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1 INTRODUCTION

1.1. Purpose

This Design Requirements Document (DRD) for the Core Optics Components (COC) subsystem
identifies the information necessary to define the COC subsystem and quantify its relationship to
other LIGO subsystems. Requirements, formally flowing down from the Systems (SYS) task, are
stated to provide a full description of the COC and their optical and physical properties. Each
requirement specification will be justified in terms of its impact on the LIGO performance.

1.2. Scope

This document will detail only requirements on the 6 or 7 monolithic optical elements necessary
for each LIGO interferometer. Reference to other related and interfacing subsystems will be made
only to define interfaces, clarify the rationale for requirements, and allow a full justification of
particular required parameters.

The actual fabrication specifications for realizing the herein required optics and a program for
developing and verifying their delivered performance (including the “Pathfinder” prototypes) will
be presented in a companion COC Conceptual Design Document (LIGO-E950100-00-D).

Part of the LIGO concept is to construct 2000 m, half arm length, IFOs as well as those of the
full 4000 m length design. Explicit discussion of the requirements for the 2000 m IFO will be lim-
ited to section 3.2.1.8. Elsewhere it is tacit that reference is to the 4000 m version unless stated
otherwise.

1.3. Definitions

1.3.1.  Physical Definitions

Physically, the COC subsystem consists of the following items as shown in Fig. 1:

1.3.1.1 Fused Silica cylindrical substrates:

* Test masses (TM) of two types: input TM (ITM) and end TM (ETM).

* Beam splitter (BS).

* Recycling mirror (RM).

* Folding mirrors (FM) which will be incorporated only into the 2000 m arm length IFO. See
section 3.2.1.8.

1.3.1.2  Thin film optical coatings (applied to faces of the substrates 1.3.1.1):

Anti reflection coating (ARxx) applied to surface 2 of each optic: e.g. ARBS=
anti-reflection coating on surface BS2 of the BS substrate.

Enhanced reflectance coating (ERxx) applied to surface 1 of eacheogtiERITM = reflec-
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tor coating on input test mass.
Any coating applied to any portion of the substrate surface (e.g. substrate sides) for mitigating
localized surface chargifBP (dielectric surface charging is recognized as a potentially seri-

ous problem. See 1.5.1.8).
ETM\ Surface Naming:
ETM2 (Coatingis ARETM)
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Figure 1: Physical definition of COC (4000 m IFO)

-

page 4 of 50



LIGO-950099-02-D

L]
L]
L]

Figure 2: Physical definition of COC (2000 m IFO)
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1.4. Acronyms

» Throughout this document items will be mentioned whose existence, scope, or value are yet to

be determined. A symboFP represents this status.

* |IFO= Interferometer

* SUS= Suspension design system.

* |O0= Input optics. This subsystem contains subdivisions (OO) for output optics and (10) for
input optics.

» ASC= Alignment sensing and control subsystem.

* YAG= 1.06 micron laser or laser light (wavelengti not otherwise specified).
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SYS= Detector Systems Engineering/Integration.
Ag = optical surface spatial wavelength.

GW-= gravitational wave.

G= Power recycling cavity gain:@or carrier power; G, for side band power

CD= Contrast defect: G[for carrier power; CQ, for side band power.

Wg = Primary cavity’s beam Gaussian waist radmg.indicates beam Gaussian radius at
location xx. For example/z1), will be the end test mass beam radius.

Ref= the effective radius of curvature for a mirror surface as seen by an incident Gaussian

beam. (see 3.2.1.4.1 for further definition)

¢, d, = diameter, thickness of optigs, ds would specify substrate diameter and thickness
HTM= higher transverse modes.

OSEM: Servo actuators (5 per COC) which keep elements in alignment.

FFT model: the standard MIT computer simulation of the static LIGO IFO

“in-line” and “out-line”: refer to the two LIGO IFO arm. The in-line arm is the one colinear
with the RM-BS axis.
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1.5. Applicable Documents

1.5.1.

1511
1.5.1.2
1513
1514
1515
1516
1.5.1.7
1.5.1.8
1.5.1.9

1.5.1.10

1.5.2.
1521
1.5.2.2
1.5.2.3

1.5.2.4

LIGO Documents

COC centering Requirement: LIGO-T950049-00-D

LIGO Science Requirements Document: LIGO-E950018-00-E

SUS Design Requirements Document: LIGO-T950011-06-D

COC Conceptual Design Document: LIGO-T950100-00-D

ASC Design Requirements Document: LIGO-T952007-00-D.

COC sizes meetings notes: LIGO-L960112

Optical Wave front Distortion Specification notes (R. Weiss) LIGO-T952009-00-E
Electrostatic Charging on TMs (FJR) L960044-00-E

AR/ER coating properties (H. Yamamoto) LIGO-G950043

FFT model description (B. Bochner, Y. Hefetz) LIGO-G950061-01-R

Non-LIGO Documents

VIRGO Final Design (report) ver 0. June 1995
Thesis, P. Hello. University of Paris, 1994.

W. Winkler,et. al., Optics Comil2, 245(1994).

W. Winkler, et. al., Phys. R&44, 7022

2 GENERAL DESCRIPTION

2.1. Specification Tree

This document is part of an overall LIGO detector requirement specification tree (originating
from SYS). This particular document is highlighted in figure 3.
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2.2. Product Perspective
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The COC manipulates the 100 laser light beam into a form suitable for the optimal detection of
gravitational waves within the LIGO design bandwidth. Thus the COC interfaces optically with
the 100 subsystem. COC are aligned via optical (laser) interface with sensing systems provided
by ASC (see figure 8). The only mechanical interface is to COS (specified by the SUS DRD) via
contacting suspension elements and position/orientation control components (figure7, and
1.5.1.3). There is no direct connection to CDS (no electrical signals into or out off COC).

S
ASC B cocC 100

Lt

> COS

CDS

Figure 4: Subsystem relationship to COC

The COC performance depends essentially on the quality of its primary optical surfaces. Preserv-
ing the fabricated quality of these surfaces will be crucial. A dominant LIGO design feature must
be to control the potential for contamination of the COC optical surfaces.

2.3. Product Functions

The main functions of the COC are:

* Provide a high performance TElmode optical cavity interferometer (IFO), which is maxi-

mally sensitive to gravitational waves.

* Provide appropriate optical ports which allow routing of samples of the optical cavity light of
optimal intensity and phase to various gravitational wave, length and alignment sensing detec-
tors.

* Minimize stray/scattered light from the optical cavities and surfaces.

* Minimize the effect of thermal mode noise from both the optic’s internal modes and the inter-
facing suspension (SUS) components.

« Allow optimal match of the IOO beam TEjyimode structure to the fundamental mode of the

IFO cavities.

2.4. General Constraints

Realistic feasibility constraints have guided the nature of the requirements from the outset of the
LIGO program. We mention the main ones here:

2.4.1.  Simplicity

The basic GW IFO configuration, specified by SYS, should be simple in terms of COC number
and type multiplicity:

» each [imperfect] optic contributes additional wave front distortion, which degrades perfor-
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mance.

» Each COC optic necessitates an additional [noisy] control servo and suspension system,
which degrades performance.

» Contamination potential is proportionally reduced.

» Overall system design is significantly eased, clear optical lines of sight are increased, etc.

» Physically (size, material, finish, etc.) identical or similar COC are expected to greatly sim-
plify optical fabrication, IFO construction, spares inventory, and handling fixturing and test-
ing.

This document assumes a minimal IFO component count (figure 1) comprising two optics in each

arm cavity (minimum possible); and two additional ones (four for the 2000m IFOs).

2.4.2. Basic Shape

The COC are to be fabricated within the constraints of the ultra high precision optical industry.
This framework virtually determines the choice of substrate geometrical shape (circular cylinder,
possibly with wedge faces). Additional reasons for this shape include:

» The natural shape for the COC optical faces is circular, matching thggFaddle sym-
metry.
e This also is the practical requirement for suspension by wire loop.
* Understanding of the internal mechanical mode spectrum and influence is simplified by
this choice.
We therefore assume without further detailed discussion that the all COC are of the basic right cir-
cular cylinder shape.

2.4.3. Continuous operation

LIGO must operate with high availability, therefore the COC must be designed with high reliabil-
ity and low mean time to repair. (Note that this is a general statement, and the MTBF and MTTR
will be exactly specified in Section 3).

2.4.4. Substrate material

Fused silica (FS) is chosen as the COC substrate material due to the vast body of optical industry
and LIGO experience with this material.

2.5. Assumptions and Dependencies

e The primary laser beam light is at 1064 nm (YAG).
* A curved-curved arm cavity configuration with cavity length = 4000 m, agkd/3 is

assumed. The case of a 2000 m length arm cavity IFO will be discussed separately in 3.2.1.7

« The two IFO arm cavities are oriented in the same plane’aTB® requires a #oriented
BS element. This BS is assumed to split the two arm beams in the coating on its front surface.
« That all COC are fabricated from high purity and homogeneity grade fused silica (see 3.2.1.5)
* That the primary optical ER and AR coatings on the COC substrates will be of the dielectric
multilayer hard oxide thin film technology (see 3.2.1.3).
* All COC will be mounted by hanging in wire loop suspension assemblies (see figure 7).
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* All COC are of the right circular cylinder form (with only slight departure as described in
3.2.1.1).

o All COg: optical surfaces are to have nominally flat surfaces except for the primary (ER)
ETM, ITM, and RM surfaces which are assumed to be sections of spheregyfe&table
1) adjusted to maintain arm cavitygg= 1/3.

* The (I00) beam entering the IFO will be polarized such that its electric field is normal to the
plane of the IFO. Principally this affects the specification of the non-normal incidence COC,
that is the beam splitter the fold mirrors and any pick-off mirrors.
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REQUIREMENTS

Introduction
Figure 4 is a requirements flow down tree from Detector Systems Integration to the COC .
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Primarily the COC requirements flow down from those determined by SYS to be appropriate for
the LIGO IFO to reach its target goals as a GW detector. Of only secondary consideration (for
example if there is minimal impact on attaining the primary specifications) are requirements for
optimal engineering of other subsystem components. For instance the specification of wedge
angles for the TM surface 2 to facilitate implementation of the LSC and ASC sensing systems is
strictly subordinate to this specification not [negatively] impacting the TM optical cavity perfor-
mance. Table 8 summarizes such flow down from primary (SYS) requirements of the detector (or
subsystems) to requirements of COC and other subsystems.

Table 1: Performance requirement flow down

Ly

Ant

Requirement on COC Other Other Subsystem Primary Requirement
g Subsystem | Requirement Category Mechanism
Number of pick-off sur{ SYS IFO configuration Necessity of inter cavi
faces for length control signal for orientation &
length control
Folding mirror number | SYS IFO configuration Number of interferome-
ters per site.
Substrate bulk optical | SYS IFO Cavity Power gaing  Minimize loss to bulk
quality scattering mechanisms
Element optical surface Minimize loss to surface
quality scatter out of TEM
Substrate bulk optical | SYS Dark port contrast Wave front distortion:
quality defect bulk inhomogeneities
Element optical surface Wave front distortion:
quality surface irregularities
Coating absorption SYS Arm cavity intensity || Minimize thermal dis-
limitation. tortion of elements.
Element diameters SYS Recycling cavity powgrOptimum substrate Via
gain Optimum effective opti-
: cal Via.
Restarting loss to bafflgs
Substrate bulk mechan|-SYS IFO thermal noise from| Maximize substrate
cal & chemical quality substrate fluctuation- material Qs.
. . dissipation
Substrate dimensions P Internal mode resong
frequencies
Secondary surface AR | SYS Stray light beam contrg| Generation of ghost

reflectivity & wedge

angle

and restarted light noise

beams from secondary
surfaces
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Table 1: Performance requirement flow down

Requirement on COC Other Other Subsystem Primary Requirement
9 Subsystem | Requirement Category Mechanism

AR reflectivity & wedge | ASC & LSC | Signals for length and || Select ghost beams of
angles orientation control ser- || desired properties
ETM reflectivity vos
Mean surface reflectiv-| SYS Optimum IFO opera- || Specific mirror reflec-
ity tion parameters tivity values
Surface reflectivity tol- Contrast defect Coating uniformity
erances
Element surface con- | SYS IFO sensitivity degrada{ Lowering of Qs

tamination control
(cleaning, handling)

tion

Increased light scatter

LIGO down time

Damage of optical sur
faces

3.2. Characteristics

3.2.1.

The discussion of the COC requirements will be broken down into the following characteristic

areas:

e Physical Size and Shape.

* Mechanical Q

e Matching to LIGO IFO parameters.

*« Wave front distortion

» Light scattering and absorption.

+ Diffraction loss.

e Thermal noise and quantum limit.

e 2000 meter IFO.

3.21.1

Requirements on the COC allow a nominal physical prescription summarized in table 2. This, and
subsequent sections aim to justify this prescription in detail. Many alternative prescriptions can be
arrived at via differing emphasis on the many requirements. One such alternative is discussed in

Appendix L.

3.2.1.1.1 Shape

Physical Size and Shape.

Performance Characteristics

The exact right circular cylindrical geometry is required to be slightly altered as follows:
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» Edges are to be conferred in accordance with standard optical fabrication safety practice
(reducing the face diameters by 4-6 mm from the cylindrical diameters).

» Surface 2 on each element will have a wedge angle with respect to the cylindrical axis for
ghost beam aiming to suppress the deleterious effects of stray light (SYS requirement) and
to facilitate pick-off of signals for servo control (ASC and LSC requirements).

 TheITM, ETM, and RM primary, ER, surfaces have a slight spherical concavity (all sec-
ondary (AR) surfaces are taken to be nominally flat).

3.2.1.1.2 Diameter

For TMs the diameter and mirror radii of curvature are selected to minimizggliaMle diffrac-

tion loss (see appendix 1) and thermal noise (see 3.2.1.7). An additional margin of at least 0.6 cm
is included to allow for suspension settling, centering tolerance (see 1.5.1.1 and 1.5.1.6), and
OSEM clearance. The aspect ratio is then chosen to insure sufficiently high internal mode fre-
guencies and Q. Within these constraints the important practical requirement that the COC be all
the same basic size and not too large was imposed.

3.2.1.1.3 Beam Splitter

For Rerpm= Rirm (Ssymmetric arm cavities) the in line cavity beam suffers unacceptable edge
clipping loss (~500ppm) traversingpa= 25cm BS (see Appendix A for details on these

losses). The prescription for table 2 was to adjgs{fR Ry such that the ETM spot size

just fills aps= 24cm aperture at the 1 ppm level. For the thinnest BS (4cm) deemed suitable
for precision optical fabrication, the in line loss then becomes 90 ppm (outline and incident
beams suffer ~4ppm clipping).

Since the beam foot prints on the BS are elliptical, suspension elements (OSEM, magnets) can
conveniently be placed away from the major axes with no additional substrate diametrical
margin required.

The thin BS of table 2 will necessitate a specially small wedge angfwadge produces a
thickness variation of 11% across the full diameter (assumed limit for thermal and mechanical

integrity"2P)

3.2.1.1.4 End Test Mass

The beam reaches its largest Gaussian radius at this element (4.57 cm). Although this leaves only
a ~0.5 cm margin from the 1ppm energy contoutOSEMs and other obstructions can be

designed for secondary surface proximity exclusively.

3.2.1.1.5 |Input Test Mass

WrMm ~Wtm = 3.63 cm, which is small enough to leave a generous margin for OSEMs, etc. In fact

a somewhat smaller ITM/RM could be tolerated, allowing a modest reduction in bulk (transmitted
beam) absorption/scattering loss (see 3.2.1.4.6).

3.2.1.1.6 Recycling Mirror

The primary RM surface must have a radiusfReg = 14500/1.47 = 9890 meters. This pre-
scription prevents the recycling cavity from being explicitly unstable (that is, compensates for arm

page 15 of 50



LIGO-950099-03-D

cavity matching and the ITM lens power).

Table 2: Physical Parameters of 4000m COC

Physical Test Mass Beam | Recycling
Quantity ETM ITM splitter mirror
Diameter of substratg(cm) | 25 25 o5TBD o5
Substrate Thicknessg (cm) | 10 10 4 TBD 10
1 ppm intensity contour diam-24 19.1 30.5 19.2
eter (cm§
Lowest internal mode fre- 6.79 6.79 3.58 6.79
guency (kHz)
Weight of Suspended Comp9-10.7 10.7 6.2 10.7
nent (kg)
Wedge angle (Surf. 5§P <3° <30 <10TBD | <30
Nominal surface 1 radius of | 7400 14540 | oo 9891
curvature (m) and;dactor 0,=.46 | 9;=.725 g=.9984

a. See Appendix A for exact definition.

b. For these 45angle of incidence optics, this is the smallest diameter circle centered
on the optic face which is everywhere outside of the 1 ppm intensity field.

3.2.1.2 Internal resonances, Qs, thermal noise and quantum limit.

3.2.1.2.1 Quantum limit.

What is termed the standard quantum limit for IFO sensitivity depends on the TM’s mass. Within
the order of magnitude of COC masses of table 2 this sensitivity limit (1.5.2.3) will be less than 1/
10 the initial LIGO sensitivity goals. This margin would allow ~100 fold increase in laser power
before SQL would dominate LIGO performance with the COC prescibed here. However it is
anticipated that the initial COC will be limited by available material quality (see 3.2.1.5) to han-
dling < 10 times the initial power beams.

3.2.1.2.2 Thermal noise

Only the thermal noise of the TM substrates will be considered here since the contribution of the
other COC is much less important (this has been explicitly confirmed for the BS of table2: see
1.5.1.3 appendices B and C). The TM internal thermal motion can be modeled as excitation of the
substrates internal mechanical modes, so that their influence is controlled via the following
mechanical properties, summarized in table 3 and in figure 4 (see also appendix B for discussion
of this figure):
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3.2.1.2.2.1  Substrate intrinsic Q

A principle reason for the choice of FS for the COC is its known high intrinsic Q. The particular
grade and fabrication batch chosen must be carefully monitored to allow internal mechanical
mode Qs of 5 x 1 (averaged over some suitable range of lowest M&&gs

3.21.2.2.2 Substrate diameter and thickness

These dimensions determine the mode resonance frequency spectrum.The choices of table 2
determine an initial mode sequence listed in table 3, and described in appendix C (for ideal cylin-
drical shape). Shape perturbations (face wedges, bevels, substrate imperfections) are assumed to
not essentially modify the spectrum or Qs.

3.2.1.2.2.3 Attachments and contamination

Any contacting material (coatings, or contamination) or coupling to external systems (SUS) can
degrade the intrinsic Qs. A rough budget of such possible effects is in Table 3.

3.2.1.2.3 Servo control interference.

TM thermal noise contribution tg.f,i. is only slowly dependent on,dt may, however, be prac-
tically very difficult to implement servo control loops for the COC with too low internal resonant
frequencies (nearer to the loop unity gain frequency). The Jidaiired in table 2 were chosen

to keep internal mode resonant frequencies well above control loop unity gain frequencies (~100
Hz). For the BS control loop gain-bandwidth margin required is much less (1.5.16), so that lower
internal mode frequencies are tolerable. See appendix C for more discussion.

Table 3: COC Internal Thermal Noise Requirements

Parameter RM BS IT™ ETM FM

Vo/ V1!V, (kHz)? 9.42/14.3 | 5.26/ 14.4 | 9.42/14.3 | 9.42/ 14.3 | 9.42/ 14.3
22.2 17.8 22.2 22.2 22.2

Qavg Minimum of bare | o5TBD >.3 5 5 3TBD

substrate x 18

Effective Q of opera- | oTBD 1 2.0 2.0 158D
tional optic x 10°

hequv@100HZ x 1023 | == .085 1.26 1.08 .06

hequv@1kHZ x 1023 | == 027 40 40 .02

a. First three axisymmetric internal substrate resonances (table 2 sizes)
b. Contribution to IFO strain noise for each optic with parameters of above entries.
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LIGO Initial Interferometer Noise Equivalent Strain
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Figure 6: COC Internal thermal contribution to strain noise

3.2.1.3

The overall optical design of the IFO depends on the average effective optical characteristic val-
ues of each optical surface on which the main beam impinges. Matching of such characteristics
between the two IFO arms is also a requirement. In this section we assume that absorption and
scattering losses are negligible (justified in light of the expected performance of 3.2.1.5)

Matching to SYS IFO parameters

3.2.1.3.1 ERITM reflectivity

The SYS arm storage time (4000 m ) of 8.8'@c. requires the ERITM coating to have T=0.03
+.003. However the matchgf, 1- Tarm 2 IS to be withint 0.0003, the criteria for which are

developed in appendix D.1.
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3.2.1.3.2 ERRM reflectivity

The current “best educated” 1064 nm FFT model run yields an optimized transmission for the
ERRM coating of 0.028. However this depends on imprecisely known parameters, principally the
achievable arm cavity mirror surface quality. A tolerance of +.005/-.01 will be required for the
ultimately selected transmission value (see appendix D.2).

3.2.1.3.3 ERETM transmission

The ERETM would nominally have unit reflectivity. However a small leakage transmission is
desired in order to aid in locking and IFO monitoring. Due to the large intensity build up in the
arm cavities (> 10 kWatt) even a 1ppm transmissioanticipated coating absorption) will pro-

vide >10 mW for the servo. A different criterion is that the loss due to this residual transmission
be small compared with the dominant cavity loss mechanism, which will be the scattering loss
determined by the cavity mirror surface quality. This loss may 2 ppm (per surface). Practi-

cal quarter wave stack dielectric mirrors reach a point of diminishing reterBGlayers. At

1064 nm a SiQ@Tay,Og stack design requires40 layers for< 10 ppm transmission. As will be

discussed in 3.2.1.4, excessive stack thickness should be avoided.

3.2.1.3.4 AR coating reflectivity

In order that the ghost beam loss off the recycling cavity AR coated faces (surface 2) be small
compared to the arm cavity losses (e.g. in an arm cavity with power gain of ~130 and losses <
50 ppm) their mean reflectivity should k1000 ppm. This bound will provide adequate signal

for control and diagnostics ( ~100 mW per optic) and allows a coating design whose reflectivity

is inherently insensitive to surface position variations coating layers (1.5.1.9).

3.2.1.3.5 ERBS coating

The ERBS coating must perform a beam splitting Sfid&dent light (S polarized), such that the
exit beams are equal in power within 10% (including the effects of absorption and the ARBS coat-
ing). See appendix D.3

3.2.1.3.6 Effective TM curvature radii

With an arm length datum of L =4000m tkikéectiveTM primary surface curvature radii are
required to satisfy @, =1/3 (g = 1 - L/R). With a requirement\p;/g;| <.02 (exact value TBD),
we require Rty =7400+ 150m, and Ry,=14540+ 290m. Appendix F.1 discusses the require-
ment (stated in table 4)on the arm to arm match of this effective radius.

3.2.14 Wave front distortion

Imperfections in the effective surface profile (which includes the combined influences of the sub-
strate and its coating) and within the FS bulk(index and birefringence inhomogeneities) of the
COC optics all contribute to distortion of an ideal Tggvhode wave front propagating in the

IFO. Table 4 summarizes required limits to these distortions.

The wave front distortion introduced by non-normal incidence of the beams (including the ~

45° BS, wedge angles, and residual effective tilts of the real distortions) will be considered a spe-
cial case: the beam deviated(according to the Fresnel laws) and this will not be considered a
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true distortion since it will be allowed for in the basic IFO configuration or can be nulled by servo
control. An associated true distortion (astigmatism to lowest order) may be shown to be negligible
(LIGO note ¢ 1993, Y. Hefetz and N. Mavalvala) compared to the requirement of 3.2.1.4.5.

In a properly aligned IFO the €@ill result predominantly from the non TEJyicomponents

of the distorted waves. However CD is generally(e.g. table 12) a small fraction (< f&ly &f10
the total carrier IFO loss. Therefore it is only a minor constraintgan@ the resultant shot noise

limit. In this section we assume the value GO x 103 (< 150 mW dark port power) for the
requirement on the contrast defect.

Table 4: Required limits on sources of wave front distortion (surface )

L Test masses Beam
Descripti . .
. splitter, | Recycling
ve Requirement Fold mirror
section IT™ ETM _
mirrors
3.2.1.4.1| Arm-arm match ofdg (fractional)| 0.015 | 0.015 0.015 N/A
3.2.1.4.2 | rms surface errors for> A> A/1200 | A/1200 A/2007BD | a/2007BD
2.3 mm out to ~& diamete?
3.2.1.4.3 | rms surface errors fov2 Ag> | A/600 A/600 A/100™BP | A/1007BD
2.3mm past® diamete?
3.2.1.4.4| rms surface error for 2.3mmg | <0.4 nm| <0.4 nm <.8 nm <.8nm
1.3um out to ~ 3vdiameter
3.2.1.4.6 | rms transmission OPD faw 2 A | A/50 N/A A/100 A/50
> 2.3 mm out to ~ & diamete? (A/2075P)
3.2.1.4.7 | Birefringence (transmissiah) 20 N/A <10 <50
(mrad)

a. all wavelengths are interferometer beam laser wavelengths
b. Measured after removal of surface wave components longer than requi)esbfmd limit

c. BS only

3.2.1.4.1 Effective radius of curvature

As a typical example consider the arm cavity forming mirrors. The input laser beam (I00) may
be matched equally into both arms if the mirror spacings and effective curvatures are identical. If
not, only a mean matching can be achieved. Tdyenfatching tolerances in table 4 limit the cur-

vature mismatch contribution to CD 2.5 10~*. Derivation of this is discussed in appendix F.
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VIRGO advocates (VIRGO final design v1.0) a strategy which obviates so tight a tolerance on
Refr. Both arms, even with mismatcheggRcan be matched if their relative lengths are free to be

adjusted.

3.2.1.4.2 MidAg4 central errors

These are the imperfections which the 86% energy foot print of the beam sees. They produce
approximately this proportion of the cavities’ diffractive loss. The specific requirement values are
derived from FFT modeling results. Plausible mirror imperfection maps are represented in the
model. The integrated rms scale of imperfection is varied and the scale at \g#30Gccurs is

chosen. Other model parameters are taken to be close to those elsewhere in this document
(3.2.1.4.1,.4.4,5.3,.5.1,.1.2). The modeling so fareiminary and hasotbeen fine tuned,

especially with respect to arm to arm balance of optical prop&tieSee appendix G for detail.

3.2.1.4.3 MidAg peripheral errors

Only 14% of the beam energy lies outsidepof w . It is therefore expected that surface imper-
fections in this periphery will contribute much less to diffractive loss from thegpB®am. This

is born out by FFT modeling which is the basis for the requirement values. FFT runs with mirror
parameters at least as good as those of table 4 were compared, where the mirror errors beyond 2-3
WeTm Were allowed to scale. For peripheral errors scaled up ~ 3x the quangitiasdh(DC) or

100Hz) degraded less than 5% (this analysis is preliminary2B.gt 1064nm).

3.2.1.4.4 Micro-roughness

In order to reduce the requirement for all siQifcutoff = 2.3mm) imperfections to a single rms
value, some reasonable assumptions (appendix H) are needed, based on the Xgggiier

2w. So defined, the micro-roughness merely parameterizes the diffuse scatter loss, which, at 1064
nm, is 22 ppm/surface for micro-roughness rms = 0.4nm (appendix H). While micro-roughness
measures a physical surface topography, we are concerned with net reflected phase front distor-
tion. However, by stating the micro-roughness requirement explicitly in terms of loss (in
3.2.1.5.3), there will be no ambiguity (and evidence, appendix H, indicates that coatings of the
guality anticipated do not degrade this effective surface rms).

The very long arm length cavities are effective spatial filters rejecting diffuse scatter contri-
bution to CQ < 10 ppm. This does not necessarily hold for recycling cavity eIeﬁ‘?@r@@e
appendix J) where a substantial fraction of their diffuse loss may channel out the dark port.

Allowing CD, < 10 from this as an upper limit drives the non-arm cavity values in table 4 (but
not the net loss requirement of table 5, 3.2.1.5.3).

3.2.1.4.5 Longg errors.

For surface error Fourier components\gt 4w, one anticipates only a contribution to beam

matching effects (as taken into account by 3.2.1.4.1). This is because sines and cosines of periods
> 4w are very good approximations to planes and paraboloids respectively, over a central half
wave span (representing most beam energy). Plane contributions are tilt effects removed by ASC
control. Paraboloids effect the axisymmetric mode matching and are part of the consideration of
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3.2.1.4.1. In general the Fourier decomposition is two-dimensional so that a matching between
dimensions (astigmatism requirement) is inferred (and included in the rms requirement).

The BS carries a tighter requirement since wave front curvature generated by reflection off it
is additivebetween the arms. That is, iatrinsic mismatch is created by splitting surface curva-
ture in this element.

3.2.1.4.6 Transmission OPD errors

Transmission distortion occurs only outside of the arm cavities so that it does not factor strongly
into Gy degradation. For on-resonance arm cavities the net distortion of the carrier wave front

returning from each arm is suppressed (see appendix I). This is substantiated by FFT modeling
which shows no CDintroduced by ITM OPD errors at least at the level of the table 4 entry. In

contrast, the side band wave fronts have a substantial, if not dominant, distortion from ITM (dou-
ble pass) and BS transmission (which, however, has essentially no effect on the net IFO strain sen-
sitivity in the context of thentirely staticFFT model).

For the BS such a carrier wave front error suppression is not so Esftidence a tighter
requirement is set. FFT modeling of BS substrate OPD errors at the same level as used for the
ITM also show negligible degradation in €Burther modeling and analysis is needed to confirm

this.

3.2.1.4.7 Birefringence Effects

Birefringence effects have been considered by Winkler, et al (1.5.2.3). These may be: intrinsic,
heating strain induced, or mechanical stress induced. We place a nominal requirement on intrinsic
material birefringence, however the thermally induced effects are expected to dominate by a large
margin.

3.2.1.5  Scattering and absorption

It is convenient to define a category of IFO cavity loss due to absorption and scattering. Absorp-
tion is assumed to be uniform across the surface and to be linear (a good approximation for the

low fractional values anticipated). Scattering here is categorized to mean that resulting from local
surface “micro-roughness” imperfections (see appendix 1.3). The surface scale for onset of this
regime is taken to be 2.3 mm (corresponding to the break between sections 3.2.1.4.3
and3.2.1.4.4). This is somewhat arbitrary (and the results are believed to be insensitive to it) but
corresponds 1) to the limit where the FFT modeling programs used to describe the IFO can follow
the effects of imperfections diffractively, and 2) the scale where imperfections and the loss they
generate can reasonably be presumed to be uniform and thus can be modeled as a lumped param-
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eter loss along with the absorption.

Table 5: Specified limits to scattering and absorption (in ppm) by COC optiés

Section Loss Source input TM end TM BS.& Fold Rec_yclln
reference mirrors | g Mirror

3.2.1.5.1 | Bulk scattering of transmitted beams<5o™BD | N/ATBD | < 50TBD < 50'BD

3.2.1.5.2 | Total surface absorption <2 <4 <50 <50
Surface 1
3.2.1.5.3 | Surface scattering from effective mir<50 <50 <100 <200
ror micro-roughness
3.2.1.5.4 | Ghost beam loss (surface 2 origin ~600 N/A ~100 ~1000
3.2.1.5.5 | Accumulated contamination scatter-< 1 <2 <30 <30
ing + absorption
3.2.1.5.6 | Bulk absorption within substrate <40 N/A <20 <40

a. All entries are per mirror, single reflection or single pass.

3.2.1.5.1 Bulk scattering

It is assumed that this category of loss does not contribute to substrate heating. The requirement
value is chosen to make this contribution to loss much smaller than that from other mechanisms.
Expected scattering loss from high homogeneity FS is much less (< 2ppm/ cm or <16 ppm for the
ITM)

3.2.1.5.2 Surface absorption

Very low fractional surface absorption is required of the arm cavity coatings due to consequent
thermal distortions. An analysis (1.5.2.4, and see 3.2.1.7.3) of the changeohaRsurface due

to thermal distortion was used. Using the same criterion as 3.2.1.4.1 of table 4 one finds that ~ 3
ppm surface absorption on one (only) ERITM would produce the same mismatch. (exactly
matched absorptions between arms would ameliorate this effect but this worst, unmatched case is
used for the requirement here).

3.2.1.5.3 Surface scattering

Operationally this includes all non-absorptive loss at the IFO surfaces, which cannot be explicitly
accounted for by diffraction modeling (e.g. the FFT wave front code). FFT model analysis shows
that values of this loss of up to ~100 ppm per arm cavity surface can be tolerated to maiatain G

30. However this requires mirror surface erro