 628 | 628 | 645 645 645
Vertical freq. (Hz) 11.79| 11.59| 16.23 | 16.57 | 16.57 | 16.12 | 16.12 | 16.12
d(pendulum) (cm) 38.80| 38.80|| 24.80| 24.8 | 24.8 | 24.80| 24.80 | 24.80
d(pitch) (cm) 1195 .1195(| .09 .09 .09 .09 .09 .09
d(yaw) (cm) 213 | 213 || 1.57 | 157 | 1.57 | 1.57 | 157 1.57
d(stando®) (mm) 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 1.00
d(margin) (mm) .S577 | 577 | .818 | .818 | .818 | .818 | .818 .818
wire dia (in) .0036 | .0036 || .0017 | .0017 | .0017| .0017 | .0017 | .0017
suspheight (mm) 425 | 425 417 | 417 | 417 | 417 417 417
susptransv. width (mm) 241 | 241 155 155 | 155 155 155 155
susplong. width (mm) 165 | 165 127 127 | 127 127 127 127
optic certer height (mm) 140 | 140 140 140 | 140 140 140 140
optic dia (mm) 125 | 125 75 75 75 75 75 75
optic thickness(mm) 50 50 25 25 25 25 25 25
mass(kg) 1.276| 1.320|| .235 | .225 | .225 | .238 | .238 .238
wedge(deg) 25 1.0 || 1.0(s)| 2.5 2.5 0.5 | 0.5(s) | 0.5(s)
wedgeorientation left | right || right | right | left left right left

the BS at 45°. Just to make sure, Material hasbeenremoved from the sensor/actuator brackets to
increasethe size of the aperture on all small optic suspensions.

The design parameters for all suspensionsare summarizedin Table 8. For more detail, see
Ref. [39].

9.2 Suspension control

The suspensioncortrollers for Initial LIGO [50] provide local velocity damping of the mirror motion,
usinginformation from the LED/PD pairsin the 5 OSEMson ead mirror optic, and/or information
from optical leversviewing ead mirror optic. Input from the global length and alignment sensing
systemsallow the mirror optics to be positioned at DC.

The Initial LIGO suspension cortrols have been redesigned[51] so that all feedba& (local
damping, and global cortrol) is handled digitally .

This systemis being essetially replicated for the 40m IFO, including all 10 suspended optics.
Its ability to satisfy the designrequiremerts is currently under study.

A preliminary (but pedagogicallyuseful) designis preseried in [31].

10 Control Electronics and photo electronics

One of the primary motivations for the 40m upgrade is to spur the dewelopmert of, and test the
excacy and robustnessof, the cortrol electronics. This includes:
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2 The ability to senseand cortrol all v e length degreesof freedom (the LSC system).

2 The ability to senseand cortrol all 7x2 angular degreesof freedom (the ASC system).
2 The ability to usedouble-demalulation to sensesomeof the length degreesof freedom.
2 The ability to maintain a detuned signal cavity (SRC).

2 Establishing the expected responsefunction for GW signals.

2 The ability to o®set-lak the arm cavities in order to allow a controlled amourt of arm- Itered
carrier light out the asymmetric port for DC GW sensing.

2 The ability to sensethe GW signal using DC sensing.

Although most of thesefunctions require only a straightforward extension of the techniquesal-
ready dewveloped for Initial LIGO, further developmert is required, and the ability of all componerts
to function as a coherert and robust system must be demonstrated.

Work required to designthese systemsis only just beginning.

As mertioned above in section 4.13,the CDS group currently believesthat the architecture of
the cortrol, monitoring and data systemsusedin Initial LIGO (embeddedVME processorgunning
VxW orks and EPICS, and re°ective memory modules with b er links for the fast cortrol, DAQS,
and monitoring networks) will be adequatefor AdvancedLIGO aswell. Thus, the 40m lab will be
out tted with a full complemen of these cortrol devices. The lab will have the infrastructure for
maintaining all the embedded processorsrequired for prototyping AdvLIGO, including b er links
to the \end stations" 40 meters away.

11 Input mode cleaner

A long suspended-massamode cleanerwould deliver a laserbeamwith LIGO-lik e beamquality (low
frequency noise, low amplitude noise, low higher order mode HOM power, and low beam position
and pointing jitter); this presumably will make lock acquisition and IFO operation lessditcult and
more LIGO-lik e, and increasethe chancesthat fundamenal noise sourcescan be exposed.

For control realism, we would like to have an input mode cleanerthat is as similar to what is
envisionedfor AdvancedLIGO aspossible. Current thought is that an AdvancedLIGO input mode
cleanercould look very similar to the Initial LIGO 12m mode cleaner[52]; it might be increasedto
16.7min half-length in order to pass9 MHz RF sidebandsfor cortrol. As discussedin section5.3,
the 40m will operate with » 36 MHz sidebands,and a 12.7m mode cleaneris called for.

These considerationshave led to a decisionto construct a 12.7m suspended massinput mode
cleaner for the 40m. A triangular 12m suspended-massmode cleaner was designedfor the 40m
badk in 1995, was partially built but never installed, and was subsequeily disasserbled. We have
recovered three 4m long beam pipes, an end mirror chamber and seismicstadk, and supports.

We have designed,constructed, and installed the additional hardware required to assenble the
12m input mode cleaner vacuum ervelope. The vacuum equipmen was cleanedand baked, and
installed in the 40m vacuum envelope in the July of 2001.

In this section, we summarize the designof the 40m input mode cleaner. The only signi cant
changewith respect to the Initial LIGO designis a slightly di®eren half-length, in orderto t into
the existing mode cleanervacuumtubes(in retrospect, this was entirely unneccessarybecausethe
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Table 9: Design parametersfor the input mode cleanerfor the 40m prototype upgrade.

Parameter Unit Value
Plane mirror transmittance 0.0028 100ppm
Plane mirror re°ectance 0.9988 100ppm
Curved mirror transmittance 1E-05+0, j 10ppm
Rear surface AR coating >99.8%+0.2%, j O
Mirror absorbance/scatteringead <0.00010
Finesse 1550
Free spectral range MHz 11.822
Pole frequency kHz 3.818
Cavity full width/half max kHz 7.63
Cavity full width/half max nm 0.343
Cavity storagetime ls 42
Cavity optical half-length mm 12680
Curved mirror radius of curvature mm 17869+250,; 350
g=1-LR 0.2904
waist size mm 1.657
Raleigh range m 8.111
Beam divergence mrad 210
Transmissionof 00 mode 0.976
1 ppm intensity, curved mirror mm 16.2
100 ppm intensity, curved mirror mm 13.2

tub esrequired redesignand were built anew). The optical layout of the mode cleaneris shown in
Fig. 9.

The half-length of the mode cleaneris 12.68m, giveing a free spectral range (FSR) of f yc = 11:8
MHz. All IFO-sensingsidebandsare chosento be multiples of FSR of the MC, sothat they are
transmitted with high ezxciency; we thus choosef; = 3fyc = 355 MHz and f, = 5f1 = 1774
MHz.

The parametersof the input mode cleanerare summarizedin Table 9.

The expected performance of the input mode cleaneris summarized as follows:

2 Rejection of frequency noise: the mode cleanerhasa cavity pole of 3.8 kHz. Frequencynoise
at higher frequenciesare Ttered out, asillustrated in Fig. 10.

2 Rejection of higher order (non-TEM o) transverse modes (HOM's): the large Guoy phase
di®erencein the MC cavity (g ¢ 1) suppresseghe resonanceof HOM's. Fig. 11 shaws the
transmittances of the rst 16 HOM's, asa function of the cavity g-factor. As in Initial LIGO,
we choosea g-factor near the minimum at g = 0:29. This producestransmittances for the
‘rst 20 HOM's (TEM ), asa function of m + n, shown in Fig. 12.

2 Rejection of laser position and direction jitter.
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Figure 9: Layout of the 12m input mode cleanerfor the 40m IFO.
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Figure 10: Calculated frequency responseof the input mode cleanertransmission.

45



Mode cleaner transmittances for first 16 HOMs
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Figure 11: 12minput mode cleanertransmittances of the rst 16 HOM's, asa function of the cavity
g-factor. As in Initial LIGO, we choosea g-factor near the minimum at g = 0:29.
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Figure 12: 12m input mode cleanertransmittances of the rst 20 HOM's (TEM nn) for a g-factor
of g= 0:29, asa function of m + n.
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12

Optical Layout

A detailed optical layout for the 40m dual-recycling interferometer, in AutoCAD, has beendevel-
oped by Mike Smith seeFig. 13, and the details in Ref. [53].
The features of the layout include:

2

2

All in-vacuum componerts laid out.

Optical leversfor all suspended masses.

Cameraviews for all suspended masses.

Bazing, scattered light suppression,shutters, etc..

Eleven output beamsrouted to optical tables near electronicsracks.

12m Input mode cleaner, small monolithic output mode cleaner, mode-matding telescopes
all designedand laid out.

Detailed layouts of all in-vacuum optical tables, including all optical and electro-optical com-
ponerts, and a detailed parts list.

Detailed layouts of all out-of-vacuum optical tables, including all optical and electro-optical
componerts, and a detailed parts list.

Integrated with building, electrical, CDS layout.
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Figure 13: A view of the detailed integrated AutoCAD drawing of the 40m optomedianical, elec-
trical, and building layout, by Mike Smith.
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13 Noise

13.1 Fundamen tal noise at 40m

We can estimate the level of fundamertal noise at the 40m; this is shown in Fig. 14, for an input
laser power of 0.1 watts (to increasethe shot noisesothat it is larger than the test massthermal
noise).

10—17

gquant.

Int. thermal i
* Thermoelastic |
Susp. thermal |
Residual Gas |
Seismic h
Total noise

10—18

h(f) / HzY/?

f/Hz
Figure 14: Estimate of fundamertal noiseat the 40m, for an input laser power of 0.1 watts.

Things to note:
2 Below » 100Hz, seismicnoise dominates.

2 From » 100to » 200 Hz, the noiseis dominated by the Brownian thermal noise of the test
massoptics.

2 Thermoelastic, and photothermal noise are negligible.

2 Suspensionnoiseis not very important. We may seea peak at the rst violin resonance(at
450 Hz).
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2 The shot noise curve for 0.1 watt of input laser power, exhibiting a dip at the detuned
frequency of 4000Hz, lies above the test massthermal noisefor frequenciesabove » 250 Hz.

2 At higher laserpower (> 1 watt), the test massthermal noiselies above the shot noisecurve.
If we want to exposethe shot noise,especially in the dip region, we will needto turn the laser
power down.

2 Even if the shot noise curve is not exposed, we will be able to verify the GW response by
measuring the IFO transfer function asthe L; degreeof freedomis excited by the LIGO
GDS system.

2 |f it turns out to be ditcult to operate at low power, we can simply live with thermal noise
and not bother to exposethe shot noise; focus on controls problem (and the thermal noise
problem).

13.2 Sensing noise

The quantum sensing noise (radiation pressure, photon shot noise, and their correlations) are
computedin BENCH using the formulas from Buonanno and Chen [54]. One seeshe characteristic
double dip, due to the correlation betweenthe radiation pressureand photon shot noise. Placing
the signal recycling dip at 4 kHz (by detuning the signal recycling cavity) producesa corresponding
dip at » 24 Hz, and radiation pressureis negligible throughout.

13.3 Internal thermal noise

BENCH usesthe formulas from Bondu et al., [44]. The masseshave a diameter of 125 mm and
thicknessof 50 mm. The beamamplitude radii are 3.0 mm at the ITMs and 5.2 mm at the ETMs.
We assumea mirror quality factor Q = 3£ 10°, including all attachments.

The thermoelastic noiseis negligible, as expected for fusedsilica.

13.4 Suspension noise

Suspensionnoisewas modeled assumingtest massesl.3 kg, suspensionpendulum frequencyof f s;sp
= 0.8 Hz, and a pendulum lossangle of A= 3£ 10 ® (constart).

The violin modes are at multiples of 450 Hz. The e®ective mass of the modes, and the loss
factors, are taken from Ref. [55].

13.5 Gas pressure noise

Residual gasin the beam pipe producesa °uctuating index of refraction, and thus a °uctuating
phaseshift on the beam, resulting in sensingnoise. The resulting noise power spectral density is
given approximately by [56]

_ X 8% i
Nfesid gadf) = |_\,iWI0 e
|

wherethe sum is over di®ereri gasspecies;¥ is the number density of gasspeciesin 1=m?3; ® is the
molecular polarizability in m3 (®= (nj 1)=%, wheren is the index of the gasat STP, and ¥ is the
number density of the gasat STP); v; is the meanvelocity of gasspeciesin m=s(v =" 2kg TNp=A,

50



where N, is Avogadro'snumber and A is the atomic number of the gasspecies);wg is the average
beam radius (approximately 4 mm); and f; is the characteristic frequency for that gas species
passingthrough the beam (f; = 1=2¥wo=v)).

The 40m vacuum is currently dominated by H,O (5£ 10 7 torr), N» (3£ 10 7 torr), and H,
(LE 10 7 torr).

13.6 Seismic noise

The seismicnoise showvn in Fig. 14 is a simple model with a DC level of 1 £ 10 10 m, a corner
frequency at 21 Hz, and a power-law fallo® with exponert of -12.5. It nicely covers the expected
(night-time) seismicnoiseat the mirrors, Itered through the active seismicisolation, passiwe seismic
stacks, and pendulum.

The "v e existing core-optics chambers (BS, SV, SE, EV, EE) have 4-stage,3-leg/stage seismic
stacks, tted with viton springs. We have installed STACIS seismicisolation systemsunder the
four test massseismicstadks [8].

We have measuredthe seismicnoisein all three axes,at the 40m lab [7]: seeFig. 15. We have
measuredand comparedthe spectra betweenday and night: seeFig. 16. (V,H; day, night)
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0™} 40m displacement noise
Starting GPS time:Wed Apr 12 02:17:43 2000 (and O usec)
-16 R | . R . R

10 T
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Figure 15: Seismicdisplacemen noisespectra at the 40m lab during the day, in X, Y, Z (vertical).
Solid line is the Hanford baselinedisplacemen noise spectrum.

We can model the stad transfer functions and comparethem with the attempts we've madeto
measurethem with inadequate instrumentation. The vertical and horizontal transfer functions of
the existing test massstadks are shown in Fig. 17.
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Figure 16: The (vertical) seismicdisplacemen, velocity, and accelerationnoise spectra at the 40m
lab, comparing daytime with nighttime.
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Figure 17: The horizontal (left) and vertical (right) transfer functions for the 40m test masspassive
seismicstadks, as measuredwith various instruments, comparedwith a simple model (solid smooth
line).

Finally, we can usethe measuredseismicspectrum, at the mirrors, Itered through the active
seismicisolation, passiwe seismic stadks, and pendulum, to estimate the velocity noise spectrum
at the test mass(with STACIS turned on). We can integrate to nd the rms velocity of the test
massesdown to 0.1 Hz and 1.0 Hz. Theseare shown in Fig. 18.

Studies of lock acquisition [57, 29] shaw that the most critical parameter for acquiring lock is
the rms velocity of the test mass,and that rms velocities ¢, ,=s are required.

5
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40m displacement noise 12-Apr-2000 03:17:30 PDT
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Figure 18: An estimate of the velocity noisespectrum (in 1 m/s/ P Hz) of the °oor (top, red trace),
of the test masswith STACIS turned o® (middle, blue trace), and of the test masswith STACIS
turned on (bottom, greentrace). Also shown are the derived rms velocities down to 0.1 Hz and 1.0
Hz.
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Outstanding issues

Here is a list of outstanding issuesand non-trivial developmert tasks required for the successof
the 40m dual recycling experimert:

2

15

Developmert of the serw electronics,and fast in-vacuum steeringmirrors, for steeringthe PSL
beaminto the input mode cleaner,from the input mode cleanerinto the coreinterferometer,
and from the core interferometer into the output mode cleaner.

Developmert of electro-optic modulators capable of operating at 180 MHz, with high-power
beams,and large aperture. This is being pursued at U. Florida.

Developmert of photodetectors capable of operating at 180 MHz, with high-power beams,
and large aperture. Actually, for the 40m, we needdemodulation at 180+36 = 216 MHz.

Developmert of wavefront sensorscapable of operating at 180, or 216, MHz.
Developmert of the serw Tters for the coreinterferometer length sensingand cortrol system.

Developmert of the seno Tters for the core interferometer alignmert sensingand cortrol
system.

Simulation of lock acquisition dynamics for the 40m and for Advanced LIGO.
Developmert of lock acquisition cortrol software for dual recycledinterferometer.

Developmert of a full suite of automated calibration software (for suspensioncortrollers, LSC,
ASC, etc).

Developmert of a full suite of diognosticssoftware for lock acquisition, measuremehn of trans-
fer functions, diagnosisof noise sources,etc..

Schedule, milestones

Somesigni cant milestonesthat have beenreaded:

2

2

3Q00: Dismantling of old 40m IFO, distribution of surplus equipmert
1Q01: Completion of 40m laboratory building rehab, power conditioners
1Q01: New CDS racks and cable trays

1Q01: New vacuum cortrol system

1Q01: Installation of STACIS active seismicisolation system

2Q01: New computers and networking for online

2Q01: Installation and commissioningof new DAQS system

2Q01: Installation of vacuum envelope for input mode cleaner

2Q01: All glassblanks for 10 suspendedoptics received (more spareson order).
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2Q01: Glassblanks for mode cleaneroptics, out for polishing

2Q01: Initial-LIGO SOSsuspensionsfor MC, BS, RM, SM constructed
3Q01: Installation and commissioningof 10-watt laserand PSL

3QO01: Installation of new optical tables and supports

3QO01: Installation of PEM systemand rst round of instruments
3Q01: Completion of detailed in-vacuum optical layout

3Q01: Completion of detailed layout of out-of-vacuum interferometer sensingsystem

Signi cant milestonesin the coming year:

2

2

2

2

2

3Q01: 40m dual recycling experiment conceptual designreview

1Q02: All in-vacuum cables, feedthroughs, optical viewports, and last two seismic stacks
installed

1Q02: Scaledsuspensionsfor ITMs and ETMs constructed

1Q02: Optics for input mode cleanerpolished and coated

2Q02: Optics for input mode cleanersuspended

2Q02: Digital suspension cortrollers for 10 suspendedoptics ready for commissioning
3Q02: Commissioning of input mode cleaner

3Q02: Acquisition of most of the electronics and photoelectronicsfor interferometer sensing
and corntrol (CDS, ISC, LSC, ASC)

40Q02: Core IFO Optics polished and coated
4Q02: Glasgov 10m experiment informs 40m program

4Q02: Control system nalized

Looking towards the experimernts:

2

2

2

2Q03: auxiliary optics, IFO sensingand cortrol systemsassenbled

3Q03: Core subsystemscommissioned,begin experiments
Lock acquisition with all 5 length dof's, 2x6 angular dof's
measuretransfer functions, noise

Inform CDS of required modi cations

30Q04: Next round of experiments.
DC readout. Multiple pendulum suspensions?
Final reports to LIGO Lab; publications.
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16 App endix A - Acron yms

40m - The LIGO Caltech 40 Meter Interferometer Laboratory
BS - Beam splitter
CDS - LIGO Control and Data system
DAQS - LIGO data acquisition system
DR - Dual recycling
ETF - LIGO test interferometer facility at Stanford
ETM - End test mass
FSR - Free spectral range
IFO - Interferometer
IMC - Input mode cleaner
ITM - Input test mass
LASTI - LIGO test interferometer facility at MIT
MC - Mode cleaner
OMC - Output mode cleaner
PEM - LIGO physics environment monitoring system
PMC - LIGO PSL pre-mode cleaner
PNI - Phasenoiseinterferometer at MIT
PR - Power recycling
PRC - Power recycling cavity
PRM - Power recycling mirror
PSL - LIGO pre-stabilized laser
R, r - power and amplitude re°ectivit y through a mirror or optical system
ROC - radius of curvature
RSE - Resonan sideband extraction
SEIl - LIGO seismicisolation system
SR - Signal recycling
SRC - Signal recycling cavity
SRM - Signal recycling mirror
SUS- LIGO suspensionsystem
T, t - power and amplitude transmission through a mirror or optical system
TNI - Thermal noiseinterferometer at Caltech

17 App endix B - Gaussian Beam Optics

For a linear Fabry-Perot optical cavity of length L, such as the IFO arms, we de ne [58, 59] a
g-factor g= g10», whereg, = 1§ L=R;, i = 1or 2for the ITM or ETM, respectively, and R; is the
ROC of mirror i. Cavities with g < 1 are staHIe. Furthermore, it can be shovn that with beam
spot sizesw; at the two mirrors, the value of w$ + w3 is minimized with g = 1=3. We refer to
this asoptimal stability, and choosethis value for the 40m arm cavities (as for the LIGO cavities).

For a symmetric cavity, we specify g = g = P g, while for a half-symmetric cavity, we specify
go=1(Cat ITM) and g, = ©.
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The beamwaist in such a cavity (‘eld amplitude 1=eradius; power 1=€? radius); is determined
from the standard formulas:

P LRG D(Rei D(R1+ Roi 1),

2
W =
07 y, Ri+ Ryj 2L

Here,, = 1064nm.
The Rayleigh length of the beamis

Zr = YW3=:

For a half-symmetric cavity, this reducesto

L' g

Yo 1j g;

r
and zg =L

9.
li g

wg =

The distance of the waist to mirror 1 (the ITM) is
zi= L(Rz2i L)=(R1+ Rzj 2L):
The width of the beam (‘eld amplitude 1=eradius) at a distance z from the waist is

q_—
w(z) = wo 1+ (z=2r)?

and the radius of the beam wavefront there (which should match the ROC of a focussingoptic, if
any, there) is
R(z) = z+ z&=z

Note that at the waist, R(0) = 1 , and w(0) = wg is minimized. Far from the waist (z A Zg , le,
the geometrical optic limit), R = z and w = (wg=zr)z. The power 1=€ diameter is dj— = 2 2w,
sothat the beamdivergencefull-angle is

w= 2" Bwo=zg) = 2" 2.= (Yawo):

Theseequationsde ne the beamin the F-P cavity. For LIGO-lik e IFOs, the arm cavities de ne
the TEM oo mode of the beam, and all upstream optics must match exciently into the arms. Thus,
one must propagate the beamin the arms upstream, determine the beam wavefront radius at the
location of ead optic, and choosethat to be the ROC of the optic placedin that location (except
for the BS, which is not a F-P focussingelemert).

We canusethe above formulasto propagatethe beamupstream, taking into acourt the focussing
of the curved optics and the di®eren optical path length through fusedsilica. It is easier,howewer,
to do this using the complex beam parameter g(z), where [59]

1 1 [

5

oz R@ ' W)

This beam parameter can be propagated through empty space: q(z2) = q(z1) + (22§ z1);
through a substrate of thicknesst and index of refraction n: g(z2) = q(z1) + t=n; and through a
thin focussingelemen (lik e a mirror surfaceof ROC R): 1=(z2) = 1=q(z1) i 1=R.

At any point, the beam parametersmay be determined:

S
I,

o Vim(1=q

m; and w(z) =
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Optimal mode matching then requires any focussingoptic placed at that point to have a ROC =
R(2).
Also at any point, the beamwaist wg, and distanceto the waist z,,, may be determined:
s

1,

zy = Re(q); and wp= YIm(1=(qi Zw)):

Imperfect ROC for, eg, the recycling mirror will produce a beam that is not matched to the
one de ned by the arms (\mo de mismatch”, M M). If this mismatch is small, and approximate
expressionfor the fraction of power lost to higher order modesis [60]

1 1
Mo i wa 2+“zwi Zy 2

Wj 27R

MM =

where wy is the beam waist of the incoming beam after passingthrough the imperfect optic, wy is
the waist of the beam de ned in the arms, z,, is the distance to the waist for the incoming beam
after passingthrough the imperfect optic, z, is the distanceto the waist of the beamde ned in the
arms, and zg is the Raylegh length of the beamde ned in the arms. We want to keepM M < 0:01
everywhere.

A simple matlab program has beenusedto accomplishthis propagation, and to evaluate the
toleranceson the mirror ROC to keepM M < 0:01. They yield the numbers given in Table 7.

18 App endix C - RSE, Signal Recycling, Dual Recycling

18.1 Motiv ation

Initial LIGO interferometer performanceis e@ecti\ely governed by one parameter: the transmissiv-
ity of the ITM, Tytwm (or, equivalertly, r; = 1j TZ,, i Loss). We assumethat the re°ectivity

of the endtest massrg ~ 1. T\t governsthe arm nesse,cavity gain (power available for sensing
DL at f=0), the light storagetime, and the cavity pole f 4 m (and thus the GW bandwidth).

Y Fite

i rrg’

Finesse=

2% polarm = > :
arm

As T)twv is decreasedGarm is increased,the light storagetime is increased,and the arm cavity
pole frequencyf poi; arm and thus the GW detection bandwidth, is decreased.

Further, asthe arm gain G4, increases,the lossesin the arms increase,and the michelson
re°ectivit y thus decreases.The power recycling mirror re°ectivit y must also decreaseo optimially
couple the laser light into the IFO; thus, the power recycling cavity gain Gy decreases. The
product Garm Gprc remainsroughly constart evenasT,tu , and thus Ggrm and Gpgrc individually,
change.
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From Mizuno's sensitivity \theorem" [24], the peak sensitivity to gravitational waves can be
written s

> Zh, ¢ fBW
ho » ;
Y€ GarmGprcPlaser
where ¢ fg\y is the bandwidth of the detector (roughly given by the arm pole frequency f pojarm).
This isillustrated, for the 40m, by the busy plot in Fig. 19. For Initial LIGO, the oneparameter
Titm governs both the peak sensitivity (which is at DC) and the bandwidth, asillustrated in the
top gure of Fig. 20. Note that LIGO | operateswith: T,tm = 0:03, Finesse= 204, s = 1734

USGC,fpo|e = 91 HZ, Garm = 130,Gprc = 60, hshot(o) = 746-24

Cavity paramters, 40 m
10° . B ——

Finesse ]

Storage time, uset
""""" Arm power gain| ]
PRC power gain. -

-26
Ppsé]gt/ 10
arm

10°"

Figure 19: The arm cavity nesseF, the arm cavity storagetime ¢s, the arm cavitFy pole frequency
f pole, the arm cavity power gain Ggrm, the PRC power gain Gy, the product ©= GarmGpre, and
the DC shot noisestrain sensitivity hghot(0), etc. as a function of the ITM transmissivity Tty .

Given all the other noise sources(seismic, thermal), which tend to be large at low frequencies,
one optimizes the interferometer by choosing T\t to maximize sensitivity to binary inspirals,
which have an f i 78 amplitude spectrum.
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In practice, one\w astes" lots of photons at low frequency (near DC), where other noisesources
dominate; we are wasting sensitivity at low frequencies.

We needthe ability to optimize h(f = 0) and f,, independertly, and sacri ce sensitivity at
DC (where we are dominated by other noise sources)to improve sensitivity at higher frequencies
where other noise sourcesare smaller (wider bandwidth).

The addition of one (or more) mirrors at the asymmetric port (signal recycling or RSE) allows
oneto independertly optimize h(f = 0) and f o; by independertly cortrolling the arm cavity gain
for the carrier and for the signal sidebands(audio frequenciesof GW signal). This then allows
oneto improve (typically, by a modest factor on the order of 2) the interferometer's sensitivity to
binary inspirals. This is illustrated in the bottom gure of Fig. 20.

This also permits a reduction of the gain in the PRC, where all the substrate material (BS,
ITM) is; soif substrate lossesdominate (over coating losses),or if substrate absorption leads to
unacceptableheating and thermal lensing of the ITMs, signal recycling can help by allowing one
to increasethe gain of the arms, with concommittant decreasein gain of the PRC, while keeping
the GW bandwidth large.

This signal mirror forms a cavity with the rest of the interferometer, called the signal recycling
cavity (SRC) or signal extraction cavity (SEC). Depending on the tune of the carrier in the SRC
(that is, the length of the cavity modulo one carrier wavelength , ), this mirror can modify the shot
noise responsein seweral ways [24, 33].

2 |If the carrier is resonar in the SRC, the signal sidebandsare resonarly extracted from
the arms (resonan sideband extraction, or RSE), broadening the bandwidth of the detector
relative to the inversestoragetime of the carrier in the arms.

2 |f the carrier is anti-resonart in the SRC, the signal sidebandsare sert bad in to the interfer-
ometerto build them up (signal recycling or SR); this narrows the bandwidth of the detector
and improvesthe DC shot noiseh(f = 0).

2 |f the carrier is neither resonart nor anti-sesonan, but the signal sidebandat somefrequency
f peak is resonar, the transfer function will have a maximum there and the shot noise sensi-
tivit y will dip there.

2 The re®ectivit y of the signal mirror (SM) governsthe sharpnessof that dip. The dip can be
broad, to hug the thermal noise curve (Fig. 20). Or, the dip can be narrow, to maximize
sensitivity to narrow-band sourceslike pulsars (nharrow banding).

An additional possiblebenet of the signal mirror is wavefront healing. Sincethe power recycling
cavity is degenerate,both TEM gy and higher order mode (HOM) light (generated by imperfect
optics and misalignmens) will resonatethere (whereasonly TEM g carrier light resonatesin the
arms and is thus sensitive to gravitational waves). The signal mirror sendsthe \w asted" HOM light
badk into the interferometer, allowing it to \re-integrate" itself among the stored resonart light in
the arms. This idea was explored by Bochner [30]. who found that it is a rather modest e®ect.

18.2 Dual recycling

The combination of power recycling (PR) and signal recycling (SR) is referredto as Dual recycling
(DR). A simple realization of dual recycling, with minimal modi cation to the LIGO-I optical
con guration, is shawn in Fig. 21: a power-recycledMichelsonIFO with Fabry-Perot arms, with a
signal recycling mirror (SM) for resonan sidebandextraction (RSE).
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We have two nearly-identical Fabry-Perot (FP) arms, a power recycling cavity (PRC), and,
with the addition of one more mirror at the dark port, a signal recycling cavity (SRC).

18.3 Coupled cavities

For the purposesof analyzing the PRC or SRC, we can imagine that the beam splitter (BS) plus
arms can be folded together, thus represened by a single FP arm (this simpli ed represeration
of courserequires modi cation when considering the Schnupp asymmetry). The addition of the
PRC or the SRC can then be analyzed as a coupled cavity, asin Fig. 22. Light exiting from the
orthogonal direction (e.g., when analyzing the PRC plus arms, light exiting the dark port) can be
thought of asa loss.

Note the sign convertion for the re°ected light in Fig. 22.

18.4 RSE

The signal recycling mirror (SM) at the dark port seesno carrier light (if the cortrast is perfect),
unlessthere is a gravity wave signal. We can think of the latter as signal sidebandson the carrier,
at acoustic frequencies. The signal sidebandsin the arms exit to the dark port through the ITM
plus SM, seenas a compound mirror, with re°ectivity

t2 Tsm e A

1i ritmrswe A’

rem(A) = 111w i

where A= 2¥® is the phaseadvanceof the carrier plus GW signal, round trip in the SRC.

If the mirrors are held at resonance(A = 0), the transmission through the output cavity can be
smaller than the ITM transmission by itself, sothat the signal sidebandsleak out the arms faster
(resonart sidebandextraction, RSE [24]).

Conversely if the mirrors are held at anti-resonance,the transmissionthrough the output cavity
can be larger than the ITM transmission by itself, sothat the signal sidebandsare stored in the
arms longer (signal recycling).

Thus, one can independertly changethe nesse(and therefore the storagetime and IFO band-
width) of the arms, for the gravity wave signal only, while leaving the nessefor the unmodulated
carrier unchanged.

These considerationsare illustrated in Fig. 23 and 24.

18.5 Initial LIGO, Adv anced LIGO, and the 40m

Initial LIGO wasoptimized for maximum sensitivity to binary inspirals. Giventhe expectedseismic
and thermal noiselimits, the parametersare: Tyt = 0:03, Finesse= 205, ¢s = 1734! sec,f poe = 91
Hz, Garm = 130, Gprc = 48.

Given the expected seismicand thermal noiselimits using active seismicisolation and sapphire
test masses,the current optimized parameterscall for Tytp = 0:005, Finesse= 1231, ¢s = 10.5
msec, fpole = 15 Hz, Garm = 770, Gprc = 14. The reduction in Gy, in the presenceof the
larger laser power, reducesthe e®ectof substrate absorption and thermal lensing. Then, the signal
recycling is operated in a detuned-RSE regime, where the signal bandwidth is broadened.

At the 40m, we want to test the control scheme using the samecavity nesses/ gains, since
these are what determine the gains and bandwidths of the cortrol loops while in lock. Choosing
the sameT, 1y asin AdvancedLIGO, the 40m parametersare T)ty = 0:005, Finesse= 1231,¢s =
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99t sec,fpoie = 1591Hz, Garm = 770, Gy = 14. The much shorter arms meansthat the storage
time is much shorter at the 40m, so the time-dependert dynamics of lock acquisition will, indeed,
be di®eren at the 40m than at LIGO (harder in someways, easierin others).

Given the much larger f 5 at the 40m, we will want to usethe signal cavity to narrow, not
broaden, the bandwidth (by just a little bit); ie, we'll operate in the detuned-SR regime. This
should have no impact on the corntrol scheme, and thus no negative impact on the delit y of the
40m prototype to AdvancedLIGO.
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As 1, IS incressed,
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Figure 20: Top: Strain sensitivity of the Initial LIGO interferometers, with fundamental noise
sourcesshown. The shot noiseresponseis showvn asa black line. Its value at DC h(f = 0), and its
turn-over pole frequency f o can be changed simultaneously by changing the ITM transmissivity
Titm. Bottom: Dual recycled LIGO interferometers. Seweral shot noise curves are showvn (all
with the samelaser power): red = no RSE, high bandwidth (large T,twm ); blue = no RSE, narrow
bandwidth (small T,y ); green= RSE, \broadband"; magena = RSE, tuned.
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Figure 21: Con guration for a power-recycledMichaelsonlFO with Fabry-Perot arms, with a signal
recycling mirror (SM) for resonan sidebandextraction (RSE).
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Figure 22: Simple model of signal-recyclingIFO asa coupled cavity. Note the sign convertions for
the re°ected light for ead mirror.
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Figure 23: Amplitude re°ectivit y of the compound mirror formed by the ITM plus SM, for di®erert
detunings. The horizontal line is the ITM re°ectivity. The vertical lines indicate detunings Acs =
2Y8 s in radians which correspond to the shot noise curvesin Fig. 24.
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Figure 24: Shot noise displacemen sensitivity versus GW frequency for di®erert SRC tunings.
The middle, red curve, with no dip, corresponds to the absenceof a SM; the other blue curves
are in the presenceof a SM, with tunes corresponding to the vertical lines in Fig. 23. They range
from the narrow-band, As = ¥#2, \signal recycling" limit (bottom-most curve on the left), to the
widest-band, As = 0, \resonant sidebandextraction" limit.
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