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1 INTRODUCTION

1.1. Purpose

This document along with supporting analysis documents presents the current design status

for the LIGO Input Optics. The design information in this document supersede that

presented in the 100 Conceptual Design and is intended to present a detailed preliminary design
for the LIGO Input Optics Subsystem which conform toltiput Optics Design Requirements,
LIGO-T960093-00-D. This document is intended for the LIGO Detector Team.

1.2. Scope

This document details the current status of the Input Optics design effort. The IOO provides for
the conditioning of the laser light after the PSL and before the IFO input, and for the disposition
of the IFO reflected light to the LSC and ASC subsystems. It includes RF phase modulation of the
light for the generation of resonant and non-resonant sidebands; mode-matching, lock acquisition
and operation of the mode cleaner; mode matching of the light to the IFO; beam steering into the
IFO; and diagnostic beam pick-offs for the LSC/ASC subsystems.

1.2.1. 100 Subsystems

The Input / Output (I00) subsystem layout consists of the following units, schematically shown
in Figure 1:

RF modulation

Steering and conditioning optics

Mode cleaner and controls

IFO mode matching and beam pointing
IFO signal extraction for ASC

Signal extraction for PSL intensity control
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Figure 1: OO Subsystem Components
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1.2.2. Not in the IOO

The 100 specifically does not include the RF oscillator or suspension designs, baffling of scat-
tered light in the HAMSs, the Output Optics, RF photodiodes for PSL or LSC/ASC diagnostic sig-
nals.

1.3. Document Organization

1.3.1. Definitions

TEMgo Gaussian beam: A beam of electromagnetic radiation, in which the transverse electric

field varies asE = E,eW* , when is the beam spot size aBgis the electric field

strength at=0.
Spot size: The characteristic size for Gaussian laser beams, defined as the distance (radius) at

which the electric field drops th/e  times the maximum valfe, r @t0 ).

Modulation indeX : The application of RF sidebands using an EOM results in a output field
E - E —iwt—il cosQt
mod ~ Ein®
Ej, is the input field amplitude.

wherew andQ are the carrier and modulation frequencies and
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1.3.2.

AM
ASC
BS
CDS
CMRR
coc
coSs
DC
EOM
ETM
FI

GW
HAM
HWP
IFO
I00
IT™
LHAM
LIGO
LSC
LOS
LVEA
MIT
MMT
MZ
Nd:YAG
PDH
PM
PSL
PZT
RC
RF
RM
SEI
SOS
TBD
TGG
TFP
WFS
WHAM
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Acronyms

Amplitude Modulation

Alignment Sensing / Control (detector subsystem)

Beamsplitter (optical component)

Control and Data System (detector subsystem)

Common Mode Rejection Ratio

Core Optics Components (detector subsystem)

Core Optics Support (detector subsystem)

Direct Current (steady state - low frequency)

Electro-Optic Modulator (optical hardware)

End Test Mass (optical component)

Faraday Isolator (optical component)

Gravitational Wave

Horizontal Access Module

Half-Wave Plate (optical hardware)

LIGO Interferometer

Input Optics (detector subsystem, formerly named Input / Output Optics)
Input Test Mass (optical component)
Horizontal Access Module at Louisiana Site

Laser Interferometer Gravitational-Wave Observatory

Length Sensing / Control (detector subsystem)

Large Optic Suspension

Laser and Vacuum Equipment Area (of the LIGO observatories)
Massachusetts Institute of Technology

IFO Mode Matching Telescope

Mach-Zender Interferometer

Neodymium doped Yttrium Aluminum Garnet (laser gain medium)
Pound-Drever-Hall (reflection locking technique)

Phase Modulation

Pre-Stabilized Laser (detector subsystem)

Piezo-electric Transducer (mechanical hardware)

Radius of Curvature of a Reflective Mirror

Radio Frequency

Recycling Mirror

Seismic Isolation

Small Optic Suspension

To Be Determined

Terbium-Gallium-Garnet (optical material used in Faraday Isolators)
Thin Film Polarizer (optical hardware)

Wave Front Sensors

Horizontal Access Module at Washington Site
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1.3.3. Relevant Documents

1.3.3.1 LIGO Documents

Input Optics Design Requirements Documé&n€amp, D. Reitze, and D. TannelGO-
T960093-00-D

Input Optics Conceptual Desigh, Camp, D. Reitze, and D. TanneiGO-T960170-00-D

Absorption in the Core Optics and LIGO Sensitivity, LIGO-T970xxx-00-D

ASC Initial AlignmentK. Mason and M. ZuckeLI|GO-T970151-00-D

Alignment Sensing/Control Design Requirement DocurReiritschel LIGO-T952007-03-1

Alignment Sensing/Control Preliminary Desigh,Fritschel, G. Gonzalez, D. Sigg, M. Zucker,

LIGO-T970060-00-D

Detector Subsystems RequiremebtsshoemakerLIGO-E960112-05-D

Design Considerations for LIGO Mode-Matching TelescopeBelker, R. Adhikari, S

Yoshida, and D. Reitzé&|GO-T970143-00-D
Do wiggle effects depend on mode cleaner legti\bramovici, LIGO Technical Note #20
(1988).
Effects of Stray Magnetic Fields Generated by Faraday Isolators on Suspended Optical
ComponentsS. Yoshida, R. Adhikari, and D. Reitdd(GO-T970149-00-D

Estimation of Special Optical Properties of a Triangular Mode Cledradr,
Raab and S.E. WhitcomblGO Technical Note #108 (1992).

Frequency Stabilization: Servo Configuration & Subsystem Interface Specifidatieritschel,
LIGO-T970088-00-D

Impact of Non-resonant Sidebands on Length Sensing Sign@lampLIGO-T970097-00-D

(Infrared) Pre-Stabilized Laser (PSL) Conceptual DesigyrAbbott, P. King, R.Savage, S Seel
LIGO-T970087-00-D

Initial length precision of LIGO suspended cavitidsCampLIGO-T960181.

LIGO cavity lengths and modulation frequenci2$. TannerLIGO-T-970xxx-03-D

MIT Meeting on RF Modulation, Davd Shoemak&&0O-T970155-00-D

Modal Model Update 4: Mode-MatchinB, Sigg,LIGO-T960116-00-D

Modal Model Update 6: Mode Cleané&, Sigg LIGO-T960118-00-D

Mode Cleaner Noise Sourcels,CampLIGO-T960165-00-D

Proposed initial detector MC and RC baseline lengthsZucker and P. FritschdllGO-
T960122-00-I.

Recycling cavity and mode cleaner baseline dimensianSpyne LIGO-T970068-00-D

Seismic Isolation Design Requiremeiied RaapLIGO T960065-03-D

Small Optics Suspensions Final Desi§nKawamural IGO-T970135-02-D

1.3.3.2 Non-LIGO Documents

Heating by Optical Absorption and the Performance of Gravitational Wave Detectors,
W.Winkler, K. Danzmann, A. Ruediger, and R. Schilling, Phys Rev A, 44,7022
Optical mode cleaner with suspended mirrgksAraya, N. Mio, K. Tsubono, K. Suehiro, S.
Telada, M. Ohashi, and M. Fujimoto, Appl. Op$, 1446 (1977).
The response of a Fabry-Perot optical cavity to phase modulation sidebands for use in electro-
optic control systerisD. Skelton, and K.A. Strain, Applied Optics Lasenspress.
Alignment of Resonant Optical Caviti& Anderson, Appl. OpR3, 2944 (1984).
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2 OVERVIEW OF THE DESIGN STATUS

2.1. Design Changes

Since the 100 conceptual design, four major design changes have taken place in the 100
subsystems:

2.1.1. Replacement of the baseline RF modulation method

In the IOO Conceptual Design, we proposed a split-path, Mach-Zender interferometer in which
the synthesis of the resonant and non-resonant sidebands would occur on different optical paths,
thus avoiding the generation of intermodulation cross-products. Our initial design was motivated
by concerns of possible in-band noise at the GW dark port caused by mixing of resonant and
non-resonant sidebands. Although some pathways have been identifiéohfatt of Non-

resonant Sidebands on Length Sensing Sigri&@§)-T970097-00-D MIT Meeting on RF
Modulation,LIGO-T970155-00-) none have definitively shown to have an effect. While not

all pathways can be identified a priori, we feel that the ‘cost' of implementing the MZ RF
modulation (development of length and alignment controls) weighed against the simpler
alternative scheme, namely serial modulation with two EOMs, was high in light of the fact that
analysis had failed to identify any specific problem with intermodulation cross-products.

A simple, dual EOM serial modulation method will be used to apply resonant and non-
resonant sidebands.

2.1.2.  Use of a three element reflective telescope

The 100 Conceptual Design proposed a two-element reflective mode-matching telescope for
mode-matching into the COC. For allowing more flexibility in mode-matching to the COC (for
example, to compensate for variations in COC and 100 components due to polishing error or
thermal deformations), we have refined the design to a three element reflective mirror telescope.
This design allows for optimization of mode-matched power by having independent adjustment
of two degrees of freedom (waist size and position or, alternatively, wavefront radius of
curvature and beam divergence angle).

A three element telescope consisting of spherical reflective optics will be used for mode-
matching into the COC.

2.1.3. Use of a third frequency for locking the mode cleaner

In the conceptual design, the mode cleaner was to be locked by the resonant sideband frequency,
using a deliberate detuning of the resonant sideband frequency from resonance frequency, so that
some of the sideband power would be reflected and give a signal proportional to the offset of the
carrier from mode cleaner resonance. (The modulation depth of the nonresonant sideband is insuf-
ficient for mode cleaner lock.) Because the detuning might lead to additional phase and amplitude
noise in the resonant sideband, a third EOM will be used to generate a sideband that is non reso-
nant in the mode cleaner for locking the mode cleaner.
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A third EOM serial modulation method will be used to generate sidebands for mode-cleaner
locking.

2.1.4.  Elimination of first Faraday isolator

The conceptual design contained a Faraday isolator as the first optical element of the input optics.
This duplicates the function of a Faraday isolator in the PSL subsygiestection of the laser
oscillator from optical feedback). It has been removed from the preliminary design as redundant.

There is no Faraday isolator at the front end of the input optics.

2.2. Areas which need more work

There are a few areas which we feel have not yet been given sufficient attention by the 100
group:

* Mode Cleaner Length Controls - We have not yet come up with a complete servo design for
locking the mode cleaner to the levels specified in@@ Design Requirements Document
We expended significant manpower resources since the conceptual design on the fabrication
of a prototype MZ RF modulation scheme. Since the MZ has been abandoned as the baseline
design for sideband generation, this will free up the manpower necessary to complete the
design and pass it to the CDS group.

* Measurement of Mode-Matching to the COC - The proposed MMT design will allow us to
vary the spatial mode parameters of the beam sufficiently to accommodate expected varia-
tions in optical components (see Section 8.1). Nonetheless, our design requires some motion
of the MMT optics in the vacuum to be able to determine the higher order mode content and
necessary adjustment. We propose to develop a design based on using ‘doughnut’ (circularly
split) photodiodesNlodal Model Update 6: Mode-Matching, LIGO-T970116-00t@detect
small changes in coupled power caused by dithering of MMT mirror 1 and 2. This circum-
vents the need for in-vacuum automated mechanical motion of the SOS suspensions. Proto-
typing and testing of this system has not yet taken place.

» Measurements of High Power Effects in OO optics - In as far as possible, we have made esti-
mates of the effects of high power beam propagation through transmissive optics in the 100
chain. Nonetheless, no hard data has been obtained. We feel it is imperative to measure these
effects and will conduct a testing program (see Section 10) before the 100 Final Design
Review to identify potential problems.

1. (Infrared) Pre-Stabilized Laser (PSL) Conceptual DesiyrAbbott, P. King, R.Savage, S SddlO-
T970087-00-D
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3 SUBSYSTEM INTERFACES

3.1. PSL

3.1.1. Optical

3.1.1.1 Main Beam
The output beam from the PSL will be delivered to 100 at (60£®iB5in ,126.85in ) in
the optical table local coordinate system defined in Figure 2. The spot size at the beamywaist,

of the PSL output beam shall be 0.5 mth1  mm. The PSL output beam waist location shall be
within 5.0 cm of the PSL output beam location.

3.1.1.2  PSL Intensity Pick-off

The intensity stabilization beams for the PSL will be delivered to the PSL photodiode located
(TBD ISC) on the ISC tables located adjacent to HAM 1 (4 km IFO) and HAM 7 (2 km IFO). At
the IOO/PSL interface location, the spot size of the I00 output beam sample for power stabiliza-

tion shall be 2.0 mm0.2 mm. The power of the beam shall be 50 m8D PSL/IOO).

3.1.2. Mechanical

The 100 shares an optical table with the PSL (PSL/IOO table).Figure 2 shows the allocation of
table area for each subsystem. The optical table itself as well as the physical enclosure surround-
ing the table (for controlling acoustic noise, air currents, dust, and thermal variations) is the
responsibility of the PSL subsystem. 100 is responsible for the positioning of the PSL/IOO table
and the vibration isolation of the table from the LVEA floor.

The distance fronthe PSL/IOO optical table surface to the LVEA floor is 8210 cm
Figure 2: Shared PSL/IOO Optical Table

5 16 ft >
, 1ty !
A 5 ft
100 PSL
/ (0,0) é"gi'lt_;::;?geam Interface \ %
~r . 9 ft g
|
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3.2. COC

3.2.1.  Optical

3.2.1.1 4 km IFO
The 100 delivers the optical beam to the 4 km RM at (X,Y,Z) = (-4.596 m, 0.212 m, 0.026 m) to

within £1 mm andw_L2.5x10_7 rad in the LIGO Global Coordinate System

3.21.2 2kmIFO
The 100 delivers the optical beam to the 2 km RM at (X,Y,Z) = (12.184 m, 9.060 m, 0.043 m) to

within £1 mm andi2.5x10_7 rad in the LIGO Global Coordinate System

3.3. ISC

3.3.1. Optical
The 100 delivers diagnostic beams to the ISC subsystems from Faraday Isolators located in
WHAM 1 (WA 4 km IFO), in WHAM 7 (WA 2 km IFO), and LHAM 11 (LA 4 km IFO) through

access portsI8D/ISC). These beams will have spot sizes of 2 trOril mm with nominal pow-
ers of 300 mW and up to 6 W during lock acquisition of the IFO.

3.3.2. Mechanical

The 100 requires optical levers for positioning of the telescope optics in the HAM chambers.
The locations of the optical lever hardware for the MMT are shown in Figure 3 for Table ISC1
(TBD/ISC). In addition, the 100 requires three quadrant photodiodes per IFO to maintain beam
centering for the 2 km and 4 km MMT. The location of these diodes is on the ISC talB&¥ is

ISC.

Figure 3: ISC Table Located Adjacent to HAMs
8 ft

ISC 4 ft

100
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3.3.3. Electrical

The RF modulation signals for the resonant and non-resonant sidebands are supplied to the 100
EOMSs from LSC (resonanit=0.47) and ASC (nonresonafnt:0.05). IOO will use resonant
MgO:LiNbO; electro-optic phase modulators (TBD/IOO) with the following characteristics:

* Manufacturer: New Focus

* Model: 4003-DB MgO:LiNbQ Brewster angle cut modulator.

« Maximum Optical Power: 8 W/mf(TBD 100)

* Modulation Depth(A@)/V : 0.2 rad/V (depends on frequeA®dp 100)
* Aperture: 2 mm

* Input Impedance: 50
The signal characteristics are given in Table 1.

Table 1: RF Signals into I0OO

, RF Power, RMS

Sideband Frequency (MHz Voltage (into 50Q)

4 km IFO resonant 24.493 4.7 V pk-pk 0.25W
(r=0.47), TBD I100) (TBD 100)

4 km IFO non-resonant 61.232 0.6 V pk-pk ~1 mW
(TBD ASC) (TBD 100) (TBD 100)

2 km IFO resonant 29.486 4.7 V pk-pk 0.25W
(r=0.47), TBD 100) (TBD 100)

2 km IFO non-resonant 68.800 0.6 V pk-pk ~1 mW
(TBD ASC) (TBD 100) (TBD 100)

Note: Modulation indice§ are nominal; the modulation depths for the resonant sidebands are to
range from 0-1. The range of modulation depth for the non-resonant sidela@id 8C will be
provided by ISC.

3.4. SEI

3.4.1. Mechanical

The in-vacuum IOO components are located on the seismic isolation stacks located in WHAM
1,2,7,8 and LHAM 11,12.
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4  OPTICAL LAYOUT

4.1. Physical Implementation

We assume that the LIGO facilities meet the specifications for vibrational and acoustic noise
given in the Civil Construction Facilitig3esign Configuration Control DocumehiGO
C960703-0.

4.2. PSL/IOO Table

4.2.1. Position of the Optical Table in the LVEA

The PSL/IOO table will be located at the entrance port to WHAM 1 and WHAM 1 (LIGO global
coordinates such that the centerline of the optical table is situated on the centerline of the beam

tube to£0.5 inches. See Figure 4. At Livingston, La, the single optical table will be positioned as
shown for the 4-km interferometer.

Figure 4: Position of PSL/IOO Tables on LVEA in Hanford, WA

4 km 100
whak 1 L E TS
PEL/IOD Eigy Clear Jena . A —
re— o
S0 Tebls ‘il U = P T] 1
il | | o i |
L' | | — |
P5L/EED & Tf ar h ' o =
2 km IFO
WHAN B WHAM ¥
FE Y FE_ST N

FEL 10} Biny Clewr Tome

; 1 ;
] - | o | : PELSINE Trble

T P | |

i 2 - = PSLAIE Stey Clapr Some

4.2.2. Optical Layout on PSL/IOO Table

All in-air components are located on the PSL/IOO table, including the RF modulation compo-
nents, the mode cleaner mode matching telescope optics, the periscope raising the beam from the
PSL/IOO0 table to the HAM beam height, and 100 diagnostics. Figure 5 displays the overall lay-
out of the IOO components on the PSL/IOO table.
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Figure 5: Detailed Optical Layout of IOO components
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4.2.3. I00/HAM Interface-Periscope

Since the relative laser beam heights at the IOO/PSL table and at the input port of HAM1 has a
35" rise, a periscope is designed to raise the beam without change of the polarization of the light.
The structure of the periscope has to maintain the stability of the supporting table and the lowest
resonances have to be high enough to avoid amplification of ground noise. A simple structure
comprising two tapered aluminum beams is designed to provide necessary stiffness. Figure 6
shows the dimensions of the basic structure. Mike Fine calculated the lowest 6 resonance fre-
guencies using finite element analysis, which are shown in Table 2. The transfer function of the
periscope structure has not been calculated; however since the lowest frequency is above 200 Hz,
the transfer function below 100 Hz can be safely assumed to be unity.

Figure 6: Basic structure of the periscope. Material: aluminum

W |

Units: meters

The top of the optical table (RS 4000 Table from Newport is assumed) has a typical maximum
relative motion value of < 1.3x1%¥ m (see Newport catalog). Assuming the top mirror on the
periscope has a maximum motion relative to the bottom mirror of4ri,Ghe output beam

direction disturbance caused by this motion is about 2x@ which is negligibly small com-
pared to the laser beam pointing angle fluctuations ( in the orderao).

The periscope fits under the planned table cover. A hole is required in the cover for the exit beam,

with either a nozzle (3-4 inch diameter TBD/PSL) or holes for a flange attachment. A tube will
protect the beam between the cover and the HAM viewport.
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Table 2: Calculated resonance frequencies of
the periscope basic structure.

Resonance Frequencies
Mode No. (Hz)

1 203

301

317
659
748
820

ol b~lwW N

4.2.4. IOO/PSL Vibration Isolation

The PSL/IOO table will be floor mounted using table legs similar to the Newport Research Cor-
poration Model 12000 isolation system. The legs have the capability of floating the table, but seis-
mic noise on the LVEA floor does not compromise the isolation of an unfloated table.

4.3. In-Vacuum Components

The in-vacuum components of the 100 are shown in Figure 7 and Figure 8. The in-vacuum layout
of the IOO components was driven by several considerations:

« Mode cleaner length - the requirements on mode cleaner ledefgrmine the positions of
the SOS in the HAMS

» Scattered light - SYS requires that scattered light loss be limited to 1 ppm intensity clipping in
the COC. For all components except for the Faraday Isolator we are able to meet the 1 ppm
criterion. The 8 mm diameter of the FI crystal clips at the 20 ppm level.

» Positioning of the MMT mirrors - To be able to achieve the maximum independent adjustibil-
ity of the mode parameters into the COC, we require that the mirror MMT 1 be able to move
over the length of HAM £ MMT2 is required to move over a distance proportional to the
motion of MMT1 to maintain independent control of mode parameters.

* Minimization of coupling of stray magnetic fielB)to the SOS mirror actuators - a minimum
separation distance of 20 cm between the Fl and the SOS is required to reduce the displace-
ment noise induced on the suspended mirrd3-figld fluctuations to a level below the ambi-
ent displacement noise induced by seismic fluctuations.

The scale layouts for the individual HAMs are shown in the Figures below. Lines representing
beams are drawn at the 1 ppm intensity contour. The drawing has been somewhat distorted from
the AutoCad layout to fit on the page; the closest this contour comes to the walls is ~ 1 cm where
the beam from MMT1 leaves WHAM 1.

1. D. Coyne,LIGO-T970068-00-D; D. Tanner LIGO-T-970xxx-03-D.

2. T. Delker, R. Adhikari, S. Yoshida, and D. ReitzE;0-T970143-00-D

3. S. Yoshida, R. Adhikari, and D. Reitzk50-T970149-00-DAnalysis of B-field coupling to the SOS
magnets assuming that the Fl is bolted to the seismic isolation stack.

page 15 of 74



LIGO-T970144-00-D

43.1. 4kmIFO

4311 WHAM1

PSL Intensity Stabilization and excess noise monitor
COC LSC/IASC

ﬁ'_;?@f;‘-' —— 100 Beam

B \\\ —— 100
Diagnostics

Non-I00
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Figure 7: Layout of the 4-km IFO
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4.3.3. The In-Vacuum Faraday Isolator

A Faraday isolator positioned between the mode cleaner and the mode-matching telescope serves
to divert the back-reflected interferometer light out to ISC photodiodes for IFO diagnostics. The
presence of the Fl in the vacuum impacts 100 design considerations from a number of stand-
points:

* Vacuum Contamination
» Stray B-field coupling to SOS magnets
* Thermal lensing in the FR

The 100 will use an FR with the following characteristics:

* Magneto-Optic Material: Terbium-Gallium-Garnet (TGG)

» Clear Aperture 8 mm (20 ppm intensity aperture)
* FR Transmission: >98% (TBD 100)

* Optical Isolation: >30 dB

* Isolation Uniformity: TBD 100

« CW Damage Threshold: > 1 KW/ém

* Internal Magnetic Field: 07T

TGG was chosen over terbium-doped glass because it is less absorptive and has higher thermal
conductivity. The aperture size was chosen as a compromise between reduced isolation (for larger
apertures) and beam clipping (smaller apertures). As part of the FR certification, we will measure
the spatial dependence of the isolation with the possibility of going to a larger aperture.

A pair of Brewster thin film polarizers will be used as the polarizing elements in conjunction with
the FR:

* Material: BK7

» Clear Aperture: 2.5cm

* Incident Angle: 57.1 deg.

* Extinction Ratio: 100:1 (Intensity)
« CW Damage Threshold: > 1 KW/ém

* FR/Polarizer Transmission: > 92% (Vendor spec; TBD 100)
Brewster thin film polarizers have greater loss than other types, but can handle the power better.

4.3.3.1 Vacuum Compatibility of the Faraday Isolator

4.3.3.1.1 \Vendor Survey

Commercially available FRs use epoxy as part of the manufacturing process. A trade survey of
FRs manufacturers gives the following materials:

Manufacturer: Electro-optic Technologies

* Magneto-Optic Material: TGG
* Magnet: Nd:Fe:B (not bakeableg Jiie = 337 C)
* Epoxy: 3M DP460 Epoxy (bakeable)*
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e O-rings: Viton VT47 (bakeable)*

* Rod Holder: Brass

* Housing: Aluminum

» Fasteners: Stainless Steel

» Special Features: The FR can be delivered as components (to enable a bake of

the epoxied parts) and then assembled
*Can be replaced with user-specified epoxy, O-ring

Manufacturer: Optics for Research (OFR)

* Magneto-Optic Material: TGG

* Magnet: Nd:Fe:B (not bakeable)

* Magnet Cement: TBD

* Epoxy: TBD

* Rod Holder: Brass

* Housing: Aluminum

» Fasteners: Stainless Steel

* Special Features: OFR has manufactured space-certified Fls

4.3.3.1.2 FR Vacuum Certification

The 100 plans to vacuum certify the FR using the standard bake-out protocol and RGA analysis.
If it is determined that all hydrocarbon outgassing materials must be eliminated from the FR, both
of the companies above have agreed to LIGO-specific redesign of the FR without the use of vac-
uum contaminants.

4.3.3.2  Stray Magnetic-fields

The Faraday isolator (FI) placed after the mode cleaner has a magnet that generates an intense B
(magnetic) field. Part of this B-field leaks out of the FI into surrounding areas. Because of the
dynamic displacement of FI due to seismic noise, this stray B-field fluctuates with a frequency

and amplitude determined by the combination of the seismic noise and the transfer function of the
optical table on which Fl is placed. This B-field fluctuation can affect the operation of the mag-
netic actuators used for nearby mirrors by coupling to the magnets and inducing torques and
forces on the suspended optic.

The strength of the B-field around the FI will be measuf@&D{IO0O ) We have computed the
effects of a stray B-fields for SOS mirrb@sssuming:

* FI's seismic vibration represents FI's relative motion to the actuator magnets.

* Flis placed on a vibration isolation stack with viton springs having the horizontal transfer
function used by G. Gonzaleand the stack experiences ground noise measured at Living-
ston, LA.

* The mirror has rotational freedom about its three principal axes as an cylinder.

e BO)=07T

1. S. YoshidaLIGO-T970149-00-D
2. Environmental Input to Alignment noise, LIGO-T960103-00-D
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The forceF and torqua that a magnet having a dipole momenteels can be written as

F = grad(pn [B) = grad(p [Bg) + grad(p [B1)exp(iwt) = Fg + F1exp(iwt) 1)

and T=uxB = pux(Bg+Bpexp(iwt)) =1g+ 11exp(iwt) ,

respectively, wherBq(X, y, 2 andB4(x, y, 2 are the static and dynamic stray B-field that the
magnetic dipole feels:

Uo 0 0 o . .
= Bp+ [Ax + ~Bg Ay + —Bg (A =Bg+
B = Bp D_XBO X ayBO y aZBO z%exp(loot) Bo + B1exp(iwt)

andAx, Ay, Az are the amplitude spectral density displacements of the FI on the stack. The

Faraday B-fields can be modeled as a solehdide on-axis field is shown in Figure 9; however,
one must compute the off-axis fields to model accurately the field gradients.

The resulting displacement noise induced on the SOS mirror is shown in Figure 10, which com-
pares the stray B-field induced motion against the open-loop motion of the suspended mirror for a
separation distance of 17 cm between the Fl and the SOS. In our computation, we have neglected
low frequency (< 1 Hz) displacement motion arising from the microseismic peak, since the length
scales involved are less than 1 m. At all frequencies, the Fl induced displacement noise is compa-

rable to or less than seismic displacement noise. Note the dipole magnetic fields faltdff as z
thus, placement of the FI at separation distances of 20 cm from the SOS should have negligible
impact on the performance of the SOS actuators.

Figure 9: On-axis B-field used in this estimation
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Figure 10: Comparison of B-field-induced and seismic open loop SOS mirror motion
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4.3.3.3  Absorption-Induced Thermal Lensing

Thermal lensing is also expected from the Faraday isdi&imce the Fl is located after the

mode cleaner, any thermal lensing and aberrations introduced by the FI affect the coupling of
the beam into the IFO. Since this affects the design of the mode-matching telescope, we defer a
discussion of thermal lensing to Section 7.

1. T. Delker, R. Adhikari, S. Yoshida, and D. Reite6G0O-T970143-00-D
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5 RF MODULATION

5.1. Baseline Design

The 100 RF modulation system must provide both the resonant and nonresonant sidebands
required by the LSC and ASC subsystems. Two Pockels cells provide phase modulation of the
carrier from the PSL. In a change from the I0O Conceptual Design, a simple series arrangement
of these cells is used, rather than the Mach-Zender system described in the IOO/CD.

The LIGO ISC employ two modulation frequencies:

1. The first modulation frequency gives upper and lower sidebands that are resonant in the recy-
cling cavity but not resonant in the interferometer arm cavities. These are used for controlling the
lengths of the interferometer and for aligning the arm cavities and the beam splitter.

2. The second modulation frequency gives upper and lower sidebands that are not resonant in the
recycling cavity. These are used for alignment of the recycling mirror.

The values of these frequencies are set by the lengths of the respective cavities. The resonant
sideband frequency must satisfy

foo = Lkt EC-
res — ZEQch

wherek = 0,1,2... andl is the recycling cavity length. The extra factor of 1/2 occurs because the
carrier is resonant in the arm cavities whereas the sidebands are not resonant in the arms, giving a
extra 180 phase shift in the reflexivity of the arms.

The nonresonant sideband frequency is chosen to be far from the recycling cavity resonances.
Both the resonant and nonresonant sidebands must be equal to one of the mode cleaner reso-
nances, because the RF modulation is imposed before the mode cleaner. The resonant frequencies
of the mode cleaner are:

c
2L

fmc =n
mc

wheren is an integer (1,2,3...) ardl,. the mode cleaner length.

The remaining consideration in choice of the modulation frequencies is that they must miss all the
harmonics of the arm free spectral range: 37.5 kHz in the 4-km interferometer; 75 kHz in the 2-
km interferometer.

5.2. Constraints

The mode cleaner and recycling cavities span vacuum chambers whose separations determine the
cavity lengths. There is some flexibility on account of the size of the optical tables in these cham-
bers. The mode cleaner for the 4-km interferometer occupies HAM-1 and HAM-2; the recycling
mirror is in HAM-3; the input test masses are in BSC-1 and BSC-3. The mode cleaner for the 2-
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km interferometer occupies HAM-7 and HAM-8; the recycling mirror is in HAM-9; the input test
masses are in BSC-7 and BSC-8.

In addition to the separations of the vacuum chambers, a number of factors affect the optical
lengths of the mode cleaner and recycling cavities. These include the footprints of the suspen-
sions, mirror thicknesses, the triangular path of the mode cleaner, substrate refractive index, the
space required for other optical components, the offset of the optical centerline from the center-
lines of the beam tubes, and the Schnupp asymmetry of the core optics. These factors have been
considered by several workers recently, with similar conclusions.

5.3. Resonant sidebands.

5.3.1. Resonant sideband frequency.

The RF frequencies for the resonant sidebands have been chosen according to the following crite-
ria:

» The frequency must be consistent with the resonant cavity lengths described previously..

* The lengths of the two cavities shall not be an integer multiple of each other.

» The frequency shall be as low as possible.

The design frequencies and lengthBD/SYYS) for the two interferometers are in Table 3:

Table 3: Modulation frequencies for resonant sidebands and corresponding optical lengths (mm).

IFO n,k fres Lmc Lyc
4-km 2,1 24.493 12240 9188
2-km 3,2 29.486 15251 12715

These frequencies and lengths differ from those given in the IOO/CD. See the documents in
footnote 1 for calculations justifying them.

5.3.2. Resonant sideband modulation index.

The modulation index for the resonant sidebands is specified in the SYS documend 45.
The modulation index is to be adjustable over a range 6kQ<TBD/ISC).

With a nominal 6~W delivered to the core optics, a modulation indEx 6t47 will provide 5.36
W in the carrier and 310 mW in each first-order sideband. A modulation index=df will pro-
vide 3.51 W in the carrier and 1.16 W in each first-order sideband.

5.3.3. Pockels cell

Phase modulation in a Pockels cell is achieved by electrically varying the optical path length of
the light through an electro-optic crystal. The crystal must be aligned with the light polarization in

1. For details see M. Zucker and P. Fritschel, LIGO-T960122-00-1, D. Coyne, LIGO-T970068-00-D, D.B.
Tanner, LIGO-T-970xxx-03-D.
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order to avoid residual amplitude modulation to witliBD/IOO ). By using a resonant device,

the RF drive voltages can be kept low. In this configuration, tkeeds@put of the RF amplifier is
matched to the capacitive load of the crystal by a resonant circuit. Typical RF bandwidth is 1%,
which is larger than the tuning range of the RF generators.

A suitable modulator is MgO:LiINbO3 (New Focus 4003) which has a phase shift of 0.2 rad/\Volt.
Thus, 4.7 V peak-to-peak is necessaryfor 0.47 and 10 V peak-to-peak for= 1. The latter
voltage implies a power load of 1/4 W RMS from the RF system.

5.4. Nonresonant sidebands.

5.4.1. Nonresonant sideband frequency.

The RF frequencies for the nonresonant sidebands have been chosen according to the following
criteria:

» The frequency must be consistent with the mode cleaner cavity lengths described above.

* The frequency shall be sufficiently high that the effect of first-order mixing of the resonant
and non resonant sidebands is reduced.

» The frequency shall not be an integer multiple of the resonant sideband frequency.

* The frequency shall be within the demonstrated range of the RF photodiodes (70 MHz TBD-
ASC).

The frequencies for the two interferometers are in Table 4.

Table 4: Modulation frequencies for nonresonant sidebands.

IFO n frr (MHZ)
4-km 5 61.232
2-km 7 68.800

(Note that these frequencies are not those given in the IOO Conceptual Design and in the SYS
document. The SYS document gives the frequencies as TBD; the IOO/CD gave them as 35.86
and 20.34 MHz for the 4-km and 2-km interferometers respectively. Based on the MIT meeting in
July ‘97, we are assuming that the nonresonant sidebands can be shifted to these values.)

5.4.2. Nonresonant sideband modulation index.

The modulation index for the nonresonant sidebandBRYSYS. The IOO/CD used a Mach-
Zender interferometer to eliminate the effect of “sidebands on sidebands.” The output amplitude
corresponds to a modulation indextof 0.055 in the present series modulation. With a nominal
6~W delivered to the core optics, a modulation indelx ef0.055 will provide 2.7~mW in each
first-order sideband.
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5.4.3.  Pockels cell performance

The Pockels cell for the non resonant sideband will be identical to the one used for the resonant
sideband. The voltage for= 0.055 is below 0.6 V peak-to-peak, making the RF power required
0.9 mW.

5.5. Modulation cross products.

The output of the RF modulation section will be phase-modulated light, of the form

E = e—icot+ir1cos(Qlt)+irzcos(ta)

wherew is the infrared frequency of the carrieiis the modulation index artd, is the frequency
of thei™ sideband. This formula can be expanded using

gFeos@) _ 5 (1) 4 i (-1)* 13, _, (M) cos (2k—1)Qt]

k=1

2 g (-1)" 3, (M) cog 2kQt]
k=1

When this is written out, one sees that with two modulation frequencies, there will be output at
sums and differences &f; andQ,. The frequencies and amplitudes of these “sidebands on side-
bands” are given in Table!'8/Ve have listed all intermodulation products abové iamplitude

for frequencies up to the non-resonant sideldnd all products above TQp to2.5 times

this frequency. (For simplicity we take 25 and 62.5 MHz as the 4-km interferometer modulation
frequencies; 30 and 80 MHz as the 2-km frequencies. The input light has unit amplitude.) We
have also listed whether the products are in phase or in quadrature with the carrier and whether
the new frequency will be admitted by the recycling cavity or not.

Table 5: RF sideband frequencies.

Product Phase 4-km 2-km Amplitude
MHz a};rcr:ﬂt MHz aljriit
Admit
Carrier Re 0 Y 0 Y 0.945
5Q, - 2Q, Im 0 Y 10 N 2.24 x 10°
Q,-20, Im 12.5 N 20 N 7.45 x 10
3Q,-Q, Re 12.5 N 10 N 5.86 x 10°
Q Im 25 Y 30 Y 0.228

1. Impact of Non-resonant Sidebands on Length Sensing Sign&lamp, LIGO-T970097-00-D
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Table 5: RF sideband frequencies.

Product Phase 4-km 2-km Amplitude
Wz | aomit | MHz e
Admit

2Q, - 4Q, Re 25 Y 40 N 4.75 x 108
Q,-0Q; Re 375 N 50 N 0.00628
4Q; - Q, Im 37.5 N 40 N 3.45x 10°
2Q4 Re 50 N 60 N 0.0271

2Q5-3Q, Im 50 N 70 N 8.06 x 10’
Q, Im 62.5 N 80 N 0.0256

5Q,-Q, Re 62.6 N 70 N 1.62 x 10’
3Q, Im 75 Y 90 Y 0.00213

2Q, - 2Q, Re 75 Y 100 N 1.02 x 10°
Q+Q, Re 87.5 N 110 N 0.00628
40, Re 100 N 120 N 1.25 x 10°
2Q, -0, Im 100 N 130 N 8.64 x 10°
20, +Q5 Im 112.5 N 140 N 7.45 x 10°
2Q, Re 125 N 160 N 3.57 x 10%
5Q, Im 125 N 150 Y 5.91 x 10°
30, +Q, Re 137.5 N 170 N 5.86 x 10°
Q. +2Q, Im 150 N 190 N 8.64 x 10°

RF photodiodes produce signals proportional to the light intensity or field squared. (The intensity,
in turn, depends on the highly dispersive behavior of the interferometer.) The key frequency is
Q4, 25 MHz in the case of the 4-km interferometer. The other key factor is whethefi¢he is

admitted by the recycling cavity. Most of the intemodulation products are not admitted into the
recycling cavity, so their amplitude at the dark port is reduced by the transmission of the recy-
cling mirror The contributions to the RF power at 25 MHz (which is incindent towards the beam
splitter, assuming 6 W in the carrier) are given in Table 6

Table 6: Power at 25 MHz in 4-km instrument.

Mixing of Admitted to RC Power (W)
(2Q7-Qg) - 30 30 9.25 x 10°
(2Q;-3Q1) - Q 9.25 x 108

page 26 of 74



LIGO-T970144-00-D

Table 6: Power at 25 MHz in 4-km instrument.

Mixing of Admitted to RC Power (W)
(Qz - 20) No 4.68 x 108
(Q2- Q) - (32, -Q)) Neither 3.11x 10°
2Q, - 4Q, Neither 1.13 x 108
Qp-(4Q; - Q)) Neither 7.53 x 107
(3Q1 - Q) +(Q2-2Q) Neither 3.67 x 10°

By comparison, shot noise on 6 W is 1.06 °M/rHz. The worst cases aref2- Q,) -3Q;
and (X, - 3Q,) -1Q,. These essentially are the same product, and are about 10x shot noise at
100 Hz.The square of the relatively strong sideband at 12.5 MHz also is significant.

All would be reduced below shot noise if the nonresonant sideband were raised to approx. 87

MHz.
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6 THE MODE CLEANER

The mode cleaner has several purposes in LIGO. It filters the noggi&vhponents of the PSL

output light, reduces amplitude and frequency noise of the light, contributes to frequency stability
of the laser, decreases beam wiggle, and filters any s-polarized component introduced by the
optics in front of it.

6.1. Mode cleaner characteristics.

The mode cleaner is essentially a Fabry-Perot cavity with a high (several thousand) finesse. A
simple Fabry-Perot cavity has transmission
i5
t,t,e
t = 1l

2id
l-rqrye

wheret, is the amplitude transmission andhe amplitude reflectivity of the input mirrdg; is
the amplitude transmission angithe amplitude reflectivity of the output mirrdrjs the optical

phase associated with the cavity half-lengtfor plane waves and plane-parallel mirr@s;,
2rvL/c wherev is the frequency of the light. The resonator has transmission maxima wh@&never
= n1t, with n an integer.

The mode cleaner in LIGO is a ring Fabry-Perot resonator in the shape of a narrow isosceles trian-
gle. Two plane mirrors define the base and a curved mirror is located at the apex of the triangle.
The triangle configuration is preferred for several reasons, notably the much improved optical iso-
lation it provides .

The mode cleaner is located in vacuum, with the plane mirrors in HAM1 (4 km) and HAM7 (2
km) and the curved mirror in HAM2 (HAMB8). The separation between these chambers deter-
mines the free spectral range of the mode cleaner, as discussed in section 5 and elsewhere. The
mode cleaner mirrors are suspended by a single loop of wire using a Small Optics Suspension
(SOS).

The specific features of the mode cleaner are discussed in the following paragraphs.

6.1.1. Polarization dependence.

The mode cleaner transmits only one polarization of the li§ietcause the mode cleaner has an
odd number of reflections during one round-trip circuit, the overall phase of s-polarizeé&light (
normal to plane of the cavity) is reversed on one circuit. This shifts the resonance condition from
the usuab = cn/2L to

C J-D

V:i _ZD

1. Estimation of Special Optical Properties of a Triangular Mode Cledngl, Raab and S.E. Whit-
comb,LIGO Technical Note #108 (1992).
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The phase reversal does not happen for p-polarizedthe plane) light. Thus the mode cleaner
acts as polarization sensitive filter. As its length is varied, first one and then the other polarization
is transmitted. We choose s-polarized light for the mode cleaner.

6.1.2.  Rejection of high-order modes.

For TEM,, Gaussian modes, the resonances occur at frequencies

c 1 |l+m+1
whereg = 1-L/Rwith R the radius of curvature of the curved mirror. The resonator is adjusted for
resonance with the TE§ mode; this sets the valuem(of order 10). The radius of curvature

(and hencg) is chosen so that the resonance condition is not satisfiéet for m=ad for any
{n,I,m}. The condition is

| + m .
Tacos@ #integer+¢

whereg specifies the amount the higher-order mode avoids being resonant. It has been assumed
that the actual frequency from the laser of the fundamental and all higher-order modes is the
same.

6.1.3. Beam dewiggling.

Beam wiggle (angular and lateral deviations of the beam) may be viewed as the superposition of
higher-order Gaussian modes on the 'I{)EMOde.l Because higher-order modes are suppressed

by the mode cleaner, beam wiggle is suppressed by the mode cleaner. The amplitude of the beam
wiggle is suppressed by

1
S1m - 1
. 02
1+ (B sin[ (1 + m)acod /)]
on 0
whereF is the finesse of the cavity. Since, as already discussed, the qu&ntity) acog./g) is

chosemotinteger timegt, the value of the sinusoid is not zero. If we take it to be a typical value,
1 rad, then, sincé&»1

Tt
Sm ™= 2Fsin(1)

1. Do wiggle effects depend on mode cleaner ledytlAbramovici,LIGO Technical Note #20 (1988).;
Optical mode cleaner with suspended mirrédksArayaet al, Appl. Opt.39, 1446 (1977).
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6.1.4. Laser noise suppression.

The mode cleaner acts as a low-pass filter, with a corner frequeBny of TwhereF/c
is the storage time of light in the cavity. Amplitude and frequency noise at frequencies higher than

the corner frequency are suppressed at a rate of 20 db/decade.
6.1.5. Laser wavelength stabilization.

The mode cleaner can serve as a length standard for the laser. The arms are better standards, so in
normal operation, the mode cleaner length is slaved to the laser, but during lock acquisition, the
laser may be slaved to the mode cleaner.

6.1.6.  Circulating power.

Being a resonant cavity, the stored power in the mode cleaner is larger than the incident power by
1/T, with T the (power) transmittance of the input and output couplers.

6.2. Optical parameters of the mode cleaner.

Table 7 lists the optical parameters chosen for the mode cleaners. The_ldiftgts for the 4-

km and 2-km interferometers because of the differences in the separation of their HAM chambers.
The parameters for the 2-km interferometer are then an appropriately scaled version of those for
the 4-km interferometer.
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Table 7: Optical parameters for the mode cleaners

4K IFO 2K IFO
Plane mirror transmittance 0.002 0.002
Plane mirror reflectance 0.998 0.998
Curved mirror transmittance 1E-05 1E-05
Mirror absorbance/scattering each 0.0001 0.00010
Finesse 1550 1550
Free spectral range MHz 12.246 9.829
Full width/half max kHz 7.83 6.26
Full width/half max nm 0.342 0.427
Cavity optical half-length mm 12240 15251
Mirror thickness mm 25 25
Mirror wedge angle mrad 8.73 8.73
Mirror diameter mm 75 75
Coating diameter (curved mirror) mm 25 28
Curved mirror radius of curvature mm 17250 21500
g=1-L/R 0.290 0.291
waist size mm 1.629 1.818
Raleigh range m 7.83 9.76
Beam divergence urad 208 186
spot at flat mirror mm 1.629 1.819
spot at curved mirror mm 3.022 3.373
1 ppm intensity, curved mirror mm 15.9 17.7
Circulating power kw 4 4
Intensity at flat mirror kW/cm?2 48.0 38.5
Intensity at curved mirror kW/cm? 13.9 11.2
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6.3. Mode cleaner performance.

Figure 11 shows the calculated (intensity) transmittance of the mode cleaner as a function of fre-
guency. The calculation is done for the 4-km interferometer. The RF modulation sidebands will
be in the second and fifth transmission maximum.

Figure 11: Transmittance of the mode cleaner for the 4-km interferometer.
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Figure 12 shows the transmission near the peak as a function of frequency (at constant length) and
as a function of length (at constant frequency) The full width at half maximum is about 8 kHz and
about 0.3 nm. Figure 13 shows the phase change of the transmitted light as a function of fre-
guency and length. The central slope is 0.25 mrad/Hz and 6 mrad/pm.
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Figure 12: Transmittance (power) of mode cleaner near the resonance. Left panel shows
transmittance as a function of frequency; right as a function of length.
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Figure 13: Phase Shift near Resonance of 4 km Mode Cleaner. Left: phase versus
frequency; right: phase vs. length.
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6.3.1. Rejection of the higher order modes.

The value ofy = 0.29 was chosen by considering the transmission of higher order modes.

Figure 14 shows the electric field amplitude transmitted by the mode cleaner under the assump-
tion that it is illuminated with single frequency light with many higher-order modes present in the
beam. (In order to avoid having an excessive number of points, the calculation was done for a

finesse ofF = 100. ) The amplitude of the higher-order modes in the input beam was assumed to
fallas1/ ./l + m . In addition, the finite size of the coating on the curved mirror was taken into

account in the following way. The linear size of higher-order modes folldwsn . For the size
of the coating on the curved mirror, this means that modes with index bigger than 5 will spill over
the high-reflectance area at the 200 ppm level, leading to an effective reduction in the finesse of
the cavity. We assumed that modes witim( > 10) would suffer this loss, initially as

1/%1+m uptol+m =15,as1/./l+m up tbrm = 20, and as 1I¥m) thereafer.

The large isolated peak @t= 0.25 is from the TEM, and TEMyg modes. Other strong peaks
includel+m =5 atg = 0.096, +m = 7 atg = 0.38, and+m = 4 atg = 0.5.

The modes are quite crowded for some valuggawid rather sparse for others. In particular, there
are is a relatively wide gap on either side of the pegk=ad.25. The operating point was chosen

in this gap; g was chosen larger than 0.25 so that thermal effects, which will tend to increase the
radii of curvature, move the mode cleaner away from the strong maximum at g = 0.25. For circu-
lating power of 4 kW, we estimate that the sagitta of the MC cavity mirrors will change by ~0.1
nm, corresponding to a change of the cavity g-factor from 0.290 (0.291) to 0.291 (0.292) for the 4
km (2 km) MC.

Because the calculation was doneRor 100, the transmission at the operating point in Fig. 14 is
higher than for the high finesse the mode cleaner will have. The computed transmission for key
modes foi = 1550 is:

* TEMg;, TEMyq: 0.0012 in amplitude, 1.4 ppm in intensity.
*  TEM3q TEM,q: 0.0043 in amplitude; 18 ppm in intensity.
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Figure 14: Higher Order Mode Transmission of 4 km IFO
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6.3.2. Wigle and noise sppression.

Beam wiggle will be suppressed by a factor of typically 600 by the mode cleaner. Above the cor-
ner frequency of 6 kHz, laser noise is suppressed.as 1/

6.4. Mode cleaner length control

The 100 incorporates the following design choices for the mode cleaner length control, explained
below.

» Reflection PDH lock of light to the mode cleaner
» Sideband modulation index of 0.15
* Frequencies in Table 7.
« Modulation cross products down by factof B@mpared to resonant sideband
* No active control of sideband tuning to mode cleaner resonance
» Sideband detune does not couple to GW noise for Q demodulation
e Stack drift ~ 100 Hz / day after 20 days load
« Periodic monitor of detune by ~ #Hz dither of laser frequency, looking at induced sig-
nal on 50 mW pickoff

These choices are the simplest implementation of the length control consistent with LIGO
requirements.
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6.4.1. 100 Requirements

6.4.1.1  Frequency stability (limited by MC thermal noise)
3x10°Hz/rHz 100 Hz

3x10%Hz/rHz 10 kHz

6.4.1.2 Allowable sideband detune from resonance
100 Hz

This requirement was derived to hold RF oscillator phase noise to amplitude modulation after the
mode cleaner at the level of 0 rHZ.
6.4.1.3  Fringe control

1013 m
This requirement was derived to limit excess noise on the light after the mode cleaner to 10% shot
noise on 0.5 W light

6.4.2. IOO Performance

6.4.2.1  Loop gains and servo topology

Mode cleaner length control loop gains are TBD. The servo topology will follow that given in the
documentd$-requency Stabilization in LIGA,960164, andrrequency Stabilization: Servo Con-
figuration and Subsystem Interface Specificatit®i’0088

6.4.2.2 Shot noise

With a modulation index of 0.15,380.02), and a cavity visibility of 0.99 (100 mW incident on
the photodetector), the shot noise limited frequency stabifity is

3x10%Hz/rHz 100 - 10 kHz

1. Mode Cleaner Noise Sources, T960165

2. LSC DRD, T960058

3. Secondary Light Noise Sources in LIGO, T970074
4. Mode Cleaner Noise Sources, T960165.
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6.4.2.3 Freguencies

We.choose frequencies that are larger than the resonant sidebands, which have all harmonics non-
resonant in the mode cleaner, and which have mixing sidebands with both resonant and nonreso-
nant sidebands which are nonresonant in the mode cleaner.

Table 8: Modulation frequencies for mode cleaner locking.

IFO flock (MHZ)
4-km 33.289
2-km 26.717

6.4.2.4  Modulation cross products from reflection lock sideband

The modulation cross products of the mode cleaner locking sideband will be non-resonant in the
mode cleaner and will be attenuated (in power) by a factor of 1000. Thus the amplitude of any

cross products will be down by a factor of £16lative to the GW signal sideband.

6.4.2.5  Sideband detuning from resonance

Sideband detuning from mode cleaner resonance does not couple to noise at thel@wiport
ever it is sensible to maintain the requirement listed above on sideband detuning to limit excess
noise on the light, which may cause noise in ways that are unpredicted.

A requirement of a sideband frequency offset from resonance of 100 Hz corresponds to a mode
cleaner length stability of ~0.05 mm. After 20 days of load, the stacks will drift at this level over a
day span. We propose no active control of the sideband frequency relative to the mode cleaner
length; instead an RF photodiode will periodically monitor the amount of excess noise (on 50 mW
picked off light) induced by a laser frequency dither coupled to a frequency detune, and frequency
and/or length adjustments will be made manually when necessary. With a a 100 Hz detune and a
frequency dither of ~0.1 Hz, the excess noise will be ~20 dB above shot noise on 50 mW light.

6.5. Mode Cleaner Alignment

6.5.1. Initial Alignment

The initial alignment will begin with the installation of the in-vacuum chamber components. ASC

is to provide position information in the chambers, such that a fiducial point on an optical compo-
nent can be located within a distance TBD/ASC. For the input optics an accuracy of 1 mm is suf-
ficient, except for the length of the mode cleaRer. this, we will need to know the separation of

the tables in HAM-1 and HAM-2 to 0.1 mm. (The distance between the inside edges of the tables
at two points separated by the diameter of the beam tube connecting them would be the most con-
venient.)

1. Secondary Light Noise Sources in LIGO, LIGO-T970074-00-D
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Assuming that the separation is known to the above accuracy, 100 will provide assembly jigs that
will allow placement of the optics relative to the edges of the tables to an accutdQof mm
and+0.1 mrad (assuming machine-shop tolerances of 0.002 inch). Accumulated errors in posi-

tioning the mode cleaner and telescope optics would then be of order 0.2 mm and 0.04 mrad, cor-
responding in the former case to an error of 200 Hz in the free spectral range.

The length measurement will be refined by locking the mode cleaner in vacuum and applying a
second modulation frequency using one of the 100 Pockels cells. Adjustment of this frequency
until the sidebands are transmitted will allow the free spectral range to be measured. The positions
will be corrected by adjustments of the assembly jigs.

If the separation is not known to sufficient accuracy, a specific value will be assumed, and the
above mentioned free spectral range measurement will provide a correction.

6.5.2. Detection Mode

Alignment requirements on the mode cleaner are set by angular fluctuations of the test masses and
of the input beam with respect to the mode cleaner optical axis:

« Centering Tolerance on Mirrdr: 3 mm

* Input Angle Alignment Tolerance (99% TEjy): 2 x 1orad

« MC Mirror Alignment Tolerance relative to MC optical aXis: 3 x 10’ rad

* Open Loop SOS Displacement Noise: see Fig. 10.

The 3 mm centering tolerance requirements should be satisfied upon initial alignment using visual
inspection of the alignment beam as a guide. On-line monitoring of the beam spot on MC mirrors
is accomplished by ASC cameras.

Low frequency relative motion between PSL/IOO table and HAM1 and the laser pointing angle
fluctuation will cause misalignment of the input beam and the mode cleaner. This misalignment
will be detected by the wavefront sensing system and the signal will be used to control the two
mirrors on the periscope to maintain optimal coupling to the mode cleaner. To meet the mode

cleaner alignment requirement of 2 x°1fad, an open loop gain < 10 at 1 Hz is required for the
control loop. PZT stacks will be used as actuators for the control of the mirror pointing.

The MC WFS will be configured as shown beldw:

1. Alignment Sensing/Control Design Requirements, LIGO-T952007-03-I
2. Input Optics Design Requirements, LIGO-T960xxx-00-D
3. Alignment Sensing/Control Preliminary Design, LIGO-T970060-00-D
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Figure 15: WFS Control of MC
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The correction signals from the WFS will be sent to the optics mounted on the 100 periscope.
The actuation range is determined by the stack drift relative to PSL/IOO table. For an initial set-
tling drift of 200um/day and a logarithmic reduction with time, we assume thaus00f beam

shift and 5 x 1¢ rad of angular shift is adequate to maintain alignment over several lock cycles of
the MC without requiring manual re-alignment.

* Angular dynamic range of the periscope: 5 ¥1ad
» Displacement dynamic range of the periscope: 500
» Actuators: PZT stacks applied to gimbaling of periscope mireogs RPiezo Systems, Inc.)
* Response: oam/Vv
* Required dynamic range: n (assumes 0.5” actuator displacement from center of
optic)
* Available travel 1qum.

6.6. Mode Cleaner Mode Matching Telescope

The mode-matching optics indicated in Figure 16 is a three-lens arrangement which allows the
waist of the PSL to be matched to the Gaussian parameters of the mode cleaner. Using 3 elements,
it is possible to control independently the waist position and the waist size.
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Figure 16: Mode Matching Telescope for Mode Cleaner
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The three-lens design allows for independent adjustment of waist position and waist size. Essen-
tially, x and y are moved in one manner to adjust waist position and in a different manner to adjust
waist size. Figures 17 and 18 show these two behaviors. Table 9 gives the parameters of the tele-
scope.

Figure 17: Waist Position Adjustment
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Figure 18: Waist Size Adjustment
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Table 9: Mode matching for the 4-km mode cleaner

Component
F, focal length (cm) + 100
F, focal length (cm) -9.41
F3 focal length (cm) + 28.8
EOM waist size (cm) 0.05
EOM waist - i distance (cm) 93.6
dqyo (cm) 116.4
dy3 (cm) 20.1
nominal k5 - MC waist distance (m) 6.9
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/7 IFO MODE-MATCHING TELESCOPE

SYS requires that the light from the PSL be coupled into the COC with 95% efficiency (carrier
and sideband)IBD ASC). The IOO MMT serves two purposes:

* Maximize the coupled TEjpower (carrier and sideband) in the COC
* Provide steering of the beam from the mode cleaner into the COC

The telescope design must be sufficient to compensate for variations in COC/IOO optics. In addi-
tion, the telescope design must provide for diagnostic measurement of the mode-matching.

We have examined the design of the MMT in detail using both analytical methods (ABCD propa-
gation, mode-matching calculations) where possible coupled with optical modeling routines
(ASAP, CODE V)!

7.1. Expected variations in COC and 100 parameters

Variations from nominal design and operation of the COC and IOO optical components can lead
to a reduction in mode-matched power to the COC. Expected deviations which may reduce cou-
pling efficiency include:

* Thermal distortions in COC, mode cleaner, Faraday isolator
» Surface figure errors in polishing of IOO and COC mirrors

* Long term stack drift

* Pump down shifts in the stack positions

7.1.1. Thermal Distortions: Core Optics, Mode Cleaner, Faraday Isolator

7.1.1.1  Core Optics, Mode Cleaner

Surface and bulk absorption in coatings and substrates of the optics lead to thermal expansion and
deformation of the optic radius of curvatdr@bsorption in coating leads to a spatially dependent
surface expansion of the mirror which change the radii of curvature and modify the reflected

fields in the cavity. Bulk absorption in the substrate leads to a change in the optical path variation
across the Gaussian profile of the beam and a change in the effective focal length of the substrate.
Small deviations in waist size/(;) and positiomAz with respect to the nominal cavity parameters

Wp due to mode mismatch result in the introduction of the first higher order cylindrical mode

Vi (r):
P(r) = /1—8:]2_ Vo(r) +€,V4(r) 2

with a corresponding reduction in the coupled Tjgower given by

1. Design Considerations for LIGO Mode-Matching Telescopes, LIGO-T970143-00-D

2. W. Winkler, K. Danzmann, A. Rudiger, and R. Schilling, “Heating by optical absorption and the perfor-
mance of interferometric gravitational-wave detectors,” Phys Réd,A,022.

3. D. Anderson, “Alignment of Resonant Optical Cavities”, Appl. Qft.2944 (1984).
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DAFP[I :821:5—()—1D +D)‘AZZE @)
Loss DNO O %T[\NOD

Using a simplified model of absorptive surface coating and bulk heating in optical elértents,
change in the mirror sagitta for optical component in the COC and IOO can be computed. The
results are presented in detaiDesign Considerations for LIGO Mode-Matching Telescopes,
LIGO-T970143-00-DThe resulting change in cavity mode parameters for the 4 km is shown in
Table 10. By far the most serious effect is the reduction in power of the resonant sideband cavity
due to the cavity instabilityHowever, since the MMT matches both the carrier and the side-
bands, it is not possible to increase the sideband with the MMT without a corresponding reduction
in carrier power.

Table 10: Modified TEM g Cavity Parameters for the 4 km IFO

New Waist New Waist
Cavity Size vy Aw, (cm) Position z' (m) Az (m) €1
(cm)
Arm Cavity (Carrier) 3.52 +0.01 969 m from -5 0.002
™
Recycling Michelson 3.64 ~0 IT™M 0 0.07
Cavity (Sidebands)
Mode Cleaner Cavity 0.167 +0.001 12.25mfrom ~0 0.006
curved mirror

7.1.1.2  Faraday Isolator

The amount of mode mismatch introduced by thermal lensing (Figure 19) of the FI depends only
weakly on its placement in the optical chain. Two positions are considered in order to minimize
any aberrant effect®osition 1is between the last flat mirror of the MC and steering mirror of the
MMT, ~25cm from the MC mirroPosition 2is between the MMT steering mirror and MMT1, ~

37 cm from MMT1.

1. Absorption in the Core Optics and LIGO Sensitivity, LIGO-T970xxx-00-D
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Figure 19: Thermal Lensing in the Faraday Isolator
Effective focal length vs. bulk power
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The slight shifts in mode matching are characterized in Figures 20 and 21. At 10 W, the mode
mismatching and resultant power loss is shown in Table 11.

Table 11: Mode Mismatch due to thermal lensing in Faraday

Parameters Pos. 1 Pos. 2
Aw, (cm) 178 215
Az (m) 364 284
TEMg power(%) 99.4 98.9

Figure 20: Change in FP Arm waist position

Waist Position as a function of power

1500]

1400}
1300%
1200}

11001

1000}

page 44 of 74



LIGO-T970144-00-D

Figure 21: Change in FP Arm Waist Size
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7.1.2.  Surface Fgure Errors in Core Optics Radii of Curvature

The LIGO interferometers utilize mirrors with large radii of curvature and correspondingly small
sagitta, and are thus susceptible to errors in the nominal radii of curvature during polishing and
coating. Table 12 shows the tolerances COC places on the radii of curvature errors for the core

optics?

Table 12: COC Curvature Error Tolerance for WA 4 km IFO

Optical Component AR/Ryominal
ETM -0.07, + 0.01
I™ -0.015, + 0.015
BS TBD
RM -0.01, + 0.05

7.1.3.  Vacuum Pumpdown shifts and Stack Drift

Since the separation of the telescope mirrors will not be actively controlled, relative motions of
the mirrors are expected due to shifts during vacuum pumpdown and long term thermal drifting of
the vibration isolation stacks. Pump down shifts are estimated at 0.2 mni/Statkstimates

stack drifts on the scale of 3 mm/year (translation).

1. Bill Kells, “Core Optics Components Design Requirements”, LIGO-xxx
2. Mike Zucker, private communication.
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7.2. Three element design

The telescope design must meet the requirements listed above, as well constraints imposed by the
physical dimensions of the HAM stacks and vacuum system. In addition, we require that the
telescope be able to steer the beam from the mode cleaner into the IFO, thus eliminating the need
for large, flat beam steering mirrors.

The design philosophy is governed by the following criteria:

* Minimize the number of optics after the mode cleaner.

» Limit beam aperturing to the 1 ppm Gaussian intensity contour for direct path scattering

» Adjustment of the mode parameters in the IFO sufficient to meet the requirements set in Sec-
tion 2.

* Minimize astigmatism introduced into the beam.

» Allow for steering of the beam into the mode IFO without significant higher order modal con-
tamination.

These criteria lead us to select a three element telescope comprised of spherical reflective optics.
Figure 22 shows the conceptual layout and definition of parameters. Table 13 lists the input
parameters used in our design.

Figure 22: Definition of Parameters

d; from Mode Cleaner
Waist to MMT;

| ‘ | |
| MMT]_F l | |
| | | 28; | |
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| MMT 5 -IMMT 5 separatiorl,s 2| ; MMT2 |
| | | |
| : 203 | |
| MMT 3 | ) . | |
| | |

| degffrom MMT3 to IFO Waist

Analytical details of the design can be foundesign Considerations for LIGO Mode-Matching
Telescopes, LIGO-T970143-00-Briefly, we analytically solve faoall possible radii of curvature
(RvymT1, RumT2: RumTs) which mode-match to the Fabry-Perot cavity. We then use optimiza-
tion to select the set which provides thaximunmamount of adjustment of waist size and position
in the core optics. The optimal values fog{fRr1, Rumt2: RumTts) for both the 2 km and the 4
km IFO are shown in Table 14.

3. Fred Raab, “Seismic Isolation Design Requirements”, LIGO T9600XX-X-D
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Table 13: Mode Matching Parameters for the 4 and 2km IFO

Units 4k 2k

Wg = Waist size in Mode Cleaner cm 0.1664 0.186

d; = Distance from mode cleaner waist to MMT m 1.535 3.206

d;, = Distance from MMT to MMT, m 13.62 13.36

d,3 = Distance from MMF to MMT, m 14.45 13.78

d,,, = Distance to recycling mirror m 16.18 17.22

W = Effective waist size in arms cm 3.16 2.94

des = Effective waist position in arms m 1692 1161

wa = Waist size in arm cm 3.51 3.15

dz = Waist position in arm from ITM m 975 615.8

8, = Incident angle on MMT mrad 71.6 96.2

8, = Incident angle on MMJ mrad 6.8 13.2

83 = Incident angle on MMJ mrad 5.9 6.8

W = Spot size on MMT cm 0.169 0.195

W = Spot size on MMJ cm 0.365 0.302

W3 = Spot size on MMT cm 3.65 3.23

Table 14: Optimal Telescope Parameters
AV Ay 4 km 2 km

Optimal Ry - - 9.96 m 11.30 m
Optimal R, - - 2.336m 2.096 m
Optimal Ry - - 26.22 m 25.16 m
Maximum waist adjustmemiws 50 cm ~1.5cm 0.3 cn 0.3 cf
Maximum position adjustmeiid, 5cm| ~0.08 cm 100 m 40 n

The range of independent waist size and position adjustibility for the 4 km IFO are shown in Fig-
ures 23 and 24. The normalized Tgdybower coupling into the 4 km IFO as a function of the

positions of MMT mirrors is shown in Figures 25-27. Two observations can be made:

» The magnitude of TEl} coupled power which can be accommodated by the MMT is in the

range 70%-100%
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TEMgg power coupling is much more sensitive to the position of mirror MMT2.

Figure 23: Independent adjustment of waist position for 4k IFO
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Figure 24: Independent adjustment of waist size for 4k IFO
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Figure 25: Power in TEMyg as a function of MMT; , position.
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Figure 26: Power in TEMyg as a function of MMT 3 position
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Figure 27: Power in TEMyg as a function of MMT, 3 position

7.3. MMT Mirror Properties

7.3.1.  Reflectivity and Wedje Angles

* The power reflectivity of the MMT mirrors shall be 0.999.

* The power transmission of the MMT mirrors, ~0.001, allows 10 mW to be used for MMT
beam centering (see 7.7.2).

* All MMT mirrors will have 1 degree wedge angles.

7.3.2. Ghost Beams

7.3.21 MMT1 and MMT3

The high reflection coatings of mirrors MMT1 and 3 face toward the IFO, therefore, the amount

of ghost beam power that can enter the IFO from these path8 &s$Qming 1% reflection from
the back surface. Thus no baffles are needed for MMT1,3.
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7.3.2.2 MMT2

The back surface of MMT2 faces the IFO. Thus? b®the light incident on MMT2 can directly
access the IFO beam tube assuming that the beam is not blocked. The 100 will use a simple baffle
located behind MMT2 and the MMT2 beam centering pick-off mirror to block the ghost beam.

7.4. Tolerances on MMT Mirror Surface Figure

7.4.1. Deviations in Radii of Curvature (Focal Error)

The tolerances for the percentage error in the radius of curvature can determined by the
examining the amount of power rejected out of the fEMode under the assumption that no
compensation of mode matching occurs by moving the MMT mirrors (i.e., positioned for 100%
mode-matching assuming perfect polishing) and all other optics are perfect. Our results are shown
in Tables 15 and 16, which present the percentage of,§&pled power in the FP arms for the

4 km and 2 km IFOs. It is immediately apparent thatradii of curvature of MMT3 is the critical
design parameter of the MMA.0.5% deviation in the radii of curvature of MMT3 results in

~40% drop in TENycoupled power.

Table 15: Percent of Power Stored in TEN o Mode for Radius of Curvature errors on
MMT mirrors for 4k

MMT MMTs ARlz\;nggizl% AR;;IQIZVI =T 6.5% AR;;LIZ\A =T 3.1%

AR/R; = 0.5% 52.0 57.1 61.3

ARy/R; = 3% ARg/R; = 0.1% 89.9 94.3 97.0
ARy/R; = 0.05% 93.8 97.1 98.9
ARg/R; = 0.5% 52.8 57.8 62.0
ARy/Ry = 1% AR3/R; = 0.1% 90.2 94.4 97.0
ARy/R; = 0.05% 93.9 97.3 99.0
ARg/R; = 0.5% 53.0 58.0 62.0
ARy/Ry = 0.5% AR3/R; = 0.1% 90.2 94.4 97.1
ARy/R; = 0.05% 94.0 97.3 99.0

7.4.2.  MMT Mirror Hi gher Order Astigmatic Aberrations

We have also analytically computed the loss in stored power from astigmatic figure errors
(AR = Rs—R; # 0) in polishing. The change in power out of the TixMs given for the worst

possible combinations of errors (i&R;= - A/4, AR, 5= +A\/4). Table 10 and 11 give a list of the
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Table 16: Percent of Power Stored in TEN o Mode for Radius of Curvature errors on
MMT mirrors for 2k

MMIT MMT, MMT, MMT, MMT,
ARJR, = 1% | AR)/R,=0.5% | AR,/R,=0.1%
ARy/R; = 0.5% 61.9 65.7 68.7
AR/R =3% | ARyR;=0.1% 92.3 95.2 97.1
ARy/R; = 0.05% 95.1 97.4 98.8
ARy/R; = 0.5% 63.2 66.9 69.9
AR/Ry = 1% AR5/R; = 0.1% 92.9 95.6 97.4
ARy/R; = 0.05% 95.5 97.7 99.0
ARy/R; = 0.5% 63.5 67.7 70.2
ARy/Ry = 0.5% AR3/R; = 0.1% 93.0 95.7 97.4
ARy/R; = 0.05% 95.6 97.8 99.0

percent of power that is rejected out of the TfgVhode for combinations of polishing

tolerances)\/2, A\/4, A/10, on the three mirrors for the 4k and the 2k IFO. From this analysis,
summarized in Table 17, we conclude that deviations/d0 are desirable and less thd4 are
tolerable.

Table 17: Percent of Power Stored in TEN o Mode for surface figure errors resulting in
astigmatic MMT mirrors for 4k IFO

MMT, MMT, MMT, MMT,
A2 N4 M10

A2 95.7 96.1 96.3

M)'\\;'ZT 1 N4 98.6 98.8 99.0
M10 99.6 99.7 99.8

MMT, A2 95.7 96.1 96.3
N4 N4 98.6 98.8 99.0
M10 99.6 99.7 99.8

MMT, A2 95.7 96.1 96.3
A10 N4 98.6 98.8 99.0
M10 99.6 99.7 99.8

page 53 of 74



LIGO-T970144-00-D

7.4.3.  Astigmatism Due to Off-Axis Reflection

In the steady state situation, wherandy are zero, the astigmatism can be calculated by
assuming the focal length in the sagittal plane (parallel to the HAM table) is given by

Retf = Rcos® (4)
and in the tangential plane by
_ R
Rett = Sosd ®)

where@ is defined in Figure 22. Using the effective tangential and sagittal radii of curvature for
each MMT, the resulting tangential and sagittal waists in the IFO can be computed. For Gaussian
beams, the mode-matching coefficient is given by equation 14, and resulting reduction in fringe

Table 18: Astigmatism Introduced by 4k, 2k Telescopes

Parameter unit 4k 2k
Sagittal waistwg g cm 3.5612 3.161
Tangential waistwg 1 cm 3.508 3.142
|CO‘2 = Percent of Power in TE}j 0-9999 0-9999
Reduction in Fringe Contrast <1x10° | <3x10°

contrast is given bgF = 1 - \CO\Z. The results are shown in Table 18. From this, we conclude
that spherical optics are suitable.

7.4.4. Combined Effects

In order to ensure that we have 95% power in the Jg=Mis important to look at the combined
effects of all calculable errors:

» surface figure errors af4
» radius of curvature error &R,/R;=3%, AR,/R, = 0.5%, and\R4/R3 = 0.1%

» thermal lensing in the Faraday Isolator, RM and ITM
» off axis effects
* no compensation of mode-matching by movement of MMT mirrors

Power in the TEMo mode assuming RMS distribution: 96%
it | . istribution: 9%5

» surface figure error on the MMTA/10
« Average power in the TEp4is 96.9%

» Worst case of 94.7%
* Radius of curvature tolerance for M10 AR3/R3 = 0.05%
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« Average power in the TE}4is 98.7%
*Worst case of 97.4%

If we include compensation in power loss by adjustment of the position of the mirrors.

*  Moving MMT, by -50 cm
* MMT,by-1cm

7.5. Optical Modeling Results

As a way of verifying and corroborating our analytical results, the optics in the OO were
modeled in ASAP™ (Breault Research) with the optical layout as specified in the ACAD
mechanical drawings. Both the 4k and 2k systems were modeled and analyzed in full 3D in order
to comply with the COC layout specifications.

7.5.1. Geometrical Aberration Analysis

The classical methods for Gaussian beam propagation analyze all “third-order” aberrations as
perturbations to the standard paraxial theory. Among these aberrations, it is straightforward to
show that petzval curvature and distortion are negligible, due to the imaging properties of the
optical system. The Seidel aberrations which we must consider, however, are coma, spherical
aberration, and the much scrutinized astigmatism.

Figure 28: Wavefront in Fabry-Perot Arms (4Kk)
Wavefront at Waist

7.5.2.  Wavefront Analysis

By propagating a Gaussian Tlgypbeam of the parameters specified by the Mode Cleaner
through the MMT and looking at the wavefront distortion at the cavity waist position in the
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Fabry-Perot arm, one can analyze the wavefront function W(x,y) as a deviation from the ideal flat
wavefront of a Gaussian beam. With perfectly smooth mirrors, all the wavefront distortion is due
purely to the geometrical aberrations introduced by the use of off-axis, spherical mirrors. These
results are given in Figure 28 and Table 19.

Table 19: Zernike Coefficients of Fig. 29 (nm)

Grid Size (cm) Z5 Zy Zg Zg Z10 Z11 rms
Wo -.155 36.9 -.031 -.097 -.031 -28,5 4616
a4k 2Wq -.888 18.3 .205 -.545 -.129 -144 23|13
12.5 491 -12.6 -3.13 3.438 1.43 -15|8 21.3
Wo -.252 59.9 .014 -.1372 -.062 -46.4 75(8
2k 2wy 1.49 29.0 -911 1.03 178 -23.6 3714
12.5 1.05 38.9 -1.67 -.381 -.339 -2.48 39.1

7.5.3.  Modal Analysis

Taking the same field and looking at the amplitude distribution A(x,y) one can expand it as a
superposition of the cavity modes of the Fabry-perot arm.

A Y) = 3 ¢ (0u,(Y) ©

m, n

Whereu,(X) andu,(y) are the orthonormal Hermite-Gaussian eigenfunctions of the cavity.
Numerically integrating each TE},mode over the data set yields the corresponding amplitude
of each mode and then directly the power. Presently, a combination of numerical errors in both

the optical program and the expansion, result in an rms error on the oMY of watts.
Nevertheless, the power in the Tglas predicted by this method is > 99.99% in the case of
perfect optics, for both the 4K and 2K IFO. The 4 km result is shown in Figure 29. This shows

that the current configurations of the MMI® not contribute significantly to the coupled power
loss as a result of any geometric aberrations
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Figure 29: Field Amplitude Profile of the 4 km Beam at the Arm Cavity Waist

7.5.4. Surface Deformations

Rather than analyze the effects of randomly deformed optics, some research was done into
discovering the typical types of deformations found on optics of the specific sizes and polishing
types that are in the telescope. Three common types of surface deformations were analyzed using
the methods developed above:

» Astigmatic surface on small optics
* Radially symmetric aberrations on large optics
» Errors in specified radius of curvatygsR/R)

7.5.4.1  Astigmatic Surfaces on MMT ,

The magnitude of the deformation is included within the specified surface figure error tolerances
where the tolerance 55, the sag in each direction. Tolerances as relaxat?ado not shift more
than 0.01% power out of the Tk mode.

7.5.4.2  Radially Symmetric Aberrations on MMT;

In general, TEM g power loss due to donut aberrations is a function of the amplitude, radius of
the deformation. Writing the aberration as a function:

S(A w, r) = Asin(wr))™ @)
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whereA is the amplitudew determines the radius of the circle (spatial frequency)r &the

radial distance. The magnitude of the surface deformation shown in Fig. 30 is greatly
exaggerated.

Figure 30: Radially Symmetric Aberration on MMT 53

Table 20: (%) Power Loss in TEM, g due to Radial Aberration

A

A10 | AM20 | A40

Wo 83.3 | 83.8| 913

2wo || 845 | 91.5| 99.7
125 || 99.9 | 99.9| 99.9

Table 20 shows the power losss due to these aberrations for various vaesdofwhereR is

the radius of the ‘donut’ shaped aberration. It should be noted, however, that ASAP modeling of
these deformation fdR = wg violated the paraxial approximation and, as such, may not have
precision at the level of the other results. Itis seen from Figure 31 that a donut aberration on
MMT3 atw at the level oh/20 causes severe wavefront distortion. We thus require aberrations
less thar\/40.
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Figure 31: Wavefront Caused by Radially Symmetric Aberrations on MMT3

7.5.4.3 Focus Errors

Using the same methods as above, the power lost due to radius of curvature (focus) error was
analyzed and was found to disagree somewhat with analytical results (see Table 21). The
differences are due in part to fitting errors in recovering the Hermite-Gaussian modes and to our
inability to analytically model all aberrations.

Table 21: Coupled TEM, o Power w/ Radius of Curvature errors on MMT mirrors

MMT; | MMT, | MMTj3 Analytical Numerical
IFO Result Result
AR/R (%) (%) (%)
3 5 1 94.3 97.5
4K |3 1 .05 93.8 96.9
1 5 .05 97.3 99.4
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MMT; | MMT, | MMT; Analytical Numerical
IFO Result Result
AR/R (%) (%) (%)
3 5 1 95.2 98.8
2K |3 1 .05 95.1 98.1
1 5 .05 97.7 99.6

7.6. Beam Steering (Mirror Misalignment) and Jitter

In order to estimate the amount of static and in-band higher order modal contamination intro-
duced by beam steering and jitter, we use a one dimensional modal model based on the formalism
of Hefetz, et al and ASAP numerical modeling. Details can be founddsign Considerations

for LIGO Mode-Matching Telescopes, LIGO-T970143-00-D

7.6.1. Beam Steering

For beam steering, the loss of Tgjower is shown in Table 22 for the case where MMT mir-

rors were misaligned about the z -axis (out of the page) to determine associative power loss. It can
be shown that misalignment in the other angular degree of freedom are not as serious.

Table 22: Percentage Coupled TEM  Power w/ Angular Misalignments

Mis&”gg;e”t MMT, MMT, MMT,
+10 99.6 70.2 n/a
10 99.6 69.7 n/a
+1 > 09.9 >99.9 71.1
-1 >99.9 >99.9 70.
1 >99.9 >99.9 >99.9
-1 >99.9 >99.9 >99.9

a. IFO acquisition mode required power

Coupled misalignments at 10, 1, and 0.1 prad, respectively, yield < 1% power loss in most cases.
The (-10,-1,-.1) combination yields ~3% loss.

1. Y. Hefetz, N. Mavalvala, and D. Sigg, “Principles of Calculating Alignment Signals in Complex Reso-
nant Optical Interferometers”, LIGO T960005-00-R.
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7.6.2. Beam Jitter Performance

In-band frequency noise (jitter) on the input beam into the IFO can couple to static misalignment
of the IFO optics and introduce spurious in-band signals. Using the output jitter specification from
the mode cleanéand assuming seismic excitation of the suspensions consistent with the LA
site? we find that the in-band modal composition of the light is not affected by the telescope.
Table 23 shows the jitter at the input to the telescope and at the input to the IFO.

Table 23: Telescope-induced Jitter

Before Telescope IFO Input
Angular Fluctuations (radfz ) 6.3 x 1013 3x 1014
Displacement Fluctuations (nHz 2.8x 1012 1x10710
g, (1/./Az) 3.5x 109 3.5x 109

7.7. Alignment

7.7.1. Initial Alignment

7.7.1.1  Mirror Separation

Since the TENg coupled power is insensitive at the 0.01% level to millimeter changes in the tele-
scope mirror separation, conventional tooling can be used for setting the initial separations of the
MMTs. Removable templates for the MMT1,2 SOS and MMT3 LOS, referenced to a known
position on the HAM stacks, will be used to position MMT 1,2,3 on the HAMSs to within 1 mm of
design positions. This will be adequate for initial separation.

Once the initial separation is set, vacuum pump down shifts of ~ 2 mm and ASC alignment of
COC will require at least one iterative repositioning of the MMTSs to new positions.

7.7.1.2  Angular Alignment to MC,COC

For MMT3, 100 will follow the ASC protocol for alignmeRtA Sokkia electronic distance mea-
surement theodolite (ASC standard measuring equipment) which has been referenced to the ETM
to within 0.5 mrad will be autocollimated using an optical flat and first used to align ITM accord-
ing to the procedures describedd8C Initial AlignmentThe theodolite will then be turned 180
degrees toward MMT3. Before the RM is put in place, the angular and transverse positions of
MMT3 will be set to ASC alignment tolerance and locked using an optical lever. Upon comple-
tion, the RM can be positioned and aligned.

Camp, D. Reitze, and D. Tanner, “Input Output Optics Design Requirements”, LIGO-T9600-0-D
Gonzalez, “ASC: Environmental Input to Alignment Noise”, LIGO-T960103-0-D
M

1. J
2. G.
3. K. Mason and M. Zucker, “ASC Initial Alignment”, LIGO-T970151-00-D
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Alignment of the beam from the MC into the telescope will be accomplished by using a pilot
(dummy) beam (10 mW, 670 nm) which transmits through the flat mirrors of the MC to define the
beam line into the telescope. (See Figure 32; We assume that the MC mirrors have been aligned to

2 x 10° rad, the MC optical axis alignment tolerance.) A thin (< 3 mm), dichroic BS (transmis-
sive at 670 nm, reflective at 1064 nm) will be place at near normal incidence (<5 degree) in the
pilot beam line to allow for a 100 mW, 1064 nm beam to be aligned and propagated collinearly to
the red pilot beam. Optical targets (cross hairs) will be placed in front of the MMT optics and
serve as alignment targets for the IR pilot beam aligned to the optical axis of the MC. MMT1 and
2 have small (~2-3 mm) spot radii and therefore should be accurately positioned to the center
(within 1 mm) of the optic simply by cross hair alignment. MMT3 has a large (3.6 cm) field
radius and therefore will require a video camera to monitor alignment to the 1 mm centering level.
Once alignment is achieved, the positions of the mirrors on the MMT optics will be referenced to
guad position sensors located on ISC tables beside the HAMs.

Figure 32: MMT Initial Alignment

—— 670 nm pilot beam
—— 1064 nm pilot beam

MMT Injection

MMT1 o MMT2

1‘/ Dichroic
MMT3 )
(ASC) // MC Flat Mirror
N .
N\ MC Flat Mirror
+

7.7.2.  Alignment Control

To maintain the positions of the beam on the center of the MMT mirrors to the tolerances speci-
fied in 7.5, 100 will use a quadrant photodiode scheme as shown in Figure 33 below. 10 mW
light leakage from each MMT mirror will be directed to quadrant detector located on ISC tables
next to the HAM stacks. Conventional quadrant photodiodes (Hamamatsu Silicon Quadrant Pho-
todiode; 0.3 A/W responsivity@1064 nm) located on ISC tables located next to the HAMs will be
used as references for MMT beam centering.

Table 24 shows the centering requirements and corresponding angular and displacement require-
ments for the 4 km MMT. The centering requirements were calculated by requiring that the beam
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displacement on MMT3 caused by transversely displacing or tilting MMT1 and 2 is less than the
centering requirement of 1. mm on MMT2. The corresponding quadrant displacement is computed
by converting the transverse displacement to angular tolerance and propagating the beam to the
guad sensor. We assume a differential stack to ISC table driftpohiday.

The error signal for the MMT3, the tightest requirement, is shown in Figure 34, calculated by
integrating a TEN over a split detector as a function of displacement in units waist of beam

waist. A 110Qum displacement corresponds to photocurrent error signal 3ovéd dark current
noise.

Table 24: Beam Centering for 4 km MMT

Element Rcezzﬂ'i[‘raer:rr:gnt Angular Tolerance| Quad PD Displacem&nt
MMT1 1000pm 100urad 5mm

MMT?2 1000pm 437prad 1.25 mm

MMT3 1000 pm® 70 prad 1.1 mm

a. Assumes PD is 2 m from optic
b. Assumes ASC angular control of MMT3

Figure 33: Telescope Beam Centering

X-shift

y-shift |
servo l

it |20
y_
SGI’VO_IM:,
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Figure 34: Error signal for De-centering of MMT2
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8 OPTICAL THROUGHPUT

The 100 must deliver 75% of the TEllight emerging from the PSL to the IFO, including all
integrated losses from reflection, transmission, and absorption in the OO optical components.
The following table shows the transmission of the components of the IOO components. Numbers
are rounded to 3 digits. For the suspended components we have assumed coatings comparable to
those of the core optics, with 30 ppm loss on reflectance. The small optics are assumed to have
antireflection coatings that match the Ealing narrowband multilayer coatings (0.1%). The largest
individual loss comes from the large Faraday isolator, where the polarizing components contrib-
ute to a total loss of 8%. We gain considerably from the elimination of the first Faraday isolator
that was in the conceptual design.

Table 25: Optical efficiency of 100 system

Item Loss(%) Transmittance "I'Ar\ ;(r:ll;miﬂztnecde
RF modulation core optics 1.0 0.990 0.990
RF for mode cleaner 1.5 0.985 0.975
3 mode matching lenses 0.6 0.994 0.970
HAM1 window 0.2 0.998 0.968
3 beam steering mirrors 0.06 0.999 0.997
Mode cleaner 5 0.950 0.919
Faraday isolator 8 0.920 0.845
Mode matching telescope 0.45 0.996 0.841
(4 mirrors)

page 65 of 74



LIGO-T970144-00-D

9 DIAGNOSTICS

9.1. RF Modulation

The 100 will have an optical spectrum analyzer (Tropel) on the PSL/IOO table for analyzing RF
side bands on the PSL table.

9.2. Mode Cleaner

Since we are not actively controlling the sideband frequency relative to the mode cleaner length,
an RF photodiode will be used to periodically monitor the amount of excess noise induced by a
laser frequency dither coupled to a frequency detune of the MC. RF frequency and/or MC length
adjustments will be made manually when necessary. See Section 6.4, Mode Cleaner Length Con-
trols.

The 100 will have the capability to monitor MC cavity ring down times using a fast photodiode
on located on the ISC table.

9.3. IFO Mode-Matching Telescope

9.3.1. Measurement of Mode-Matched Power

Measurement of mode matched power will utilize two donut position sértsareasure the
mismatch of cavity waist size and position. Figure 35 shows a diagram of the measurement, in
which the mismatch is measured using the back-reflected light from the RM.

9.3.1.1  Expected performance
* A 100pum offset of MMT3 (limited by SOS dynamic range) results in a changgampli-

tude (first higher order cylindrical mode) of ~40
» SOS force imbalance (~ 1%) between magnets results in an unwanted angular misalignment
of ~ 10prad for MMT2. The angular misalignment gives a contribution for the TEdde

€1 approaching unity.
» ASC loop gains at 0.1 Hz are ~100, thus attenuating,theode and yielding,/e; ~1.
* The annular shape of the PD gives an additional factor of 100 CMRR fomtleele assum-

ing the optimal Guoy phasegiving more than adequate signal of 10:1 for the donut WFS.

1. Modal Model Update 4: Mode-Matching, LIGO-T960116-00-D
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Figure 35: WFS Measurement of the Mode Mismatch
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9.3.1.2  Prototype Implementation

In order to verify the performance of the donut WFS, the 10O group will develop a prototype
donut WFS using a small (20 cm) reference cavity. A (partial) survey of photodiode vendors has
revealed that annular geometries are not off-the-shelf items. While we continue to look for split-
annular PD vendors, we intend to simulate a split detector with two, masked single PDs. For a 20
cm cavity with a two element telescope, an analysis similar to the one above (assunmimg a 10
dither, angular misalignment of 1®ad, and CMRR of ~100 yields an expectgld; signal

~10:1.
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10 TEST AND PROCUREMENT PLAN

10.1. IFO Mode Matching Telescope

Our modeling results indicate that Rfzr3, the radii of curvature of the third telescope mirror, is
the most sensitive design parameter of the telescope design, with a 0.5% chapgesineRult-
ing in a drop in TENy power to ~65% in both IFOs. We contacted two polishing houses, General

Optics (G-O) and Argus International, to survey the achievable polishing precision for MMT3 (25
cm diameter, 10 cm thick fused silica substrate, RC=26.22 m):

* Vendor: General Optics
* super-polish
* AR/R (focus error) < 0.4%
* higher order aberrations¥10 at 632 nm
» Cost/optic: $5,000.00 (substrate not included)

* Vendor: Argus International
* super-polish
* AR/R (focus error) < 0.05%
* higher order aberrations¥10 at 632 nm
» Cost/optic: $1,950.00 (substrate not included)

Substrate vendors (Corning, Heraeus) have been contacted but have not yet responded to RFQs.

The variance IAR/R specifications of almost a factor of 10 lead us to adopt the more conserva-
tive specification of ~ 0.4% as an achievable number. Given the sensitivity of MMT3, we propose
to work around this tolerance limitation by implementing the telescope design in three stages:

10.1.1. Procurement of MMT3
Using the baseline design above, an order will be placed for MMT3 specifying the tolerance to
0.4%. The lead time for procurement is ~ 6 months.

10.1.2. Measurement of MMT3 Radii of Curvature

Upon receipt of the optic, the radii of curvature will be measured to a level of 0.2%. The sag of a
25 cm, 25 m radii of curvature optic is ~ 30®. This corresponds to ~ 500 fringes on a Fizeau
interferometer using He-Ne light and therefore should be easily achievable.

10.1.3. Redesign of MMT1,2

Once the radii of curvature of MMT3 has been characterized to the 0.2% level, the radii of
MMT1,2 will be recomputed to optimize the baseline mode-matching with the ngyyRC

since MMT1,2 are not as sensitive to changes in radii of curvature. This will produce a final
MMT design in which MMT1,2 are matched to MMT?3.
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10.2. High Power Effects

Transmissive optical components in the beamline will be subjected to 8 - 10 W average powers
over prolonged durations. Exposure to sustained power levels can cause adverse effects on beam
quality which in turn will degrade the LIGO strain sensitivity.

10.2.1. Requirements

10.2.1.1 Thermal Lensing

Caused by uniform low level absorption which can change the output modal parameters of the
beam (spot size, radius of curvature).

* Requirements:
* Must maintain 95% power in TEf§)§ mode in IFO

* Focus error (4 must be compensated by IFO MMT.

10.2.1.2 Non-uniform Beam Spatial Variations

Caused by local microscopic absorption regions and spatial variations in the index of refraction
which can change the shape and output pointing of the beam (modal contamination).

* Requirements:
* Must maintain 95% power in TE§§ mode in IFO.

10.2.1.3 Polarization contamination (elliptization)
Caused by thermally-induced birefringence.
* Requirements:

» Static: maintain polarization purity at 100:1 level (CHECK)
* Dynamic: polarization fluctuation --> AM

Bpol < 10* rad/,/Hz to maintain 18 PSL stabilization

10.2.2. Laser Source and Characterization Equipment

A Lightwave multi-frequency, 10 W, 1.064 micron laser will be adequate for performing these
tests. (Longitudinal modes of the laser are in the GHz regime and therefore will not interfere with
RF noise characterization.)

10.2.2.1 Beam/Modal Quality

Beam quality will be assessed by transmitting a known modal structure (Gaussian parameters)
through the optic in question and measuring the output mode as a function of intensity in excess
of LIGO level intensities. Deviations in beam quality and modal parameters will be measured
using a commercial beam profiling system (Wavefront Sciences) capable of measuring changes in
mode parameters at thé€L20 level

* Measurements
» Short term characterization of modal changes

page 69 of 74



LIGO-T970144-00-D

* Long term (> 1 week) sustained exposure at high intensity
Figure 36: Thermal Lensing Measurement
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10.2.2.2 Beam Pointing

Beam jitter occurring at in band frequencies degrades the shot noise limited sensitivity of LSC
and ASC. Thermally induced beam pointing jitter will be measured using a quadrant (position
sensitive) photodiode placed in the far field of the beam. (See Figure 36.) The output of the diode
will be sent to a spectrum analyzer and measured as a function of intensity.

Figure 37: Beam Jitter Measurement

Quad
Spectrum Diode
Analyzer\®
Optic Under Beam
; Test Dump
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Laser | Attenuatin:|
ND ND Pick-off

10.2.2.3 Beam Polarization

Intensity dependent measurements of beam polarization will be made by picking off a small por-
tion of the beam analyzing the polarization using a Glan laser polarizer, and RFPD, and a spec-

trum analyzer.
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Figure 38: Polarization Measurement
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10.2.3. Specialized EOM, Faraday Isolator Testup

Specific testing of for the EOM and FI will also take place.

10.2.3.1 EOM

Modulation characteristics (modulation index and amplitude modulation) may have some laser
power dependence. Tests will be performed to measure the modulation index and amplitude mod-
ulation by measuring the RFAM with an RF photodiode and signal spectrum analyzer and the
sideband height will be measured with an optical spectrum analyzer.

Figure 39: EOM Testing
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10.2.3.2 Faraday Isolator

The power dependence of the isolation of the Faraday isolator will be determined by back-reflect-
ing the light into the FI, measuring the rejected light with a power meter and the non-rejected light
with a photodiode (the ratio should be constant for power-independent isolation).
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Figure 40: FI Isolation Testing
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APPENDIX 1
Beam wiggle
Assumptions -
* The incident beam is originally TEj}Y

* Wiggle of the incident beam is represented by higher order Gaussian modes

Effect on the higher order-suppression formula -

Consider Figure 14 where Ms the input mirror and Wlis the output mirror. We consider two

cases: case 1 in which the incident beam is introduced into the mode cleaner in such a way that it
goes through the shorter arm first and case 2 in which it goes through the longer arm first.

Figure 41: Triangular mode cleaner
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case 1l M.,

\
\
case 2

In the first case the incident beam encountesNi}, M3, M4, M,,... in this order. After one tri-
angular trip the output beam from,i8

A = t1r2r3r1t2e2i6
where the phase is measured relative to the phase if the mode cleaner is removed. This continues
for the second and further trips, giving the equation for the Fabry-Perot resonator.

_ tt)

B 2i5
l—rqrorae
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Next, consider case2. This case differs from case 1 only in the order in which the incident beam
goes through the mirrors. Therefore, mathematically, if the subscripts 1, 2 andahétrin the

above equations are replaced, the same formulas can be used. Because all of the above formulas
are symmetric with respect to the order;andt;, j=1, 2, 3,...., the resultant formula representing

the fraction of the high order power transmitted through the resonator is insensitive to such
replacements. This means that whether the incident beam is introduced as case 1 or 2 does not
affect the wiggle suppression efficiency of the mode cleaner, provided that the same higher order
modes are generated by wiggle.

Does the difference in the introduction of incident beam generate different higher order
modes for a given wiggle?

Now the question is whether case 1 and case 2 generate the same higher order modes for a given
incident misalignment. To discuss this, consider the mode cleaner as an equivalent periodic lens
system.

Figure 42: Equivalent lens system
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case 2 Tt ~ Beam waist

The incident beams for the two cases can be treated as shown in Figure 15. Thus the only optical
path difference between the two cases is the path betwgandW\, that case 1 experiences in

the first and last trips. From the second trip through the final trip, there is no optical path differ-
ence. In either case, the whole optical system is arranged in such a way that a beam waist is
formed in the middle of the space betweenpavid M,. This means that the distance from this

beam waist to the original beam waist formed by the laser cavity must be the same for the two
cases. Therefore, any wiggle taking place upstreamptshiduld result in the same deviation in

the mode cleaner from the originally designed ray geometry (in the radius of curvature, beam
direction, etc.), generating the same higher order modes.

From what is discussed above, it is clear that the difference in the mode cleaner mirror to intro-
duce the incident beam does not affect the wiggle suppression capability of the mode cleaner.
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