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1 Introduction

1.1 Purpose

The purpose of this document is to present a conceptud design that shows that the requirements
presented in LIGO |l Pre-stabilized Laser (P.) Design Requirements LIGO- T000035-W are
reasonable and redizable.

The principda intended audience for this document isthe LIGO Il Detector team.

1.2 Scope

This document details the expected chalenges and a conceptua design solution generated to meet
the requirements presented in LIGO |l Pre-stabilized Laser (PSL) Design Requirements LIGO-
TO00035-W.

This document provides a brief discusson of the reguirements for the PSL ad where these
requirements come from. It gives an overview of the PSL subsysem - what is and what is not
included in the PSL subsystem, its location in the LVEA, the reaionship between the PSL and
other LIGO Il subsystems, and its features and capabilities. Schemes to implement the frequency
and power stabilization loops are presented, aong with their estimated performance levels.

1.3 Document Organization

1.3.1 Acronyms

AOM Acousto-Optic Modulator (optical hardware)
AR  Anti-Reflection (optica coating)

ASD Amplitude Spectra Density

ASE Amplified Spontaneous Emisson

CCD Charge Coupled Device

CDS Control and Data System (detector subsystem)
COC Core Optics Components (detector subsystem)
CVI  CVI Laser Corporation, Albuquerque, New Mexico
DC  Direct Current (steady state - low frequency)
EOM Electro-Optic Modulator (optica hardware)
FSS Frequency Stabilization Servo

GW  Gravitationd Wave

HAM Horizontal Access Module

HR  High Reflector (optica coating or mirror)
HWP Hdf-Wave Plate (optical hardware)
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ILO Injection-Locked Oscillator
(@] Input Optics (detector subsystem, formerly named Input / Output Optics)
IFO  Interferometer
LHO LIGO Hanford Observatory
LIGO Laser Interferometer Gravitationa-\Wave Observatory
LLO LIGO Livingston Observatory
LPMC Laser Pre-ModeCleaner
LSC Length Sensng/ Control (detector subsystem)
or LIGO Scientfic Collaboration
LVEA Laser and Vacuum Equipment Area (of the LIGO observatories)
MIT  Massachusetts Indtitute of Technology
MO  Mager Oscillator
M OPA Master-Oscillator- Power- Anmplifier (Iaser configuration)
Nd:-YAG Neodymium-doped Y ttrium Aluminum Garnet (laser gain medium)
NPRO Non-Planar Ring Oscillator (laser geometry)
PBS Polarizing Beam Splitter (optica component)
PDH  Pound-Drever-Hal (reflection locking technique)
PCPC Phase-Correcting Pockels Céll
PMC Pre-ModeCleaner
PSD Power Spectral Density
PSPD Power Stabilization PhotoDetector
PSL  Pre-Stabilized Laser (detector subsystem)
PZT  Piezodectric Transducer (electro-mechanica component)
REO Research Electro-optics, Inc. in Boulder, Colorado
RF Radio Frequency
RFAM Radio Frequency Amplitude Modulation
RIN  Redive Intensty Noise
SNL  Shot Noise Limit
SEI  Sasmic Isolaion (detector subsystem
TBD To Be Determined
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1.3.2 Applicable Documents

1.3.2.1 LIGO Documents

LIGO Il Pre-stabilized Laser (PSL) Design Requirements LIGO-T000035-W

180 W Nd: YAG Laser Specifications, LIGO-C000060-00-D

LSC White Paper on Detector Research and Development, LIGO-T990080-00-D

(Infrared) Pre-stabilized Laser (PS.) Design Requirements- LIGO T970080-09-D

(Infrared) Pre-stabilized Laser (PS.) Conceptual Design - LIGO T970087-04-D

(Infrared) Pre-stabilized Laser (PSL) Final Design - LIGO T990025-04-D

(Infrared) Pre-stabilized Laser (PSL) Electronics Design Requirements LIGO- T970115-00-C
IRPS. CDS Conceptual Design Document, LIGO-T970114-00-C

Frequency Sabilization: Servo Configuration & Subsystem Interface Specification, LIGO
T970088-00-D

1.3.2.2 Non-LIGO Documents

Monolithic, unidirectional single-mode Nd:YAG ring laser, Thomas J. Kane and Robert L. Byer,
Optics Letters, 10, pp 65-67 (1985).

Freguency stabilization of a monolithic Nd: YAG laser by controlling the power of the laser-diode
pump source, B. Willke, S. Brozek, K. Danzmann, V. Quetschke, S. Gosder, Optics Letters 25 (14)
(2000)

Freguency and intensity noise of an injection-locked Nd: YAG ring laser, D.J. Ottaway, P.J. Veitch,
C. Hallitt, D. Mudge, M.W. Hamilton and J. Munch, Appl. Phys. B 70, pp.1-6 (2000)

The GEO stabilized laser system and the current lock technique, B. Willke, O.S. Brozek, K.
Danzmann, C. Fdlnich, S. Gosder, H. Luck, K. Mossavi, V. Quetschke, H. Welling and I.
Zawischa, in Gravitationd Waves. Third Edoardo Amadi Conference, ed S. Meshkov, (AIP, NY,
2000) pp.215-221

1.3.3 Definition of Terms

Gaussian Beam A TEMqy beam of dectromagnetic radiation such as that often produced by

2/ w

lasers, in which the transverse dectric fidld variesas E = E e , Where w is the beam spot sze.

MZ or M value The parameter M or M? is a measure of the departure of a Gaussian beam from a
pure TEMgo mode. If the mode were a pure TEMy, mode, then M? = 1. The beam waist-
divergence product for anon-ided TEM oo mode is M? that of a TEM oo mode.

Modulation index If the dectric fidd of a phase modulated laser iswritten as

E()=E exp[j(wt+GSn(wnt))], then the amplitude of the phase modulation, G, is referred to as the
modulation index.
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Spot sze The characteridtic sze for a Gaussan laser beam, defined as the disgance (radius) a
which the eectric field drops to 1/e times the value on axis.
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2 System overview

2.1 Introduction

The PSL subsystem includes the following e ements:
The LIGO Il Laser including power supplies and cooling system.

Frequency dabilization control loop utilizing a rigid reference cavity suspended in vacuum
on a vibration isolation stack, eectro-optic modulator for fast frequency correction, and
control of maester oscillator frequency fluctuations via feedback to the master oscillator
piezo-€electric actuator (PZT).

Ovedl power control of the light exiting the modecleaner and entering the main
interferometer. This will include a high power photodetector that is located downstream of

the modecleaner and may be mounted ingde the vacuum envelope on the seigmic isolation
table.

A triangular pre-modecleaner to attenuate power fluctuations at RF frequencies. It is housed
in asealed vessd to reduce atmospheric pressure-induced optica path length changes.

It does NOT include:

Mode matching lenses or deering mirrors that are pat of the Input Optics Detector
Subsystem (10).

Electro-optic modulators for sdeband frequencies utilized outside of the PSL subsystem.

2.2 Features / Capabilities

The LIGO Il PSL conceptuad design is based on the LIGO | PSL. It incorporates the following
features,

Wideband input for the 1O frequency control actuator

Tidd actuator input for very low frequency control of laser frequency by the Length
Sensing and Control subsystem (L SC).

It incorporates the following changes and improvements based on experience gained from the
commissioning of the LIGO | PSL:

The sample of the laser output beam that is directed to the reference cavity is picked off
AFTER the pre-modecleaner (PMC) in order to improve beam quality incident on the
reference cavity and suppress frequency noise induced by the PMC due to length
fluctuations of the PMC cavity . This couplesthe PMC and FSS loops.

The PMC is mounted insde a seded container in order to diminate atmospheric pressure-
induced opticd peth length changes.

The number of opticd mounts is kept to a minimum and adl mounts are extremdy rigid in
order to reduce frequency fluctuations induced by optical mount vibrations.

The laser table is mounted on an active vibration isolation sysem to reduce the reative
motion of optical components due optica table vibrations induced by seismic mation. This
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is ds0 expected to reduce Doppler shifting induced by table motion rdative to the
suspended reference cavity and modecleaner.

Beam pipes enclosing the mygority of the propagetion path of both the main laser beam and
the sample beam directed toward the reference cavity for frequency stabilization.

Environmentd control including an opticd table enclosure with acoudic shidding and a
laser area enclosure that provides additiona acoustic shielding and enhances laser safety.

2.3 PSL Location

The PSL will be located in the vicinity of the HAM chamber that contains the suspended input
optic for the modecleaner. At this dage, the exact length and configuration of the modecleaner has
not been decided, hence the precise location of the PSL camot be determined. The performance of
LIGO | PSL, has been found to be adversdy affected by local acoustic noise. For this reason the
LIGO Il PSL will be enclosed in a soundproof room with dl eectronics racks mounted outside the
room. Aswiththe LIGO | PSL, the LIGO Il PSL shares an optica table with the 10 subsystem.

2.4 The IO/ PSL Optical Table

The 10/PSL optical table is the same one that was used for the LIGO | interferometers, a 16 ft. x 5
ft. x 24 inch thick Newport Research Series (RS4000) table. The midpoint between the flat mirrors
in the PSL pre-modecleaner is the optica interface location between the PSL and 10 subsystems.
The properties of the beam (wast Sze and postion) exiting the PMC ae very wdl defined. This
makes mode matching from this point into the modecleaner far smpler than for the LIGO | PSL
and servesto isolate beam parameter changesin the PSL from the |O.

2.5 Laser Room

In order to enhance both laser safety and acoustic isolation, a laser room is constructed around each
PSL. The dimensons of the room are gpproximately 20 ft. wide by 30 ft. long (dong the long axis
of the IO/PSL table) by 10 ft. high. The eectronics racks located adjacent to the LIGO | 10/PSL
optica tables are moved back about six feet in order to exclude them from the Laser Room.

2.6 Optical Layout and Control Strategy

Figure 2.6-1 shows a schematic of the optica layout and control strategy. Note that the beam
directed toward the reference cavity for frequency dabilization is split off from the man output
beam AFTER the PMC. This scheme has two advantages.

The light incident on the reference cavity is closer to pure TEMgy mode and hence the
spurious noise effects of the higher order modes on the photodetector are reduced.

The reference cavity control loop measures and suppresses any additional frequency noise
added to the beam by the PMC and dl opticd components, such as mirror mounts,
upstream of the pick off point.

Note that in the actud opticd layout, the components will be Stuated such that the beam directed
into the reference cavity will be propageting in the same direction as the beam directed into the
modecleaner. This is done to make Doppler shifts caused by table motion relative to the suspended

10
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(and therefore relatively sationary in inertid space) reference cavity and modecleaner commort
mode.

power stabilization amp. l«—4@
l I n-vacuum power
stab. photodetector
LIGOII
L aser v \'\ >
PMC PMC
- o - Cavity amp.
=
. @)
S o
i< £
S Z & / Reference \ \_\ \\
% ol B \ Cavity /
(&)
7
g T v
o
Tidal Actuator
frequency
stabilization (<
amplifier

frequency

_ — ¥ >———>  qifter

wideband input™ VCO
(100)

Figure 2.6-1 A schematic of the optic layout of the LIGO 1l PSL

The optical train of the PSL is kept as short as practicable with the minimum number of adjusteble
and fixed mirror mounts. Two fixed mounts are provided to bring the LIGO Il laser output beam to
the 3" opticd height utilized on the IO/PSL opticd table. Two adjustable mirror mounts are

11
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provided for dignment into the pre-modecleaner. The frequency shifter AOM utilizes a mount that
dlows adjusment rdative to the input beam and one adjustable mount is utilized for retro-
reflection of the shifted beam back through the AOM. Two adjustable mounts are utilized to dign
the beam into the reference cavity with two fixed mirrors in a periscope rasing the beam to the
levd required for the reference cavity. All mirrors that are required to fold the opticd path for
gpace consderations are fixed mounts. All EOMs are mounted on goniometer-type mounts that
endble dignment by moving the EOM rather than the Steering the beam into the EOM. Lens
mounts can be adjusted then locked in the find pogtion. All polarizing beam solitters are on fixed
mounts.

All gray opticd beams of more than 1 mW power are dumped in a manner that seeks to minimize
coupling of backscattered light and that provides for laser safety. Note that very high qudity
coatings will be required on dl opticd surfaces. The power transmitted when a 200 W beam is
incident on an HR coating with a transmittance of around 10° will be in the order of severd
hundred milliweatts.

2.7 Facilities Interfaces

The PSL will rdy on the LIGO observatory facility for the supply of the mans dectricd power,
temperature and humidity control, and space and utilities for the laser power supplies and chillers.

2.8 Remote Control

All PSL controls will be actuated via the CDS detector subsystem. The performance of the PSL
will be monitored continuoudy and logged to dlow comparison with previous performance leves.
The computer system will dso control the lock acquisition sequence.

12
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3 The LIGO Il Laser

3.1 Overview

The conceptud design for the LIGO Il Laser is based on the premise in LSC White Paper on
Detector Research and Development, LIGO-T990080-00-D, that “The Nd:YAG pre-gahilized
laser dedgn resembles that of LIGO I, but with the addition of severd dages of amplification
following the present 10 W laser.”  For reasons that will be explained in detail below, the LIGO 10-
W laser (subsequently referred to at the LIGO | Lasar) is modified to deliver 20 watts of laser
power. This capability has been demondrated by the manufacturer, Lightwave Electronics, Inc.,
and we propose working with them to make operation at the 20-watt level a standard capability. A
pre-modecleaner, smilar to the LIGO | desgn, is placed after the 20-W front end to filter high
frequency intendty noise and beam spatiad imperfections before the amplification stages.  This pre-
modecleaner is referred to as the Laser PreeModeCleaner (LPMC). Two amplification stages
employing end-pumped, zig-zag dab amplifiers increase the laser power to 80 watts and then to
180 watts. All powers quoted are in acircular TEM oo mode.

Although this PSL conceptua design will be developed as an dl MOPA scheme, areas where an
injection-locked oscillator might provide sgnificant advantages are noted. The advantages and
disadvantages of an injection-locked oscillator compared with an dl MOPA scheme are discussed
in Appendix 1.

20 W laser
front end Two-Stage Amplifier 1

LPMC PMC

Figure 3.1-1 Schematic of LIGO 11 laser showing LIGO | front end, laser pre-modecleaner,
and amplification stages.

3.2 Target Specifications

The LIGO project has solicited letters of intent from commercid companies who may have an
interes in desgning and fabricating the LIGO Il lasar.  For this solictation, a lig of target
specifications was generated.  The full lis of target gpecifications can be found in the document
LIGO Il Laser TARGET Specifications (LIGO-C000060-00-D). A summay of the target
specifications for the LIGO |1 laser is provided in Table 4.

13
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Parameter Specification

1. type of laser NA:YAG

2. wavelength 1064 nm

3. power inacircular TEMgo mode >180 W

4. power in dl other modes <36W

5. polarization extinction ratio 500:1 in the verticd plane

6. relative power fluctuations < 10° /HZ? between 100 Hz and 10
kHz
< 10° /HZ'* between 100 kHz and 3
MHz

< 10° /HZ? above 25 MHz (2 times
shot noie limt for 100 mA of

photodected current

7. frequency fluctuations < 2" 10® Hz/HZ'? at 100 Hz
<2 10*/HZ"? at 1 kHz

8. rlidbility:

mean time between fallure (MTBF) > 10 000 hours

minimum  time  between required beam | > 500 hours
aignment adjustment

The predicted performance of the LIGO Il Laser in this conceptud design differs from the LIGO 11
Laser target ecifications asfollows:

The maximum power in nort TEMgo modes is 10% of the TEMgo power or 18 watts for the concept
laser. Thisissgnificantly lessthan the 36 waits alowed by the target specifications.

The RIN a 25 MHz for a 100 mA sample of the 180 watt output of the concept laser is predicted to
be about .09 dB above the shot noise for 100 mA. This is about a factor of 140 below the 6 dB
level given in the target specifications. The conceptud desgn would have to be dgnificantly
modified if the LIGO I laser were to be as noisy as the target specifications alow.

3.3 LIGO | Laser Front End

In this conceptual design, we utilize a LIGO | Laser modified to produce 20 watts of output power.
The LIGO | Laser was origindly designed to ddiver 10 watts of output power. The project has
taken delivery of 6 of these 10 wait LIGO | lasers and has gained over 2 years of operating
experience. The verson deivered to the LIGO Hanford Observatory has been running

14
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continuoudy for dmogt two years with minimum down time. We assume tha Lightwave will have
developed the capabilities of the 10-W laser to deliver 20 watts with Smilar noise performance to
the 10-W model.

3.4 Laser pre-modecleaner

A pre-modecleaner, smilar in design to that utilized after the laser in the LIGO | PSL, is positioned
after the 20-W front end. This laser pre-modecleaner (LPMC) serves to reduce RIN at the RF
modulation frequency, to filter the spatid mode of the beam, and to define the beam parameters,
wag dze and locetion, before the find amplification Sages. This prevents excess intendty noise
and higher order beam content from being amplified by the subsequent amplifier stages.  This will
relax the requirements on the PMC. The optimum desgn of the LPMC is discussed in Section
6.3.3

The laser pre-modecleaner dso decouples the LIGO | Laser Front End from the amplification
stages for the purposes of dignment and modematching. This is a desrable feature as the LIGO |
Laser Front End can be replaced in the event of falure, without having to re-dign and modemaich
to the down-gream amplifier sages.

3.5 Amplifier Stages

3.5.1 Proposed Design

The amplifier stages take the beam from 20 W to 200 W, 180 W of which is expected to be in a
TEMgo mode. The numbers presented here are extremely conservative with respect to the required

pump power. The spec on pump power leaves a 30% margin to dlow for degradation of the diodes
over time and the dabs operate a about 20% of their stress fracture limit.

Amplification is accomplished in two stages, as shownin Figure 3.5-1

15
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20 W laser
front end

LPMC

LIGO-T000036-07-W

M ode-matching
lenses

PB
| solator

Amplifier
Stage 1

Amplifier
Stage 2

== 1/4

S|
Two -Stage /4
Amplifier

Figure 3.5-1 A schematic of the proposed LIGO Il 180 W Laser
PMC and the medium (stage 1) and high (stage 2) power amplifiers.

layout showing the LPMC,

The input to each dage uses three or four mode matching lenses. The amplifiers are edge-pumped
Zg-zag dabs of Nd:'YAG with conduction cooling and normd incidence end faces (See Figure
3.5-2). They have an SO, coating on the total interna reflection faces, an AR coating a 1064 nm
on the end faces and an AR coating a 808 nm on the edge faces. Two flat mirrors that are HR at
1064 are used to steer the beam in the dab and a quarter wave plate (/4), curved HR mirror and
polarizing beam splitter (PBS) are used to creste a second pass having orthogona polarization.

16



Advanced LIGO LIGO-T000036-07-W

Per%;ct,vlve End View
) <:| a
Pumping iplane
Coollng

Figure 3.5-2 A perspective and end view of the crystals used in the two optical amplifiers
The mechanicd and opticd parameters for the fird and second amplification dtages are given
below
Stage 1:20 W input -> 80W output
Sab dimensons
Thickness=1.2 mm
Width =4.4mm
Length = 17.1 mm
Doping = 1% .
End faces have 35 degree angle (same as internd bounce angle).
Pump power = 600 W from fiber coupled laser diodes

Small signd gain for each group of three passes = &° =13.9 (this dab has three passes in
each direction, see Fig.3.5-1)

Stage 2 : 80 W input -> 200 W output
Sab dimensons
Thickness=1.5m
Width=7.3mm
Length = 29.9 mm
Doping = 1% at.
End faces have 35 degree angle (same as internd bounce angle).
Pump power = 1100 W from fiber coupled laser diodes
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Smdl sgnd gain for each group of four passes = &° = 125 (this dab has four passes in
each direction, see Fig. 3.5-1)

These desgn results ae based on an extrapolation of the performance of the current test-bed
amplifier in use a Stanford Universty. It has the following performance:

Sab dimensons.
Thickness=1.5mm
Width =4.5mm
Length =38 mm
Doping = 1% at.

End faces are & Brewster'sangle

Pump power = 250 W from fiber coupled laser diodes

Smdl signd gain per pass=€>' = 2.0

Power before amplifier =85W

Power after first three passes=22.2 W

M? before amplifier = 1.1

M? after first three passes = 1.3

This test-bed amplifier was only used in a sngle group of three passes due to the use of the
Brewster windows on the crystd entry and exit faces. It is thought that this test-bed amplifier could
have produced between 30 and 40 waitts if it were return passed for a total of six passes. To do this
would require the remova of the Brewster angle windows as in the amplifiers described above.

3.5.2 Power Scaling Challenges

3.5.2.1 Beam quality

Scding the amplifier to higher powers requires increesing the number of passes through the
amplifier. Care must be taken to prevent reduction of the beam qudity by resdud thermd
digortions in the amplifier. If beam qudity is a problem, usng smdler crysas could be a solution.
Snce the pump light in this case in confined to a smdler volume, the gain will be higher. The
higher gain may alow operation with fewer passes and thus less accumulated phase error.

3.5.2.2 Parasitic Oscillations

As the samdl dgnd gan of the dabs is increased, paradtic oscillations become more difficult to
avoid. We do not believe that the gain in the proposed dabs will be high enough to induce parasitic
oscillations. However, these effects are sendtive to smdl changes in the crysd geometry, so any
changes to the design should be undertaken with thisin mind.

3.5.2.3 Depolarization

In the current Stanford test-bed there is a smdl amount of depolarization loss (a few percent) near
the edges a full pump power. This is due to thermaly induced dress in the laser crystd. This loss
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can be reduced by a more even didribution of the pump light from the fibers. Sabs operating a
higher pump power dengties will need to take this in to account in the desgn of the pumping
sructure.

3.5.3 Estimates of output properties

3.5.3.1 RMS power noise

The Stanford testbed typicaly operates with 103 rms relative power noise in open loop and we
expect amilar performance for the proposed sysem. We bdieve that this is manly due to
fluctuations in the pump power.

3.5.3.2 RF power noise

The amplifier chain has a tota power gain of 180/20=9, so the output beam will be about 1+2*(G-
1)=17 times above the shot noise limit for the full output power (assuming that the 20W input is a
the SNL). Filtering this levd of rddive intendgty noise to the required leves is discussed in
Section 6.2.

3.5.3.3 Frequency Noise

The amplifiers will add some smal phase noise a 100 Hz due to temperaiure fluctuations and
amplified spontaneous emisson (ASE). Cdculations show that these effects are not sgnificant but
measurements on the testbed system are needed to confirm this.

354 Configuration of laser diodes and power supplies

Fiber ddivery of the laser diodes light alows the laser diodes and their power supplies to be
located a long distance from the laser itsdlf. The multimode optical fiber has losses of 4 dB/km at
808 nm, so moving the laser diodes 100 meters from the laser will only reduce the power ddivered
by 5%. Each laser diode should ddiver 30 to 40 W of power so 40 to 50 diodes will be needed for
the entire amplifier sysem. If the diodes are powered with groups of Six in series, seven or eighth
power supplies will be required. This number of commercia power supplies could fit in a standard
18" rack that is 6 tal. The temperature of each group of diodes will need to be controlled to match
the absorption wavelength of the Nd:'YAG. This is usudly accomplished by mounting the diodes
on thermodectric coolers and usng a temperature servo to control the heat flow through the
thermodectric cooler and thus the temperature of the diode. The power supplies for the
thermoelectric coolers could easlly be made to fit in a second 18" rack. The transstors used to
drive the thermoelectric coolers should be mounted on water cooled hest sinks to reduce acoustic
emission due to the cooling fans that would be required if forced convection were used.

3.6 Summary of Anticipated Challenges

The most obvious chalenge in the LIGO Il Laser design is achieving power amplification without
ggnificantly degrading the beam qudity of the amplified beam. It is expected that the Stanford
Group will commence testing a 100-W output power verson of these amplifiers in November,
2000. If the amplifiers introduce significant beam distortions due to increased phase errors, a
scheme using a deformable mirror to compensate for these may be employed. Such a scheme is
currently being developed by the Stanford Group and is described in Appendix 2.

19



Advanced LIGO LIGO-T000036-07-W

3.7 Alternative Laser Designs

Injection-locked oscillator (ILO) laser architectures offer an dternative and perhaps superior
method for producing the 180-W laser output power. In the minima modification to the al-MOPA
configuration, the 20-W MOPA would be replaced by a 20-W ILO. In this configurion, the
LPMC would likely not be required because the 20-W ILO should have much better beam qudity
and lower excess intendgty noise a RF frequencies than the 20-W MOPA, as discussed in Appendix
1.

The Two-Stage Amplifier could aso be replaced by an ILO. A candidate high power laser is being
developed for this purpose & The Univerdty of Addade. This laser employs a sable/ungtable
resonator as discussed in Appendix 3. This configuration should result in efficient production of a
high quality laser beam that has less excess RF intendgty noise than the 180-W MOPA. Initid
results indicate an efficiency of at least 20%, which would sgnificantly reduce the cogt of the high
power stage. Further, the expected lower excess RF intendty noise would dlow the finesse of the
PMC, and thus the circulating power, to be reduced, as shown in Appendix 1.
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4 Frequency Stabilization

4.1 Overview

The frequency noise requirements are the same as those for the LIGO | PSL. Because the
conceptua design incorporates the LIGO | laser as a front end, and because we do not expect a
ggnificant amount of additiond frequency noise to be added by the high-power amplification
stages, the frequency dabilization scheme for the LIGO 1l PSL is identicd to that that employed
for the LIGO | PSL. In Appendix 4, we describe potentid improvements in the frequency
dabilization system that might be implemented if the requirements were to be tightened.

The globd interferometer frequency dabilization scheme employs nested loops utilizing the
increesng frequency sengtivity of three Fabry-Perot cavities, the PSL reference cavity, the 10
mode-cleaner, and the interferometer’s 2-km- or 4-km-long am cavities usng the LSC commont
mode sgnd. The reference cavity for the LIGO Il PSL will be a linear, fixed-spacer reference
cavity tha is sugpended on a vibration isolation sysem insde a vacuum chamber. The three PSL
frequency actuators are:

1) Control of the master oscillator (NPRO) temperature, commonly referred
to as the SLOW actuator.

2) A PZT bonded to the master oscillator crystd, which changes the
frequency via drain-induced opticad path length changes, commonly
referred to asthe FAST actuator.

3) High-frequency control of the opticd phase via an dectro-optic
modulator located after the laser front end in the 20-W output beam.

A “wideband” actuator input is provided to the 10 detector subsystem for further stabilization of
frequency fluctuations.  This input shifts the frequency of the sampled beam directed to the
reference cavity usng an acousto-optic modulator (AOM) that is driven by a voltage-controlled
oscillator (VCO).

A “tidd actuator” input is provided for very low-frequency frequency correction via changes in the
temperature of the reference cavity. Both of these actuators are smilar in design to those utilized
in the LIGO | PSL, and, of course, will utilize any improvements implemented during operation of
the LIGO | PSL.

4.2 PSL Frequency Stabilization Requirements

The frequency dahilization requirements for the PSL are identicd to those for the LIGO | PSL.
They are summarized in Table 4.2-1 and shown by the green linein Figure 4.4-1.

Frequency range Allowed frequency noise (Hz/rtHz)
40 Hz to 100 Hz < 0.1 x (100/f)%°
100 Hz to 1 kHz < 0.1 x (f/100)
> 1kHz <0.01 Hz
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Table 4.2-1 PSL frequency stabilization requirements

4.3 Free-running Frequency Noise

It is expected that the free running frequency noise of the 180-W laser will be dominated by the
free-running frequency noise of the NPRO. This statement is equivadent to the assumption that the
goontaneous emission in the amplifier sages does not add a dgnificant amount of additiond
frequency noise to the 180-W laser. This assumption can be verified by a beat measurement
between a fraction of the light sampled after the high power amplifiers and the light from the
NPRO.

As the conceptual design utilizes a LIGO | laser, enhanced to produce 20 W output power, we
expect that the free-running frequency noise of the LIGO Il front end will be the same as for the
LIGO | laser. The frequency noise of the LIGO | laser is limited by the frequency noise of the
NPRO. The typicd frequency noise of a free running NPRO is gpproximately 10kHz/f Hz/(Hz,
wheref isthe frequency of interest.

4.3.1 Required Control Loop Performance

As we expect the free-running frequency noise to be the same as that of the LIGO | PSL laser, and
because the frequency dabilization sensor and actuators are identicd to the LIGO | PSL, the
required control loop performance is dso identica to what was needed for LIGO 1.

4.4 Frequency Control Loop Performance Estimates

The LIGO Il PSL frequency dtabilization drategy is identical to that of the LIGO | PSL.
Therefore, our performance estimate is based on the actud performance of the LIGO | PSL. Fgure
4.4-1 shows the LHO 2k PSL frequency noise measured by the 15-m suspended modecleaner. The
solid green line represents the PSL frequency noise requirements.  As the figure shows, the
frequency noise was ggnificantly improved between January 2000 and June 2000. The
improvements were the result of optimization of the opticd and eectronic components and
operating parameters in the frequency dabilization control loop. While the measured noise leves
are 4ill dgnificantly above the requirements a many frequencies, the improvements made to date
give some indght into what is presently limiting the noise performance and further improvements
are expected.
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Figure4.4-1 Measured LIGO | WA 2k PSL frequency noise performance

The 2k IFO. PSL is extremdy sendtive to acoudtic noise. Severd of the narrow spikes in the noise
gpectrum result from acoudtic emisson by equipment in the LVEA. One example is the power
supply fans in the resdud gas andyzers operating in the LVEA. A dgnificant broadband source is
the fans in the equipment racks that are located within a few feet of the IO/PSL opticd tables in the
LVEA. We ae presently ingtdling acoudtic absorber panels ingde the laser table enclosure for the
LHO 2k PSL. We ae aso indaling an acoudtic absorbing “skirt” around the opticd table to
reduce acoustic coupling to the lower surface of the table. For LIGO Il, we propose condructing a
room around the PSL area that is Smilar to what was condructed a LLO. The eectronics racks
next to the IO/PSL table would be moved back about six feet so that they would be outside the PSL
room. The room should provide 20 to 40 dB of acoustic isolation

We bdieve that the PMC, which is operated in air, is aso a sgnificant source of acoudtic-induced

frequency noise.  For LIGO I, both the LPMC and the PMC are housed insde evacuated
chambers.
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Another potentid source of frequency noise is air-current-induced optica path length changes. For
LIGO I, we seek to minimize this effect by keeping dl optica path lengths as short as possible and
by ingaling beam pipes, approximatdy one inch in diameter, wherever feasble, in both the main
optical beam path and the optica path leading to the reference cavity.

Fndly, mirror mounts have been identified as a source of acoustic- and vibration-induced noise.
As described in more detail in Section 2.6 the optica layout has been optimized to minimize the
number of mirror mounts.

4.5 Summary of Anticipated Challenges

The frequency dabilization strategy for the LIGO 1l PSL is dmost identical to that for the LIGO |
PSL. The only ggnificant difference is that the beam directed toward the reference cavity is
sampled AFTER the PMC rather than indde the laser head as in the LIGO | PSL. Because the
PMC can introduce frequency changes as the length of the PMC is varied, the frequency control
loop is coupled to the PMC length control loop. The frequency sabilization control loop will have
to accommodate the PMC pole at approximately 1.6 MHz and the loop cross coupling. If a laser
pre-modecleaner is used the servo loop will need to accommodate the LMPC pole at gpproximately
400 kHz (refer to Section 6.2).

As mentioned above, the LIGO | PSL has not yet met the LIGO | frequency noise specifications,
but we assume that it will by the time the LIGO Il PSL design matures.

4.6 Frequency Stabilization of an ILO Laser

It has been shown that the frequency noise of injection locked 5 to 12-W Nd:YAG lasers is just
that of the NPRO master laser™? It is reasonable to expect that the frequency noise of an 180-W
ILO would aso be that of the master laser. Thus, any frequency Stabilization srategy developed
for the 180-W dI-MOPA system could be applied to an 180-W ILO system.

! Frequency and intensity noise of an injection-locked Nd: YAG ring laser, D.J. Ottaway, P.J. Veitch, C. Hallitt, D.
Mudge, M.W. Hamilton and J. Munch, Appl. Phys. B 70, pp.1-6 (2000)

2 The GEO stabilized laser system and the current lock technique, B. Willke, O.S. Brozek, K. Danzmann, C. Fallnich,
S Gosder, H. Luck, K. Mossavi, V. Quetschke, H. Welling and |. Zawischa, in Gravitational Waves: Third Edoardo
Amaldi Conference, ed S. Meshkov, (AIP, NY, 2000) pp.215-221
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5 External frequency control

5.1 Wideband Actuator

For additiona frequency noise reduction, the PSL provides a “wideband” actuator that is utilized
by the modecleaner and long-arm loops to further reduce frequency fluctuations. The “wideband”
actuator changes the PSL output frequency by changing the drive frequency to an acousto-optic
modulator Stuated in the opticad path to the reference cavity. This is commonly referred to as the
“frequency shifter,” and the variable frequency drive as the voltage-controlled oscillator or VCO.
All of the opticd, and eectronic hardware and software for the wideband actuator are identica to
those utilized for LIGO |. Of course, any improvements implemented during the LIGO |
commissoning and operation phases will be utilized for LIGO 1.

5.1.1 Requirements

The requirements for the LIGO | wideband frequency control input are summarized in the
following teble

Response:
Magnitude: DC-100 kHz Hat within 20B
Magnitude: f > 100 kHz (100 kHzff) ~ (Average response below
Phase 100 kH2)
Phaselag at 100 kHz: f < 20 degrees
Range + 5MHz
5.1.2 VCO

It appears that the frequency noise performance of the LIGO | PSL is presently limited by the noise
in the VCO above 1 kHz. Better noise performance can ke obtained by usng a VCO with a lower
range. For LIGO Il the range could possibly be reduced to + 1 MHz to obtain a better frequency
noise performance above 1 kHz. This depends on the design of the LIGO Il modecleaner and
experience gained with LIGO |. A trade off between the range of the VCO and its noise will have
to be considered.

5.2 Tidal Actuator

The tidal actuator enables reduction in the actuation range of both the seismic fine actuators and the
sugpenson controllers by changing the PSL output frequency in response to commortmode
changes in the long am lengths induced by eath tides This is accomplished by changing the
temperature of the reference cavity. The hardware, dectronics and software for the tidd actuator
areidenticd to those utilized for LIGO 1.
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6 Intensity Noise Stabilization

6.1 Low Frequency Power Variations

The requirement for low frequency power variation is “The low frequency varigion in the PSL
output power shal be less than 1% peak to pesk over any 24hr period’. This requirement is the
same as the specification for the LIGO | PSL. This specification should be achievable by smply
monitoring the output of each amplification stage. The monitor sgnads can then be used in a low
bandwidth digitd servo that controls the drive current to each amplification stage. Usng this
scheme will ensure that any correction will be fed back to amplification stage responsble for the
power fluctuation and not disturb a correctly operating amplification stage.

6.2 Fractional Light Power Fluctuations in the GW Band

6.2.1 Performance Requirements

The output of the PSL must be dabilized such that the relative intendgty noise as measured & the
output of the modecleaner is less than 3 10° 1/¢Hz for 10 Hz <f<10 kHz. This requirement is
driven by the need to limit the effect of radiation pressure noise on the modecleaner mirrors. A
gmilar levd of power Sability is needed for the light entering the power-recycling cavity. To
achieve this a photodetector located after the modecleaner will be utilized. 1t may be necessary to
locate this photodetector insde the vacuum enve ope on one of the vibration isolation stacks.

6.2.2 Free-running Relative Power Fluctuations

The intengty noise of high power MOPA systems is generdly limited by the intengty noise of the
laser diodes used to pump the high power amplifiers. Hence the free running reldive intensity noise
of the 180-W laser in the GW band is likely to be comparable to that of the LIGO 10-W laser.
Based on this the free-running relaive intensity noise® islikely to be as follows:

Frequency Band Relative power fluctuations
10 Hz-1kHz -80 dB/Hz
1 kHz-100 kHz [-80+40log (1 kHz/f)] dB/Hz

It should be noted tha these specifications do not include the effects of line harmonics, which can
increase the intengty noise significantly between 60 Hz and 780 Hz.

6.2.3 Modecleaner Effect on the Intensity Noise of the PSL

The light from the PSL passes through the modecleaner before it is incident on the main
interferometer. The current thinking from the 1O group is that the linewidth of the modecleaner will
be less than 2kHz. The intensty modulation transfer function of the modecleaner is that of a low
pass filter with a corner frequency equa to hdf the linewidth. Therefore this will provide passve

3 Personal communication with P. King and R. Abbott
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filtering of the PSL intendty noise. Assuming a corner frequency of 1 kHz, the free-running
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intengty noise at the exit of the modecleaner will be as follows:

Frequency Band Reative power fluctuations
10 Hz-1kHz -80 dB/Hz
1 kHz10 kHz [-80+60 log (1 kHZ/f)] dB/Hz

The bw pass filter action of the modecleaner will dso add a pole to the open loop transfer function
of the intengty noise suppresson servo. This will need to be consdered in the overdl design of the
feedback loop.

6.2.4 Required Control Loop Performance

The loop gain required to suppress the free running intensity noise of the laser a the output of the
modecleaner (assuming a modecleaner cavity pole frequency= 1kHz) to the target specification is
asfollows

Freguency Band Loop Gain
10 Hz-1kHz 90 dB
1 kHz-10 kHz [90 - 6010g (f/1kHzZ)] dB

6.2.5 Power Stabilization Photodetector

The photocurrent required to achieve a shot-noise reaive senstivity of 3 10° 1/¢Hz is 30 mA.
Photodiodes are routindy avallable that can provide sgnificantly more photocurrent than 30 mA.
Noise cdculdions, with the PD mounted in a tranampedance amplifier configuraion, show that
the sengtivity of the PD is not limited by Johnston noise in the feedback resstor. Further,
commercidly avalable low noise operationd amplifiers (op-amp) are available such tha current
and voltage noise sources in the op-amps are not a limiting factor to shot-noise-limited detection a
the frequencies of interedt.

The mogt likdy limit to the performance of the intendty noise dabilization servo is beam jitter
coupling into the sgnd measured by the photodetector via spaid inhomogeneties in the
photodetector responsivitity. Measurements performed by M. Petersheim a GEO have shown that
the change in the respongvity of an InGaAs photodetector can be as high as 2% per mm. The
fluctuations in the pogtion of the output beam of the LIGO | modecleaner have been measured
outsde the vacuum envelope and found to be as high as Inm/GHz a 20 Hz. The preceding two
numbers set a lower limit of 2 x 10® HZY? a 20 Hz on the achievable relative intensity noise. It
should be noted that the quoted pointing stability of the modecleaner is an upper limit on the true
pointing stability of the modecleaner. This is due to the measurement being performed outsde the
vacuum envel ope with the position sensorl not having the full isolation of the HAM tables.

If the afore mentioned measurement is limited by movement of the externd table then additiond
improvement could be gained by mounting the monitor photodetectors insde the vacuum envelope
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on the HAM tables. In this case both the in-loop and out-of-loop® photodiodes will need to be
mounted on the HAM table insde the vacuum envelope. Hence both photodiodes will need to be
vacuum compatible.

The limits on intengty noise dabilization due to beam jitter are generdly a low frequency effect
(<100 Hz). Recent intendty stabilization experiments performed on an NPRO laser by the Glasgow
group® have shown that a rdaive intensty noise stahility of 5 x 10° 1/¢Hz above 100 Hz is
achievable. This levdl was achieved without the beam dabilizing effect of a modecleaner. With a
modecleaner it is anticipated that this performance can be extended down to 30 Hz.

Trandfer of frequency control of the NPRO from the PZT to the pump current may further reduce
the beam jitter on the 180 Watt laser beam (see Appendix 4).

6.2.6 Power Actuators

6.2.6.1 DC Power Adjust Actuator

The DC output power level will be adjusted by feedback to the current of diode drivers of exch
amplification gage

6.2.6.2 Current Shunt Actuator

The power actuator for the control of intengity noise in the GW band will be the diode drive current
to the lagt amplification stage. This will be controlled usng a current shunt developed by R. Abbott
and P. King®. This current shunt has a phase lag a 100 kHz of 125 degrees. If higher bandwidth is
required, a Pockels cdll actuator controlling the output power of the master laser could be utilized.

6.2.7 Power Stabilization Control Loop Amplifier

To achieve the required intendty noise suppresson a 10 kHz, a unity gain frequency of 100 kHz
will be required. At 100 kHz the current shunt has a phase lag of 125 degrees and the modecleaner
pole will introduce an additionad 90 degrees of phase lag. Hence for servo loop stability at least one
phase lead stage will need to be incorporated a 50 kHz. This will probably not be enough phase
lead s0 an additiona stage will need to be incorporated at 75 kHz.

6.3 Power Fluctuations at the GW Modulation Frequency

6.3.1 Performance requirements

The amplitude spectrd dendgty of the rdative power fluctuations (RIN) at the gravitationa wave
detection modulation frequency, assumed to be 25 MHz in this document, is required to be less
than 1.005 times the shot noise limit for 5 waitts of laser power (the power expected at the dark port

4 A second, out-of-loop, photodetector may be utilized to assess the performance of the intensity noise suppression
Servo.

® Private communication with K. Strain, University of Glascow

® Diode-pumped Nd: Yag Laser Intensity Noise Suppression Using a Current Shunt, R. Abbott and P. King, accepted for
publication in Rev. of Sci. Instr., 2000.
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of the interferometer due to contrast defects). However, recently a DC readout scheme for the
LIGO Il interferometer has been proposed. If adopted, this will sgnificantly ease the requirements
on the rddive intendty noise a 25 MHz. Furthemore, it gppears likdy that the LIGO I
interferomYeters will employ output modecleaners that would dragticdly reduce the light leved at the
dark port.

6.3.2 Free-running noise estimate

The free running intendty noise & RF frequencies depends on the properties of the laser front end
used, plus the properties of the laser pre-modecleaner. The output of the LIGO Il laser can be
predicted using the formaism introduced by T. Rdph et al. 8 A brief description of this formdism
will be presented in the next few paragraphs. It has been used to generate an edtimate of the likely
free-running performance of the LIGO Il laser given different laser pre-modecleaner cavity hdf-
linewidths. In this formdism the intendty noise of beam is specified as the measured power
gpectra dengty of the beam divided by the shot noise limit, and is denoted by V.

When a lasr beam is amplified usng an opticd amplifier the intendgty noise of the output is given
by
Vv, = H(Vinput +1)' 1 (1)

output —

where Vinput IS the intendty noise a the input to the amplifier and H is the power amplification
factor of the amplifier.

When a laser beam is passed through a resonant Fabry-Perot cavity such as the PMC the change in
relative intengty noiseis given by:
1
V = -
output 1+ (f/ fc)g

where Vinput i the intendty noise a the input to the resonant cavity, f; is the cavity hdf-linewidth
and f isthe frequency at which the intensty noise is being measured.

(Vinput - 1) +1 (2)

The rddive intengty noise of asample of abeam isgiven by:
Vsample =1+ TI(Vinput - :D (3)

where Vinpyt IS the intensity noise of the main beam and n is the sample fraction.

Usng a measurement of the intengty noise of a 130 mW sample of a 10-watt LIGO | laser and
then gpplying Equation 3, the intendgty noise of th LIGO | laser has been estimated to be 166 times

" Both the DC readout scheme and the output modecleaner are design developments that occurred after most of this
document was written. If adopted, they would significantly reduce or eliminate the performance requirements for
filtering of relative intensity fluctuations at 25 MHz. This would allow reduction in the finesse of both the LPMC and
the PMC, and perhaps even elimination of one of them. It would also reduce the advantages an ILO (see Appendix 1)
over aMOPA for the laser front end.

8 See Appendix 3 of (Infrared) Pre-Stabilized Laser (PSL) Conceptual Design LIGO-T970087-04-D
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the shot noise limit for 10 watts’. By applying Equation (1) to this result the free-running intensity
noise of the 20 W LIGO | front-end is estimated to be about 333 times the shot-noise limit for 20
waits. By applying the fird two equations to this esimate, the free-running intendty noise of the
LIGO Il laser can be estimated for various laser pre mode cleaners a 25 MHz. The results are as
follows.

Cavity half-linewidth of Vipmc Viso
LPMC (fLpmc)

None 333 3005

1.6 MHz 2.35 29.1

0.38 MHz 1.08 17.8

The two chosen cavity haf-linewidths of the LPMC are anadlyzed because:
1.6 MHz isthe linewidth of the present LIGO | PMC which has been extensvely studied

0.38 MHz is the linewidth required to meet the LIGO Il intendty noise specification with
equa circulating powersin the PMC and the LPMC.

6.3.3 Pre-modecleaner design

The PMC requirements are dependent on the chosen LPMC. The table below shows the expected
cavity hdf-linewidth of the PMC and the predicted circulating powers for both the LPMC and the
PMC compared with that of the circulating power of the LIGO 1 PMC.

fLpmc LPMC Circ. Vipmc V180 femc PMC Circ.
power Power
None N.A 333 3005 0.27 MHz 100~
1.6 MHz 2° 2.35 29.1 2.8 MHz 10
0.42 MHz 7.8° 1.09 17.8 3.7 MHz 7.8

In this table, fpmc and buc are the cavity hdf-linewidths of the LPMC and the PMC, respectively.
Vi pmc and Vigp are the ratios of the RIN PSD to the SNL PSD for the LPMC and 180 watts of light,
repectively. The vaues quoted for the circulating power are relative to the circulating power in the
LIGO | PMC (0.135 MW/cn?). The LIGO | PMCs have been running for longer than one year in
ar with no obvious degradation in performance. Further, the LIGO | PMC has been operated for
short periods with 10 waetts of input power in the high-finesse mode where the finesse is about 4000
indead of the normd low- finesse vaue of about 225. No adverse effects of the higher circulating
power were observed.

° Analysis by R. Savage of data taken at Caltech by P. King and B. Willke. See LIGO-G000154-00-W, Performance
of the LIGO Prestabilized Laser System, pages 13-14. To be published in the proceedings of the Ninth Marcel
Grossman Conference on General Relativity, Rome, 2000.
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The same cavity linewidth can be obtained with reduced circulating intendty by increasing the Free
Spectrd Range (FSR) of the cavity. For a cavity with a fixed number of cavity mirrors this may
only be achieved by increesng the mirror spacing. Incressing the PMC cavity length has some
asociated practical problems, such as decreasing the resonant frequency of the PMC fused slica
gpacer for example. The resonant frequency of the LIGO | PMC has been measured to be about 13
KHz. Sgnificantly increasing the spacer length would bring the first spacer  resonance into the
GW band.

If a 20-W injection-locked laser front end were utilized rather than the LIGO | laser (refer to
Appendix 1), the LPMC could be diminated (from the standpoint of RIN a 25 MHz) and the
required LIGO Il PMC hdf bandwidth would be aout 3.7 MHz. This is the same PMC that would
be required if a LIGO | front-end was used with a LPMC that had a haf cavity linewidth of 0.42
MHz.

This is an aea of the desgn where usng a high power injectionlocked oscillator instead of a
MOPA provides a clear advantage. If a 180 W injection-locked oscillator was used for the LIGO I
laser, the PMC would require a hdf-cavity linewidth of 83 MHz which reaults in a dreculating
power of only 3.5 times that of the LIGO 1 PMC.

6.4 Summary of Anticipated Challenges

The most sgnificant chalenge for intensity noise dtabilization is achieving a levd of 3 x 10°
VUdHz a 10 Hz. The likdy limitation here is the coupling of beam wander into intendgty noise via
goatid vaiaions in the respongvity of the in-vacuum power dabilization photodetectors. This
problem will need to reviewed in conjunction with the 10 and LSC group to set maxima dlowable
beam wander a the exit of the modecleaner and the maximum dlowable surface non-uniformities
in the inrvacuum power dabilization photodetector. A vacuum compatible high power photodiode
has not yet been fabricated by LIGO. Although there is no gpparent reason to suspect that this will
not be possible, sgnificant amounts of engineering will be required to bring it to fruition.

6.5 Intensity Noise of an ILO

It has been shown that the GW-band rdative intendty noise (RIN) of injection-locked 5 to 12-W
Nd:YAG lasers satisfies the LIGO-I specification'®!! | and that it can be further reduced by
feedback to the drive current of the dave laser pump diodes. Since the GW-band intendty noise is
caused by fluctuations in the intendgty of the pump diodes in both the MOPA and ILO
configurations, it is reasonable to expect that any intendty dabilization Strategy developed for the
180-W dI-MOPA system could be applied to a 180-W ILO system.

The intendty noise a the RF frequencies is much lower for an ILO than for a MOPA however, due
to better gain saturation.  Thus, the stabilization scheme required to reduce the excess RF intensty
noise of the MOPA sysem could be dgnificantly smplified if usng an ILO. It is shown in

10 Frequency and intensity noise of an injection-locked Nd: YAG ring laser, D.J. Ottaway, P.J. Veitch, C. Hollitt, D.
Mudge, M.W. Hamilton and J. Munch, Appl. Phys. B 70, pp.1-6 (2000)

M The GEO stabilized laser system and the current lock technique, B. Willke, O.S. Brozek, K. Danzmann, C. Falnich,
S. Gossler, H. Luck, K. Mossavi, V. Quetschke, H. Welling and |. Zawischa, in Gravitational Waves: Third Edoardo
Amaldi Conference, ed S. Meshkov, (AIP, NY, 2000) pp.215-221
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Appendix 1 that the lower RF intendty noise of an ILO system alows the LPMC to be discarded
and the finesse of the PMC, and thus the circulaing power, to be significantly reduced.
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7 Reliability and Maintenance

7.1 System-level Requirements

The PSL is required to operate continuoudy, without loss of ‘lock’ (even for short times), for 40
hours during norma seismic conditions (90% percentile TBD for either Ste).
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Appendix 1. I njection-locked Oscillator

An injectionlocked oscillator (ILO) PSL offers sgnificant advantages compared to the dl-MOPA
basdine configuration:

improved beam qudity
improved efficiency laser and PSL
much lower excess rdative intengty noise a RF frequencies.

All of these advantages have been demonsrated at the 515 W leve and will soon be demongtrated
a higher power levels.

ILO's are perceived to be less reliable than MOPA's as the frequency of the dave laser(s) must be
sarvo controlled to be sufficiently close to that of the master laser. However, long-term injection
locking of 515W ILOs has been demonstrated by a number of groups. Further, the superior beam
qudity and lower excess intendgty noise of the ILO will amplify the PSL as the LPMC, its
asociated servo and the wavefront-correction systems are not required, and the circulating power
in the PMC is sgnificantly reduced compared to that for the dl-MOPA configuration (see below).

NPRO

100-150
MHz

R.F
Faraday
| solator
To
Amplifiers
20-W >
Slave
L aser
£ 1

I njection-L ocking
Feedback

Figure A1 1 Schematic of a20 W injection-locked oscillator
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In a minimd modification of the dl-MOPA configuration, the 20-W MOPA would be replaced by
a 20-W ILO. The opticd layout of the 20 W ILO is shown in Figure Al 1. In this system the output
of the monadlithic NPRO laser is ‘amplified usng a diode pumped, injection-locked, 20-W, ring
dave lasar. Long-term injection-locking is accomplished usng a Pound-Drever-Hdl-like servo
control that actively controls the frequency of the dave mode to be within 10% of the center of the
injection-locking range. The frequency of the dave is adjusted by applying a voltage to two PZT
actuators on which resonator nirrors are mounted. One PZT has a large dynamic range while the
other has a wide bandwidth.

The output of the 20-W ILO is expected to be an dmost diffraction-limited (M? »1 ) TEMoo mode.
The frequency noise in the GW-band will be essentidly identicd to that of the NPRO master
oscillator and thus will satisfy the LIGO |1 laser frequency noise specification.

The free-running relaive intensity noise (RIN) in the GW-band will be about 10 JHZ'? &t 100 Hz.
Stabilization of the intensity noise to less than 10 /HZY? a 100 Hz by feedback to the drive current
of a dave laser pump diode has been demonstrated™®. The reduction factor in that demonstration
was limited by the low bandwidth of the diode driver. This could be improved by utilizing a current
shunt actuator.

The expected RIN a RF frequencies can be calculated (refer to footnote 12, below)

2 2 2\
RINZ:Vp:1+M FR:1+M )
Fr(2¢/1) W Wk

where RIN? is the reddud intensty noise of the mader laser, wgr is the relaxation-osdllation
frequency of the free-running dave laser, wjqk IS the injectionlocking range, P and | are the

detected power and the associated photo-current. Using the parameters from the paper referenced in
footnote 12 and f = 25 MHz, Equation (1) becomes

8.8 10" 4

g

p ()

The expected RF intensty noise of severd ILO-based configurations and the required PMC hdf-
linewidth, f., are summarized below:

Configuration Voutput Vs fc (MH2)
180-W MOPA 27.1 1.72 3.0

12 Frequency and intensity noise of an injection-locked Nd:YAG ring laser, D.J. Ottaway, P.J. Veitch, C. Hallitt, D.
Mudge, M.W. Hamilton and J. Munch, Appl. Phys. B 70, pp.1-6 (2000)
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20-WILO,H=9PA | 20.5 1.54 34
90-WILO,H=2PA |65 1.15 6.7
180-W ILO 4.5 1.10 8.3

For a 20-W ILO, Voo = 142 which is less than that of the 20-0W MOPA &fter filtering by the
LPMC, and so the LPMC should not be required. After amplification Vjgp = 20.5 and thus \f =
1.54, which would require a PMC hadf-bandwidth of 3.4 MHz. The circulating power in the PMC

would therefore be 10% less then for the dl-MOPA system but would ill be about 9 times larger
than for the LIGO | PMC.

Usng a more powerful 1LO would further reduce the PMC circulating power. A (three-stage) 90-
W injection-locked oscillator followed by an H = 2 amplifier would result in a PMC hdf-
bandwidth of 6.7 MHz. For an dl-ILO PSL Vg = 1.10, which would result in only a 3.5 times
increase in the circulaing power inaLIGO | style PMC.
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Appendix 2. Beam Quality and Adaptive Optics

This Appendix has been included to describe the current status of phase-front correction of laser
beams using deformable mirrors. It is based on the work being conducted by the Byer group a
Stanford Univergty. This technology may be required if it proves to be to technicdly difficult to
produce a diffraction limited beam from the high power amplifier. The primary causes of beam
digtortion in the optica amplifiers are dso consdered.

Since the output intengty from both optical amplifier stages is well above the sauration intengty,
no sgnificant beam digtortion is expected due to spatidly varying saturation. The primary beam
digortions will be due to themd effects in the dab itsdf. A deformable mirror will provide
correction of digortions to optimize power extraction from the find amplifier pass and to dlow
active mode matching to the 10 chain. Although find experimentd verificaion of the adgptive
optics system has yet to be completed, some design decisons can be made based on experience
with adaptive optics and generd optical design arguments.

The dominant aberrations induced on the laser when trangmitting through the dab amplifiers are
gohericd lensing and agtigmatism.  There are dmogt certainly higher-order aberrations, but they are
much smaler. Further measurement needs to be made on the laser amplifier before specifying the
number of actuators on the mirror, but if only astigmatism needs correction, we have fabricated and
tested some cylindrica deformable mirrors that will return the beam to a spherica wavefront with a
single atuator. If higher order aberrations need compensation, two actuators will be needed on the
mirror for each spatia period of the aberration.

The dlicon membrane deformable mirror with high-order aberration compensation capability being
developed at Stanford currently uses a 3 mm spacing between actuators. (This is not a fundamentd
limit of the architecture, but will serve as a design point for this document.) Since the LIGO laser
beam in the lasar amplifier is going to be roughly 1 mm in diameter, a beam-expanding telescope
would be required to fit the laser onto the deformable mirror.  Further, the mirrors being fabricated
a Stanford are being coated for reflectivity with gold. (This is not the only codaing choice
avalable, but a low-sress didectric coating has not been gpplied due to financid condraints)
However, even with the relaively lossy gold coating these mirrors can withstand 10 W of 1064 nm
light focused to a<1 mm spot.

The adaptive optics system design is based on the current wavefront meassurement data, the current
date of the deformable mirror technology at Stanford, and a guess a the important aberrations of
the sysem. The mirror will be placed between fird and second passes of the find amplifier. A
fallback plan is to place it before the first amplifier if power handling becomes an issue (this is not
preferable because it complicates the feedback control. A beam-expanding telescope is used to
match the beam to the size of the mirror. The mirror will need approximately 25 actuators to
compensate for low-order aberrations. (Such a mirror can be purchased now from OKO
technologies if the aberrdions are vaery smdl.) Findly a Hatmann-type wavefront sensor will be
used to measure the wavefront after the amplifier. A didectric plate near Brewster's angle would
be best for sampling the beam for the wavefront sensor.  The wavefront sensor will need at least
one gperture for every actuator, but over sampling is preferred to avoid dignment and waffle- mode
problems.
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With a complex optica sysem like this amplifier chain, the M2 meric fals to give a thorough
characterization. Usng RMS wavefront error from spherical gives more precise information.  This
metric does not give any spatia frequency information though, so decomposing the wavefront into
Zernike polynomids or the laser into its Hermite-Gaussan modes may be needed. We expect that
the RMS wavefront error will be able to be reduced to roughly the measurement noise of the
wavefront sensor, which istypicaly afew nanometers or roughly 1/300.
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Appendix 3. High power, stable/unstable resonator
Nd:YAG lasers

Undable resonators are often used for producing very high power lasars. They dlow efficient
coupling to an extended gain volume and can produce laser beams that are diffraction-limited.
However, they necessarily have high resonator output-coupling and thus are not suitable for CW
Nd:YAG, as it has only low gain. The gain requirements can be relaxed by usng a sable/unstable
resonator and a graded-reflectivity mirror (GRM) as the output coupler’.

Addade Univerdsty is developing a power-scalable, 100-W, dable/ungtable resonator Nd:YAG
laser, shown in the Figure A3-1, below, for usein an injection-locked chain of lasers.

GR cylindrical mirror
260W fiber-coupled convex invertical plane
diode lasers/side A

Nd:YA G
slab

12cm

|

Brewster-angled
surface Y

g max-R cylindrical mirror

Figure A3-1: Layout of the Adelaide University 100W laser. Theresonator isunstablein the
vertical plane, and stablein the plane of the zig-zag.

Proof-of-principle experiments have been completed successfully.  In these experiments it was
confirmed that the gain and loss of the gan medium agreed with the vdues used in the modeling,
and control of the themd lendng in the ungable plane and single-frequency operation of a
sable/unstable-resonator CW  standing-wave Nd:YAG lasr were demonstrated®.  They are
presently awaiting deivery of the gan medium and GRM for the 100W gablelundable ring laser
demondtration.

! High power diode-laser pumped cw solid-state lasers using stable-unstable resonators, D. Mudge, P.J. Veitch, J.
Munch, D. Ottaway and M.W. Hamilton, |EEE J. Select. Topics Quantum Electron. 3 (1), pp.19-25 (1997)

2 power scalable TEMOO cw Nd: YAG laser with thermal lens compensation, D. Mudge, M. Ostermeyer, P.J. Veitch, J.
Munch, B. Middlemiss, D.J. Ottaway and M.W. Hamilton |IEEE J. Select. Topics Quantum Electron. 6 (4), pp.1-7
(2000)
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Appendix 4. Potential Frequency Servo Performance
Enhancements

Frequency Fluctuation Sensor

A quas-mondlithic ring-cavity together with the Pound-Drever-Hal readout scheme, form the
frequency fluctuation sensor for the PSL. A new design of the reference cavity could consst of a
fused dlica spacer, a fused dlica prism, and three mirrors which are opticaly contacted to the
goacer (maybe dlicate bonding is an option here). The ring desgn is chosen to avoid back
reflection of the light into the laser sysem. Other advantages of a ring design are that only light of
the correct polarization dtate is sensed and the finesse of the reference cavity can be changed by
rotating the polarization direction of the injected light. Fused dlica is chosen to give a low thermd
noie leve and a low therma expanson coefficient, which is dill high enough to dlow for therma
tuning of the cavity resonance frequency. The reference cavity is suspended in vacuum within a
wire ding, which is clamped to the tips of cantilever blades to provide one stage of horizonta and
one stage of vertical seismic isolation. The pendulum resonances are damped by co-located active
feedback control. This desgn of the reference cavity and it's suspension is smilar to the one used
by the GEO600 project. Performance data from the GEOG600 system, such as the equivaent
frequency noise in the GW-band reative to an 8m suspended modecleaner will be available by the
end of 2000.

Reference Cavity
The physical and optical parameters for the reference cavity are listed in the following table:

Material Fused dlica

Therma expansion coefficient D% s 5x10°7

Round trip length 427 mm
Free spectral range 702 MHz
Transversal mode spacing 107 MHz
Finesse 10000

L owest mechanical resonance ~10 kHz

Noise budget of the reference cavity

An edimdion of the noise contributions from various noise sources is shown in Fgure A4-1,
below. The shot noise was calculated for 10mW of detected power, a modulation index of 0.5,
mode-matching of 0.8 and detector quantum efficiency of 0.85. The seismic curve represents the
expected frequency noise due to Doppler shifting caused by motion of the reference cavity reative

to the interferometer. We assume a sdismic noise of 107/ m/¢Hz for Fourier frequencies above
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1Hz and a pendulum resonance frequency of 1Hz for the curve labeed “seismic noise suspended.”.
A mechanicd Q of 10° and the structurd damping mode was assumed for the thermd noise
caculation.
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Figure A4-1 Expected noise budget of a GEO600-type reference cavity.

Suspension and vibration isolation system

To reduce the gpparent frequency noise introduced by the Doppler effect of the frequency reference
cavity, which is moving with respect to the suspended interferometer, the reference cavity is
sugpended in a wire ding. The ding is atached to the tip of a st of four cantilever blades. The
pendulum provides one stage of horizontd isolation whereas the blades reduce the verticad motion
of the cavity. (A commonly used coupling coefficient of verticad motion into horizontal motion of a
pendulum suspenson is 0.01). Therefore for Fourier frequencies above 100 Hz the un-isolated
vaticd sagmic-noise would be higher than the isolated horizonta noise if no vertical dage were
used) A schematic drawing of the suspenson sysem is shown in Fgure A4-2, below.
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Figure A4-2 Schematic of the GEO style suspension used for the reference cavity

The pendulum motion is damped by an active control sysem with a servo bandwidth of less than
10 Hz and steep low pass filtering above 10 Hz. A shadow sensor together with a flag glued to the
spacer are used as the position sensor of the feedback control system and magnet-coil units serve as
the actuator. To avoid contamination of the low-loss cavity mirrors the shadow sensor/coil units are
encgpsulated in glass. A Smilar sysem is under test in the GEO group and results of these tests
will be avalable by the fall of 2000.

NPRO pump diode current control - PDC actuator

In the frequency range between 0.5 Hz and 50 kHz two different frequency control actuators could
be used:

A piezo dectric transducer (PZT) mounted on top of the laser crysta which changes the
laser frequency by stress-induced birefringence

The current of the NPRO laser-diode pump source (PDC) which changes the laser
frequency due to temperature-induced changes in the index of refraction of the YAG
crysd.

A frequency stabilization servo that usesthe PZT actuator has been successfully demonstrated in
the LIGOI PSL. The actuator coefficient of this actuator is gpproximately 4 MHz/V (flat up to 100
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kHz) and itsrangeis +/- 200 MHz. However there are some disadvantages associated with the use
of this actuator:

The PZT response shows resonances for frequencies as low as 100 kHz. These resonances limit the
crossover frequency between the PZT and the EOM actuators to approximately 10 kHz. This
means that the EOM has to cope with the laser noise a 10 kHz, which has the danger of saturation
in the EOM path.

Furthermore, there are sgnificant cross couplings between a voltage injected into the PZT path and
the intengity and the pointing of the NPRO output beam.

These problems can be avoided by using the PDC actuator. Thisis because anoisy pump current is
the main source of the free running NPRO frequency noise, afrequency stabilization servo which
uses this current actuator S multaneous reduces the NPRO intensity fluctuations.

This current lock technique was demonstrated by the GEO group!. The actuator coefficient is 1
MHz/mA @ 10Hz and fdlslike 1/f up to the relaxation oscillation frequency (

Both actuators might be used in the LIGO Il PSL. A trade-off based on more experience with the

PDC actuator and the pointing-noise tolerance of the high power stages could be made before the
PSL find design review.
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Figure A4-3 NPRO pump diode current to NPRO optica frequency transfer function.

1 Frequency stabilization of a monolithic Nd: YAG laser by controlling the power of the laser-diode pump source, B.
Willke, S. Brozek, K. Danzmann, V. Quetschke, S. Gosder, Optics Letters 25 (14) (2000)
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