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Abstract
Einstein formulated the general theory of relativity near 100 years ago and showed that gravity is curvature in
space-time and further that ripples in space-time, gravitational waves, travel at the speed of light. Today the
Laser Interferometer Gravitational Wave Observatory, LIGO, project is using ground based 4km long
interferometers to search for gravitational waves. The progress for LIGO and other earth based gravitational
wave interferometers will be reviewed.

This summer the , project, joint between NASA and ESA, will hold
its 8th International meeting at Stanford. The design of the space-based 5 million kilometer path length LISA
interferometer, scheduled for launch in 2020, will be discussed.

The detection of gravitational waves requires the ultimate in precision measurement. The 'ruler’ used to detect
oscillations in space-time is the constant; the speed of light. The light source is a very stable diode-pumped
Nd:YAG solid state laser oscillator-amplifier that operates reliably at the quantum limit in phase and amplitude.
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California - Leader in advanced telescopes for astronomy CB;;(?LP

The Hooker 100-inch telescope joined the 60-
inch atop Mount Wilson in 1917. This telescope,
another of George Ellery Hale's projects, was the
largest in the workld until TB48. s wies oy

Lick (i watoey

g A |

The Lick 36-inch refractor saw first light in 1888, E"-'-Gmr Ellery Hale had the 60-inch glass :

One of the twa bens blanks broke during transport, blank before he secured the funds to build such The maishve Hale 200-inch telescope was under

and it took sorme 18 attempts to make a replace- i a telescope. Shortly after the Yerkes refracior was  construction for 21 years. George Ellery Hale, who

ment blank. This Clark telescope is still used today E complete, he moved to California, obtained the secured the funding for the 200-inch, passed

for infrequent research and public viewing. ; funding from the Camegile Institution, and away in 1938, Almost 1,000 people attended the
began construction of the 60-inch reflector. 1948 dedication of the Hale 200-inch reflector.
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Lick 36 inch refractor The Mount Wilson 100 inch The Palomar 200 inch
1888 1917 1948
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Lightwaves Group
Prelude
Introduction Making Lightwaves

Scientific Applications of Lasers

Future Directions

A pioneer beams brillian
darkness of d

Charlie is still contributing to Science at
The University of California at Berkeley

Riding Lightwaves

Surfing Lightwaves
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The Ruby Laser gﬁp

Retinal Attachment

"If I had set out to
invent a method of re-
attaching the retina, I
would not have invented
the laser”

Laser Eraser

"The 'Laser Eraser”
may not find any
near ferm
application, but it is
interesting. “

1

Art Schawlow with Mickey Mouse Balloon and Ruby Laser

The first Ruby laser was demonstrated in 1960 by Ted Maiman
Hughes Research Labs in Los Angeles
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California - Leader in advanced lasers G
roup

Concept of the Optical Maser Schawlow & Townes 1958
Ruby Laser Ted Maiman 1960

Nobel Prize awarded in 1964 Townes, Prokhorov and Basov

Hg+ Ion Laser Earl Bell 1965

Argon Ton Laser Bill Bridges

Unstable Resonator Tony Siegman

Tunable cw parametric Laser Steve Harris 1968

Diode bar 1Watt Laser Scifres 1978

Diode Pumped Nd:YAG (NPRO)  Byer 1984
2009 a special year

105kW cw Nd:YAG Slab Laser ~ NGST January

4 MJ IR, 2MJ UV NIF Laser LLNL March

ImJ 10Hz 1A Coh X-ray Laser SLAC April

2010 LaserFest
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Motivation.. Byer
Scientific Applications of Lasers Group

"Don't undertake a project unless it is manifestly
important and nearly impossible.”  Edwin Land - 1982

Scientific Applications of Lasers
Atmospheric Remote Sensing

Quanta Ray 1J Unstable resonator
Nd:YAG Laser
1.4 to 4.3 micron Tunable LiNbO3 OPO

Global Wind Sensing

Laser Diode pumped Nd:YAG
Single Frequency Oscillator (NPRO)

LIGO and LISA & Gravitational Waves B )
10 W Nd:YAG slab MOPA for  LIGO 55 1§
200W Nd;YAG Advanced LIGO )
1W Todine Stabilized Nd:YAG  LISA Global remote sensing 1980 -

Needed a coherent laser oscillator.

One thing leads to another..... from coherent laser radar to LISA and LIGO
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The Non-Planar Ring Oscillator - 1984

Byer
Group

printed from Optics Lotters, Vol. 10 me &5, January 1985
Copyright © 1985 by “IE O‘ylwal Saociety of America and repri

Monolithic, unidirectional single-mode Nd:YAG ring laser
Thomas J. Kane and Robert L. Byer
Ginzlon Laborateory, Stanford Unfversity. Stanford, Caltfornio $4305

Heceleved October 1, 1084; aceopled November 26, 1684
We have built & nonplanar ring oscillator with the resonator contained entirely within a Nd:YAG crysial. When

/98¢

ted by permission of the copyright owner,

gy W Tom Kane, R. L. Byer

"Monolithic, unidirectional
Single-mode Nd:YAG ring laser
Opt. Lett. 10,65,1985

n

the oscillator was placed in a magnetic field, unidirectional cacillation was obtnined with & pump-limited, single-

axinl-mode output of 163 mW.

In this Letter, we describe a new solid-state laser de-
gign that achieves high single-mode output power by
using a unidirectional nonplanar resonator. Excellent
frequency etability is achieved because the ring reso-
nator is constructed from a single Nd:YAG crystal. We
refer to the design as a MISER (Monolithic Isolated
Single-mode End-pumped Ring) design. We developed
this source as an usc:liabor for a long-range coherent
Doppler anemometer. Other appi:catwm areas in-

clude coh « optical radar,
and inertial rotation smmng
Tdeally, a wave | iy broadened

laser should oscillate ina smgle ax:n! modo T hl. !mser
transitions in Nd:YAG are phonon

50 the assumption of homogeneity is met. However,
when a Nd:YAG laser is contructed with a standing-
wave linear resonater, the threshald of the second axial
mode is near that of the first. At the nulls of the
standing wave created-by the initial axial mode, stim-
ulated emission does not take place, and the gain is not
saturated. This spatially modulated gain, termed
spatial hale burning, allows other axial modes to reach
l]mhcdd and osc!]LHtE 2

A irectional ring has no wave,
and therefore spatial hole burning is eliminated. Much
higher single-mode power is available from a ring than
from a linear resonator even without the addition of
selective loss elements, such as étalons, Successful
high-power, single-mode operation of unidirectional
rings has been achieved with arc-lamp-pumped Nd:
YAG oscillators® and with commercial dye lasers.?

Excellent frequency stability is possible when the
resonator of a N YAG laser is monolithic, that is, when
it consists of reflective coatings applied directly to the
surfaces of the Nd:YAG. Even better swb:ltu is pos-
sible when the pump source of the laser is a laser diode
with stable output power. We recently reported a
laser-diode-pumped Nd:YAG rod laser that has a fre-
quency jitter in 0.3 sec of less than 10kHz® Because
of spatial hole burning, output power in a single axial
made has been limited to B mW.

The objective of this work is to combine the advan-
tages of ring lasers and monolithic lasers by constructing
a unidirectional resonator entirely internal to a single
crystal of Nd:YAG. The conventional way 1o design a

(46859285, D20065- (4§ 200

unidirectional laser is to include a polarizer, a Faraday
rotator, and a nonmagnetic polarization rotator, such
as a half-wave plate in the resonator.  All three of these
functions, which together form an optical diode,’ are
incorparated into the MISER resonator design. Asis
shown in Fig. 1, the resonator is a single block of Nd:,
YAG incorporating four reflecting surfaces, which act
as mirrars. The front face is convex to provide reso-
nator stability and is coated to be a partially trans-
mitting output coupler. The other three faces are flat
and totally internally reflecting.

Most ring lasers use a resonator that is entirely within
a plane. There are sometimes advantages to a non-
planar geometry that are worth the greater complexity.
Dorschne at Raytheon has described a nonplanar he-
lium-neon ring laser that, when used as a E¥TOSCOpE,
overcomes the problem of self-locking or lock-in.?
Researchers in the Soviet Union have built nonplanar
Nd:YAG ring lasers and have studied the mode strue-
ture, temporal dynarmics, and polarization of these la-
sers.® Biraben?® suggested that single-mode dye lasers

POSITIVE
VERDET

Fig. 1. Polarization zelection

The MISER laser design.
takes place at the curved, partially transmitting face (point
Al At points B, C, and D, total internal reflection occurs. A
magnetic field H is applied to establish unidirectional oscil-

NonPlanar Ring Oscillator
Single frequency: <10kHz

lation. Magnetic rotation takes place along segments AB and
DA The focused pump laser beam enters the crystal at point
A, and the output beam emerges at the same point.

& 1985, Optical Society of America
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END Petu, Damdes~ 7
SPACECRAFT
Lasep RequirsmeeTs

Pwer ~ 1w
A %run/ IR
Falliky : -
o Y e

SPACECRAFT ( l _ft & )
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Schematic of LISA in 1988

Expected Launch date of 1998 (how 2020)
Laser power 1W
Laser stability extremely high
Laser reliability > 5 years

Peter Bender holding 4x4cm Au/Pt cube

Gravitational waves open
a new window on universe

Gravitational
) "hwicw

Esploving the Sencrire of
Space and Time

Detect amplitude and phase
of gravitational waves

with sensitivity to detect back
the era of galaxy formation.

D))
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LISA Mission Byer

Group

LISA

Laser Interferometer Space Antenna
for the detection and observation of gravitational waves

A Cornerstone Project in
ESA’s long term space science programme
“Horizon 2000 Plus”

Pre-Phase A Report

December 1995

MPQ 208 February 1996

LISA - Laser Interferometer
Space Antenna

Phase A Study - 1995
Joint mission NASA and ESA

3 satellites in solar orbit

1 W laser - Nd:YAG NPRO
5 million km interferometer path
30 light seconds round trip delay

Scheduled for launch in 2020
1 year to station, 5 year mission

Will detect binaries in our galaxy
Will detect massive Black Holes at
Cores of most galaxies

AAAS 2010 Annual Meeting

February 21, 2010
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LISA Interferometer Space Antenna

i

Saacedraflt #3

Spacecralt #2

“

Spacecraft #1
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Ron Drever, Caltech

LECTROMAGHNETICALLY COUPLED BR{MDBAND
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LIGO Observatory Sites Byer
Group

Rai Weiss
MIT

LIGO

sites

Barry Barish*

LIGO Sites

® Hanford
Obseratory

@ Livingston
Observatory

* Jay Marx joined LIGO as Director - Jan 2006

RARCH-EEIR00 LC-00:M. NSF LIGO Il Review 5 LIGO-GS00XX-00-M NSF LIGO Il Review 12
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LISA and LIGO Detection Bands Byer

@ (LISA) Space-& (LIGO) Ground-Based Detectors
10-18 -

Coalescence of — NS-NS and BH-BH
Massive Black Holes Coalescence

10720 - /

Resolved
Galactic Binaries

Kip Thorne,
CalTech

Rotating
Neutron Stars
SN Core

Collapse

10—22 -

Gravitational Wave Amplitude

Unresolved e
Galactic o QG
L Binaries = LISA LIGO \
10—24 ] | | | | | 1 | ]
107 1072 10° 10? 104

Frequency [Hz]

(LISA Science & Technology Study)

ISA
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Laser Interferometer Gravitational-wave Byer
Observatory Group

L . G

__________
1 o -

- Managed and operated by Caltech
& MIT with funding from NSF

» Ground breaking 1995
* 1st interferometer lock 2000
* design sensitivity 2005

» LIGO Scientific collaboration: 45
institutions, world-wide

AAAS 2010 Annual Meeting



Global network of interferometers Byer

——

e&,y;_ _,‘ _:__f'.-_'_d'- | N/
Sf— | -

-
SN -
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- Detection confidence
« Source polarization
« Sky location

_| Duty cycle - e
—~ «-Waveform extraction e

AAAS 2010 Annual Meeting G0900437 19Ma#g8ruar%c\2'i),aé'5‘10 Extreme Optical Tools and Apphcations



?J2)) Gravitational Physics
4 «University of Michigan
. «Massachusetts Inst. of Technology
LOYOLA «Monash University _
UNIVERSITY .Montana State Ur_1|ver_5|ty
«Moscow State University
.National Astronomical
~ Observatory of Japan
«Northwestern University
«University of Oregon
«Pennsylvania State University
«Rochester Inst. of Technology

G ¢

“e a -“‘

O UNiversitt.  yrpgvr N
UNIVERSITY N 3

«Australian Consortium Y O 0 et oiiet of
for Interferometric e GLASGOW
Gravitational Astronomy
«The Univ. of Adelaide
«Andrews University
«The Australian National Univ.

«The University of Birmingham ;?L;';’ M vER sy

s soete N 4
«California Inst. of Technology g;-nmom 02 ROCHESTER
&2

.Card Iff Un Ive rSIty UNIVERSITYol WISCONSIN
UWMILWAUKEE
== D

«Carleton College
«Charles Stuart Univ.

«Columbia University K & THE AUSTRALIAN NATIONAL UNIVERSITY «Rutherford Appleton Lab
-Embry Riddle Aeronautical Un|v . i N ER ST O E | «University of Rochester

Edtvos Lorand University San José State ; WESTERN AUSTRALIA .San Jose State University
+University of Florida UNTVERSITY TRINITY ' +Univ. of Sannio at Benevento,
«German/British Collaboration for the S @ UNIVERSITY AT and Univ. of Salerno

Detection of Gravitational Waves PENNDTATE ~em . JUniversity of Sheffield
«University of Glasgow AndTEWS UHIV@TSI[Y LA 4. eUniversity of Southampton
«Goddard Space Flight Center Universitat de les ..o eSoutheastern Louisiana Univ.
«Leibniz Universitat Hannover Dies Balears «Southern Univ. ar_1d A&M College
«Hobart & William Smith Colleges (IEDEE «Stanford University

«University of Strathclyde
; «Syracuse University

<Univ. of Texas at Austin
M «Univ. of Texas at Brownsville

«Inst. of Applied Physics of the
Russian Academy of Sciences
«Polish Academy of Sciences

.India Inter-University Centre pamn . . : CARD FF V. : A
for Astronomy and Astrophysics Staln Univarsity MONTANA «Trinity University
.Louisiana State University WASHINGTON STATE THE UNIVERSITY CINNILSIRS orre unversTy Universitat de les lles Balears
ool «Univ. of Massachusetts Amherst
<University of Western Australia

Univ. of Wisconsin-Milwaukee
Washington State University
«Universit’ Umcg;:s,ty

of Southampton

.Louisiana Tech University @l INIVERSITY E&ﬁ;ﬂﬁwm
«Loyola University New Orlean ‘AI
e lag !

.Univeroihl Af NMaruland
llBFIV RIDDLE

AEHONAUTICAL UNIVERSITY

Sownin B Technology Faclities Council

@ Rutherford Appleton Lal::-r;aratury

¢ F‘UNIVERSITY of J’
~ Universitit Hannoverl L § I"é’#&‘é’%’*ﬁ’&”ﬁ? SQPII;ISE” u FLORIDA%; AN @

UNIVERSITY

ultural & Mechanical College



One thing leads to another... Byer
from Lasers to LIGO to LISA... Group

Prelude: California — a leader in science and technology

LIGO & LISA: Early History and Concepts
LIGO and LISA at the beginning
Gravitational Waves and Sources

The LIGO Observatory
LIGO Interferometers
Measurements
Technical progress
Science Runs - LIGO begins Science Run #6

Advanced LIGO Interferometer
Sensitivity Improvement
Detection rates
Schedule for completion

Future concepts
LISA an Interferometer in Space
LISA performance & technology development
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Existence proof: PSR 1913+16 gﬁp

ﬁompar‘ison between observations of the binary pulsar

P5R1913+16, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
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Gravitational Waves (6W) Byer
Group

: Wha’r are GW? |

waves in curvature of space-time
- a prediction of general relativity
- produced by acceleration of mass

(c.f. EM waves produced by
accelerated charge)

- travel at speed of light
BUT

- gravitational interactions are very
weak

- no dipole radiation (due to
conservation of momentum and mass
of only one "sign")

To produce significant flux requires
asymmetric accelerations of large masses

o Astrophysical Sources

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



Gravitational Waves

Byer
Group

In the weak field approximation gravitational waves can be represented as a
perturbation to the Minkowski flat space-time

d,, =1, th,,

g,, Minkowski space perturbed by gravitational waves
1., Minkowski space
h,, gravitational waves perturbation

Using the transverse traceless gauge the field equation for h ,, is:

1 0’ G
(V2 ot jh” i

S Energy densities and stresses

In GR h,,, results in two plane waves with polarizations at 45°

# C

h =ah, (-~ +bh, (-2

C

AAAS 2010 Annual Meeting

February 21, 2010 Extreme Optical Tools and Applications



Gravitational Waves Byer
Group

A Two polarizations of GWs

Tow O /2 T 3n/2
el iole
pol

L+l

OO

JLaser interferometer

gltr;geni?ﬂeln and % (I):O L ? (I):Aq)
Pustovoit, ‘62 p 2(2 kAL)
= COS

Sel Pour = Pin
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How Precise must LIGO/LISA be? Byer
(Answer: Very, very Precisellll) Group

1 part in 102! strain 102= 1,000,000,000,000,000,000,000

Alpha Centauri: 4.4 light years =4 x 106 meters

Strain sensitivity analogous to

) Alpha Centauri
1021 x4 x 101°m =4 x 10° m ~ 40 microns! (one of the nearest
stars)

Like measuring the distance to a nearby

star to the diameter of a human hair !
(~100 microns)

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



Watching Two Black Holes Merge

K. Thorne (Caltech) , T. Carnahan (NASA GSFC)

AAAS 2010 Annual Meetin February 21, 2010 Extreme Optical Tools and Applications
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The astrophysical
gravitational wave source catalog

* Neutron stars,
black holes

* ‘chirped’

(1 L‘»J » waveform

- Gravitational Waveform

Credit: AEI, CCT, LSU % 15 1 o5

Time to coalescence (sec)



http://www.ligo.org/science/GW-Overview/sounds/chirp40-1300Hz.wav

Gravitational Wave Sources

- Bursts
- catastrophic stellar collapse to form black
holes or neutron stars —

- final inspiral and coalescence of neutron star M
or black hole binary systems - possibly
associated with gamma ray bursts

SN1987a

- Continuous
- pulsars (e.g. Crab)
(sign up for Einstein@home)
- low mass X-ray binaries
Sco-X1)

- Stochastic Background Cosb Netna " Malin/Pasachoftiaiec
- random background "noise" associated with
cosmological processes, e.qg. inflation, cosmic
strings.....

A New Astronomy

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications
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The challenge of LIGO data analysis Group

This source:

Embedded in this noise stream:

Binary BH-BH system 04

02 |

Signal(t)

-02 F

W

-04

We use different
methods (in this case
optimal Weiner filtering
‘ using matched

) templates) to pull these

signals from the noise:

—_—

2 “Chirp” waveform

" ] (| . I . ' f | Il 1 )
W I ad U B s
il oI )| i am

_3 . .
-2 =15 -0.5

=]

SNR(t)

-1
Time to coalescence (sec)

The problem is that non-astrophysical sources also produces signals (false positives)




Has LIGO detected Byer
a gravitational wave yet? Group

*  No, not yert.

*  When will LIGO detect a gravitational wave?
+ "Predictions are difficult, especially about the future”
» (Yogi Berra)

TABLE V: Detection rates for compact binary coalescence sources.

IFO Source Niow Nie Npi Nup
yr! yr! yr ! yr!
NS-NS 2% 10°%T  0.02 0.2 0.6
NS-BH 7x107% 0.004 0.1
Initial BH-BH 2% 107* 0.007 0.5
IMRI into IMBH < 0.001° 0.01°
IMBH-IMBH 1044 1073
NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300
Advanced BH-EBH 0.4 20 1000
IMRI into IMBH 10° 300°
IMBH-IMBH 0.14 1°

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



Prospective rates for binary mergers

Binarv neutron star mergers: from ~20 Mpc to ~350 Mpc

B estimated [C] possibly as high as

200/y

| .Sy
0.015/y \ 0.15/y 0.15/y

Initial LIGO Enhanced LIGO Advanced LIGO

Binary black hole mergers: from ~100 Mpc fo z=2

B estimated [[] possibly as high as

| 8/y

|. 7y

Initial LIGO Enhanced LIGO Advanced LIGO

AAAS 2010 Annual Meeting o001 ° Sruars \ Extreme Optical Tools and AppBggtions



Periodic sources Byer

Group

10_13 T T T TTT | I 1T 1T ||

10-1% S1 itiviti

- sensitivites "

1019 & -- H 4km

10-17 & fuy -- L 4km Crab pulsar

| = hy: Amplitude detectable with 99%
_. 1!'"‘ confidence during observation time T
TR
i .,umn"ﬂ""’"" o ‘ <h0> =114 \/Sn(fS)/T
) = wLimit of detectability for rotating NS with
equatorial ellipticity, = dl/l_,:
103,104, 10° @ 10 kpc
»Known EM pulsars

10 100 1 = Values of h, derived from measured spin-
frequency (Hz) down
PSR J1939+2134 = |F spin-down were entirely attributable to
P =0.00155781 s GW emissions

fow =1283.86 Hz
P =1.0519 109 s/s
D =3.6 kpc

= Rigorous astrophysical upper limit from
energy conservation arguments

AAAS 2010 Annual Meetin February 21, 2010 Extreme Optical Tools and Applications
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X
( Burst sources

e

Byer
Group

Sensitivity of LIGO to burst sources

Pre-supernova star

p ool |

Collapse of the core

1ol

Interaction of shock
with collapsing envelope

neutrinos emitted

LI lIIlIII
L1 Illllll

light emitted

T 1 ||l|l1|
1 lJlllul

10-% EI N A , , E

10 100 1000 104
Frequency (Hz)

Expected SNe Rate
1/50 yr - our galaxy
3/yr - Virgo cluster

Star brightens byru 10% times
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Prelude: California — a leader in science and technology

LIGO & LISA: Early History and Concepts
LIGO and LISA at the beginning
Gravitational Waves and Sources

The LIGO Observatory
LIGO Interferometers
Measurements
Technical progress
Science Runs - LIGO begins Science Run #6

Advanced LIGO Interferometer
Sensitivity Improvement
Detection rates
Schedule for completion

Future concepts
LISA an Interferometer in Space
LISA performance & technology development
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LIGO Observatories

Byer
Group

UGO  Thterferometer optical layout

&N
H1: 4km @ LHO ool End test mass
H2: 2km @ LHO (ETM) suspended, seismically
L1:4km @ LLO isolated test masses
mode
cleaner
Input test mass
(M) . 4km =
[l 1 ‘os i
1ow B 45W 150200 W 9-12 kW
200 mw
h 4
photodetector ()
> Gravitational Wave channe/
G050566-00-D

LIGO Livingston Observatory, LA

LIGO Hanford Observatory, WA

- - gy

LIGO = Laser Interferometer
Gravitational Wave Observatory

P010
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LIGO Vacuum Equipment

CALIFORNIA INSTITUTE OF TECHNOLOGY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

* 1.2 m diameter

- Aligned to a mm » L}
+ Total of 16km — -
fabricated with no =
leaks

* 1 nTorr (1)

- few, remote
pumps

- Cover...

AAAS 2010 Annual Meeting

UC Davis

19May09
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Vacuum tube enclosures test Group
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Test Masses Byer
Group

Fused Silica, 10 kg, 25 cm diameter
and 10 cm thick '
Polished to A/1000 (1 nm)

AAAS 2010 Annual Meeting



Seismic Isolation - Dan Debra and Brian Lantz gyer
roup
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Lasers for the LIGO interferometer Byer
Group

Laser Characteristics
Wavelength 1064 nm \
TEM,, output power > 10 W Test masses
Non-TEM,, power <2 W
Intensity noise: dP(f)/P <=3 x 108

150 Hz < <10 kHz

Mode Fabry- Perot

Cleaner

Beam
/ Splitter

Conditioning
Optics u

ﬁ Amplifier

|

Power Recycling — Photodetector

Mirror

Strain sensitivity ~ 10-22
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The Non-Planar Ring Oscillator - 1984

Byer
Group

printed from Optics Letters, Vol 10
Copyright & 1985 by :hp thmnl Society of America and repr

Monolithic, unidirectional single-mode Nd:YAG ring laser

Thomas ]. Kane and Robert L. Byer

Ginzion Leboratoary, Staaford University. Stanford, Californis 84305

Heceleved Octolser 1, 1084; accopted Novembeer 26, 1584

We have built & nonplanar ring oscillator with the resonator contained entirely within a Ne:VAG erystal. When
the oscillstor wos placed in & magnetic field, unidirectional cscillation was obtained with a pump-limited, single-

axinl-mode outpot of 163 mW.

In this Letter, we describe a new solid-state laser de-
gign that achieves high single-mode output power by
using a unidirectional nonplanar resonator. Excellent

q v etability is achieved b the ring reso-
nator is construeted from a single Nd:YAG ervstal. We
refer to the design as a MISER (Monelithic Isolated
Single-mode End-pumped Ring) design. We developed
this source as an oscillator for a long-range coherent
Doppler anemometer.! Other applications areas in-
clude coh I optical radar,
and inertial rotation sensing,

Ideally, a continuous-wave homogenecusly broadened
laser should cscillate in a single axial mode. The laser
transitions in Nd:YAG are primarily phonon broadened,
s0 the assumption of homogeneity is met. However,
when a8 Nd:YAG laser is contructed with a standing-
wave linear resonator, the threshold of the second axial
mode is near that of the first. At the nulls of the
standing wave created-by the initial axial mode, stim-
ulated emission does not take place, and the gain is not
saturated. This spatially modulated gain, termed
spatial hole burning, allows other axial modes to reach
threshold and oscillate.?

A unidirectional ring respnator has no standing wave,
and therefore spatial hole burning is eliminated. Much
higher single-mode power is available from a ring than
from a linear resonator even without the addition of
selective loss elements, such as Etalons. Successful
high-power, single-mode operation of unidirectional
rings has been achieved with arc-lamp-pumped Nd:
YAG oscillators” and with commereial dye laserst

Excellent frequency stability is possible when the
resonator of a Nd:'YAG laser is monolithic, that is, when
it consists of reflective coatings applied directly to the
surfaces of the Nd:YAG. Even better stability is pos-
sible when the pump source of the laser is a laser diode
with stable output power. We recently reported a
laser-diode-pumped Nd:YAG rod laser that has a fre-
quency jitter in (.3 sec of less than 10 kHz.® Because
of spatial hole burning, output power in a single axial
made has been limited to 8 mW.

The objective of this work is to combine the advan-
tages of ring lasers and monolithic lasers by constructing
a umidirectional resonator enticely internal to a single
crystal of Nd:YAG. The conventional way to design a

C ications,

011 468582 /35/020065-04§2 00

&5, January 1985 j 78 7

by permission of ihe eopyright owner,

IN PN

tod

Tom Kane, R. L. Byer
"Monolithic, unidirectional
Single-mode Nd:YAG ring laser”
Opt. Lett. 10,65,1985

unidirectional laser is to include a polarizer, a Faraday
rotater, and a nonmagnetic polarization rotator, such
a¢ 4 half-wave plate in the resonator.  All three of these
functions, which together form an optical diode,? are
incorporated into the MISER resonator design. Asis
shown in Fig. 1, the resonator is a single block of Nd:,
YAG incorporating four reflecting surfaces, which act
as mirrors. The front face is convex to provide reso-
nator stability and is coated to be a partially trans-
mitting output coupler. The other three faces are flat
and totally internally reflecting.

Most ring lasers use a resonator that is entirely within
a plane. There are sometimes advantages to a non-
planar geometry that are worth the greater complexity.
Dorschne at Raytheon has described a nonplanar he-
lium-neon ring laser that, when used az a gyToscape,
overcomes the problem of self-locking or lock-in.”
Researchers in the Soviet Union have built nonplanar
Nd:¥YAG ring lasers and have studied the mode strue-
ture, temporal dynamics, and polarization of these la-
sers.? Biraben® suggested that single-mode dye lasers

POSITIVE
VERDET

Fig. L. Paolarization selection

The MISER laser design.
takes place at the curved, partially transmitting face (point
Al At points B, C, and D, total internal reflection occurs. A
mngnetic field H is applied to establish unidirectional oscil-

NonPlanar Ring Oscillator
Single frequency: <10kHz

lation, Magnetic rotation takes place along segments AB and
DA The focused pump laser beam enters the cryetal at point
A, and the output beam emerges at the same point.

1 1985, Optical Society of America

AAAS 2010 Annual Meeting
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10 Watt All-Solid-State Nd:YAG Laser Byer

Aan morn

CUSTombuilT
10 W Nd:YAG Laser,

joint development with
Lightwave Electronics

| Cavity for
|/ defining beam geometry,
joint development with
Stanford

' Frequency reference
- cavity (inside oven)
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Quantum Noise Limited End pumped slab Amplifier gyer
roup

Shally Saraf
Photograph of end pumped Nd:YAG

Slab amplifier "Quantum Noise Measurements

Ina cw laser diode pumped
Nd:YAG saturated amplifier”

Optics Letters May 2005
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~ %) Quantum noise limited 100W Nd:YAG end-pumped slab MOPA system Byer

Shally Saraf, Supriyo Sinha, Karel Urbanek, Patrick Lu, R. L. Byer Group
End-pumped slab geometry 808nm
. . Pump
* Nearly complete absorption of pump light.
: : . 1.5 cm
» Better mode overlap => Higher gain & efficiency /
 Square geometry prefers TEM,,, mode. 333 cm Signal
OouT
* Rough sides suppress parasitics. ‘ly Shdoped
Signal 0.6% Nd:YAG
IN ™~ Goodno et. al.,

undoped

808nm ASSL 2001
Pump Ei 1.1 mm X 0.9 mm
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Byer
Group

- Seismic noise & vibration
limit at low frequencies

»+  Thermal noise of
suspensions and test
masses

*  Quantum nature of light
(Shot Noise) limits at high
frequencies

- Limitations of facilities
much lower

10 10 100 1000 10000

Frequency (Hz)
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Science runs and sensitivity 2{§;p

Run # days Strain Sensitivities for the LIGO Interferometers
Comparisons among S1 - S5Runs  LIGO-G060009-01-Z
_ le-16 g Eiilii e
: LLO 4km - S1 {2002.09.07) |-
St 17 B | — LLO4km- 52 20030301
Sept '02 S~ LLen —  LHO 4km - 53 (2004 01.04)
\: ——  LHO 4km - $4 (2005.02.26) [
B Iy TR ) LHO 4km - 85 (2006.01.02) [
S 59 le-13f g
Feb|03-Apr 03 ~ 3
- ~ le-
N
=)
S3 o | E |
Nov 03-Jan 04 ——
=
G le2df;
S4 30 '
Feb- March 05 le-22]
S5 2y loiis
— 3
Nov 05 - Sep 07 (ly -
Coinciden.‘_) le.24 h M A s . 5 . ) 5 X . 5 T
10 100 1000 10000
Frequency [Hz]
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S5 Science Run: LIGO at Design Sensitivity

Byer
Group

le-16 [y
le-17fm

le-18m

h[f). 1/Sqrt[Hz]

le-22

le-23 =

le-24

AAAS 2010 Annual Meeting

le-197=

le-201r=

Strain Sensitivity for the LIGO Interferometers
S5 Performance - June 2006  LIGO-G060293-01-Z

1 - —— = —
e i I B e g 5 S T
. L T p——— e ——
————

S ————

e .1
ey 4

Frequency [Hx]

Frequency [Hz]
G0900437 19Ma¥08 i 2P0

10 100 1000 10000
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Outline Byer
Group

Prelude: California — a leader in science and technology

LIGO & LISA: Early History and Concepts
LIGO and LISA at the beginning
Gravitational Waves and Sources

The LIGO Observatory
LIGO Interferometers
Measurements
Technical progress
Science Runs - LIGO begins Science Run #6

Advanced LIGO Interferometer
Sensitivity Improvement
Detection rates
Schedule for completion

Future concepts
LISA an Interferometer in Space
LISA performance & technology development
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The Future: Enhanced and Advanced LIGO

Byer
Group

«—S5 Run——»

«— S6 ——

«— S77?

2006 | 2007 | 2008 | 2009 | 2010 | 2011 2012 | 2013 | [p014n R
LIGO enhanced LIGO
Advanced LIGO build hardware | installation | science
funded as of 2008
S e | R e Initial LIGO Goal 1 Enhanced LIGO (S6)
[ . ‘ : Enhanced LIGO Goal ]
el N | — Advanced LIGO Baseline|; readout noise; laser power
10 e x2 better sensitivity
¥ commission AdLIGO DC
£ 10"k readout with real IFOs
< reduce AdLIGO startup time
=
& 10"°B
g | Advanced LIGO
< Major upgrades: optics, lasers,
10k suspensions, ...
x10 better sensitivity
107%} : . i
10’ 10° 10°

Frequency [Hz]
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Byer
Group

20KG )

1l A
| =
|
1l
_,;/ | @

| \ 7L—
INPUT MODE & )
CLEANER

Ribbons welded to silica
ears bonded to mass

ACTIVE
THERMAL .
180 W CORRECTION

PRM Power Recycling Mirror SRM
BS Beam Splitter

ITM Input Test Mass

ETM End Test Mass

SRM Signal Recycling Mirror

PD Photodiode

QUTPUT MODE
CLEANER

GW READOUT
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Advanced LIGO is advancing! gﬁ,p

David Shoemaker - MIT

CURVES T [ ] CURVES
. . 35,000 . fr:r\'B\B::: JUNET JULY T AUG T SEF } OCT }NOVIDEG } JAT }FEB } WAR } APR } WAY TJUNE [JULY [ AUG T SEP [ OCT - 35,000
- Started April 2008, scheduled to wrap up in w_;:;f:zis Performance to Al d
2015 with installation of the computing cluster B EaT LA /// -
. . 21,000 _.-,'.,-v"'} [ 21,000
+  About 1/5 of the way through the Project in terms ; N :
of 'earned value’, pretty close to planned status 7 T
» Costs are ok (a little under due to soft economy): e P o
allows hiring people to solve problems e L

No significant new noise sources or problems -
should be able to get to that promised

factor-of-10 in sensitivity
- Design is wrapping up; big ticket/long schedule i B o
items mostly underway = B | '

*  Modifications of Observatories for assembly,
cleaning, storage complete

*  Fabrication is underway of interferometer
components

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



Projected Advanced LIGO performance

Byer
Group
1021 :
- Newtonian background, | ‘\‘
estimate for LIGO sites , N\ |
Better \
102 '/ \_Initial LIGO .~
- Seismic ‘cutoff' at 10 Hz — . . Higher
S Reduced e power
- Suspension thermal noise ’E/ ermal noisg
1023
. van LI
- Test mass thermal noise , anced LIG
» Unified quantum noise /
dominates at W
most frequencies for full 10 Hz 100 Hz 1 kHz
power, broadband tuning

AAAS 2010 Annual Meeting

David Shoemaker/adapted
February 21, 2010
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Byer

Advanced LIGO - Key subsystems Group

180 W laser error uspensmns

high-power
AM4AD | Faroday lsolator

I | . N / s o\ oueut

NPRO EOM Fi
front-end

== |
é-—dll-lw:“ |

high-power 2

oscillator Hﬁpﬁrm

Seismic isolation

Mirrors

Ribbons welded to silica
ears bonded to mass
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Advanced LIGO Suspension+ Isolation Byer
Group

active isolation
/ platform
(Stanford)

™~ Hydraulic pre-

isolatoréHEPI)
(Stanford)

quad pendulum

(Glasgow Univ)

Corwin Hardham
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Byer

Quadruple Suspension for Advanced LIGO Group

Metol
Masses

Heowy

—'_'_'_,_,_:—'-'
Glass

Silica

Filkres o —

rikbkborns)

sapphire ————__

C Torrie, M Perreur-Lloyd, E Elliffe, R Jones
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Monolithic Suspension - Assembly Group

Bonding of ears Welding of fibres
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Byer

Advanced LIGO 200W Lasers - Benno Wilke, Hannover, Germany Group

Mode-matching

10W LIGO L‘I[]ll&.‘s mm 130 W output
MOPA l ISOL
System A‘l‘()R
end pumped slab 7 zt
Lightwave P /
A2
— O D ZdRN \/4
P =00W NdYAG \” - O.Hﬂ
Y& 0 / 3 j/ .o isolator “EQM
— \\ brewster plate _b phasemod.
M _ g-%-
/ rer ~ 160 W : :
TEMy, Eﬁ“m e ‘:f g temperatur stabilized fibre coupled laser diodes

Edge Pumped Nd:YAG slab - Stanford  Injection locked Nd:YAG oscillators
Hannover

L’ GRM autput
coupler, flat

Benno Willke

Hannover

Reflecting prism

L, Horizontal mode ~
control

Nd:YAG TIR slab

In charge of 200W
Laser program for
Advanced LIGO

L max-R cylindrical mimar,
convex in vertical plane

Unstable resonator -- Adelaide

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



Byer

Watercooled copper holder

NPRO y /LOA

Indiumfoil s NGO
Pump-optics g g ‘\Crglsta|34
Isolator ﬁ
pump
2= optics
dichroic mirror VA==
yvo, Nd:=YVO. < S
diodes
Fiber-coupled
Pumpdiode NPRO-

* Crystal:
3 x 3 x 10 mm3 Nd:YVO,
8 mm 0,3 % dot.
2 mm undoped endcap

* Pump diode:
808 nm, 45 W
400 ym fiber diameter
NA=0,22

- amplifier:
38W for 2W seed and 150W pump

Frede et al, Opt. Express 22 p459 (2007)

AAAS 2010 Annual Meetin February 21, 2010 Extreme Optical Tools and Applications
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180W prototype - layout

AAAS 2010 Annual Meeting
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Byer

Advanced LIGO: 2011 - 2015 installation G
roup

« Current LIGO is
'rate-limited’

- Detection of a
gravitational
wave is
‘possible’, but
not ‘likely’

- Detector upgrade
is planned for
2011-2015

- Factor of 10
increase in
distance
probed
(‘reach’)

- Factor of 1000
increase in ; e T
event rate ' "

f'_l:ali-_'lii- FPaowell
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Prospective rates for binary mergers

Binarv neutron star mergers: from ~20 Mpc to ~350 Mpc

B estimated [C] possibly as high as

200/y

| .Sy
0.015/y \ 0.15/y 0.15/y

Initial LIGO Enhanced LIGO Advanced LIGO

Binary black hole mergers: from ~100 Mpc fo z=2

B estimated [[] possibly as high as

| 8/y

|. 7y

Initial LIGO Enhanced LIGO Advanced LIGO

AAAS 2010 Annual Meeting o001 ° Sruars \ Extreme Optical Tools and Appfgptions
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Multi-messenger astronomy Group

Externally triggered searches - electromagnetic
- GRBs
- SGRs
Externally triggered searches - neutrinos
- High-energy neutrinos (Ice Cube, Antares, ..)
* GRBs, SGR flares, microquasers, ? e
- Low-energy neutrinos (Super-K, LVD, Borexino,...)
« Core-collapse supernovae
Electromagnetic follow-ups of GW triggers
- Requires fast (~10 min) id and distribution of LIGO-Virgo trigger (for Sé)
- ~few degree resolution with LIGO-Virgo network
- Swift ToO - XRT
- Wide-angle optical telescopes (SkyMapper, ROTSE, TAROT, Quest)
- Radio

AAAS 2010 Annual Meeting G0900437 19Ma#ggruarl'{/(‘2?aé’tﬁo Extreme Optical Tools and Appfeations



Byer

Summary Group

LIGO is now a powerful scientific instrument with “"reasonable” sensitivity
to astrophysical GW sources

The S5 run at design sensitivity is completed
- No detections yet, but starting to make interesting statements:
- GRB 070201; Crab spindown limit; cosmic GW limit < BBN

Enhanced LIGO (x2 sensitivity) run started Summer 2009
Now it is up to nature...run to be completed in October 2010

Advanced LIGO is funded and proceeding on track (x10 sensitivity)

Expect detections to become "routine” — GW science & astronomy
- numerical relativity
- multi-messenger astronomy
- anew, exciting field

Next generation detectors are being considered:
Squeezed light, improved thermal control, improved isolation...

G0900437 19May09  UC Davis 62
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Gravitational Waves: From Discovery to Astronomy Group

Enhanced LIGO i e ]

2"d generation:
Advanced LIGO

GOAL:
sensitivity 10x better >
look 10x further =
Detection rate 1000x larger | SRS

Credit: R.Powell, B.Berger
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Outline Byer
Group

Prelude: California — a leader in science and technology

LIGO & LISA: Early History and Concepts
LIGO and LISA at the beginning
Gravitational Waves and Sources

The LIGO Observatory
LIGO Interferometers
Measurements
Technical progress
Science Runs - LIGO begins Science Run #6

Advanced LIGO Interferometer
Sensitivity Improvement
Detection rates
Schedule for completion

Future concepts
LISA an Interferometer in Space
LISA performance & technology development
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LISA
Laser Interferometer Space Antenna

a proposed joint ESA/NASA
mission
sensitive to low frequency

signals - complementary to the
ground-based detectors

science objectives:

» observations of interactions of
massive black holes

observations of galactic binary
star systems

AAAS 2010 Annual Meeting February 21, 2010

1 -

Spacecralt #3
Spacecralt #2

""aif

Spacecraft #1

One year orbit around Sun
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The Beyond Einstein Program

Byer
Group

Beyond Einstemn Program

INFLATION
PROBE

o Dackogogsncl detection }

big bang ElG BANG

ﬁ DBSERVER
Lnack irberferarmetry,

gravitational wawve detection ’

cpacaintarfaromatry

gravitetional
EVE
detactart ’

optical imaging

DARK EMERGY
FROBE

BLACK HOLE
COMETELLATICON-X

black hole physics

Xl
imaging ’

rrikga-cranmel sleciranic

’ bBlack hale
CemELs

ELACKHOLE

FINDER PROEE

GREAT

OBSERVATORIES PROBES VISIONS

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



B
LISA Mission Grou

LISA: Exploring
Black Holes,
Space-Time,
and the
Beginning of
the Universe

- Status:
* Ranked as high-priority mission in US and Europe

* Currently in technology development phase in US; approved
"Cornerstone” mission in Europe

+ Technology development validation flight on ESA Smart-IT
spacecraft in 2008 (Stanford University was a participant)

+ LISA currently "on the books" for 2020 launch

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications



If we achieve our goals, what will LISA be able to “see"? gyer
roup

* No limits!

- LISA will be able to see supermassive
black hole mergers back to the beginning
of the universe  (if they are there)

How many are predicted?

As many as 10 supermassive black hole mergers
observable per year (Maybe lots more!?)

Most powerful events in the universe!

Release a billion times more energy in a minute than our
sun does in its lifetime!

LISA will probe the ultimate limits of mass, energy, & gravity!

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications
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Conclusion Group
* Gravitational wave detection is recognized as a key
research area: exciting times ahead!
Recommendations
A 21ST CENTURY FRONTIE.R F:C)I; Dlscéovzm . MNSE, NASA. and DOE will ":.Il'f_‘ﬂg['hE'ﬂ NHNET]-
THE PHYSICS OF THE UNIVERSE cal relativity research in order to more accurately

simmulate the sources of gravitational waves.

A STRATEGIC PLAN FOR FEDERAL RESEARCH
AT THE INTERSECTION OF

PHYSICS AND ASTRONOMY * The timely upgrade of LIGO and execution of
the LISA nussion are necessary to open this
powerful new window on the universe and create
the new field of gravitational wave astronomy.

g

Report from Interagency Working
Group, Feb 2004
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Exploration of the Universe -The BIG questions gﬁp

| 105 1035 | 10%s 10105 ;00 s 3x10 5 yr 1210 9 w1 15x10 ¥ yr
Superstrmg (7) aIr Inflabon  |Electro-wesik | Particle [Fecombinaton) Celamyand Star|  Present
Era Era Era Era Era Exa Formation Ema

=

What is the Origin
of the Universe?

What role did
play in the birth of the Universe?

The fabric of Space & Time:
Was Einstein right?

How did Black Holes form in the early Universe?;
Are Gamma Ray Bursts related to Black Holes?

What is Dark Matter? Does Dark Energy really exist?
How did Galaxies form? Which came first, Black Holes or Galaxies?

How does our star work? Is Life in our galaxy unique?

What is the future fate of the Universe?

The Universe is our
ultimate Laboratory!

AAAS 2010 Annual Meeting February 21, 2010 Extreme Optical Tools and Applications
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« Back Up Slides
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LIGO as a quantum system Byer
Group

+ LIGO test masses are uK oscillators
- Position sensitivity limited by Heisenberg:
Az gqL = [TLT/M]1/2
*  Quantum noise limits Advanced LIGO sensitivity
over much of band
- Radiation pressure + shot noise

A. Buonanno and Y. Chen, PRD (2001)

+ Beating the SQL

= |ntroduce correlation
between RP and shot noise
(Signal Recycling)

Strain [1/vHz]

= Squeezed light

il 1 [ R 1 1 P T 11 1%l 1 1 111 el 1 1 Lo
10° 10' 10° 10° 10°
Frequency [Hz]
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Science reach examples Group

GWs: fundamental test of General Relativity

Detailed tests of strong-field gravity via numerical relativity
- e.g. BH-BH mergers

Astrophysics of gamma-ray bursts

- Progenitors identified: binary mergers vs hypernovae
Astrophysics of extreme stellar systems

- Direct probe of core-collapse (with neutrinos)

- Neutron stars: pulsars, soft-gamma repeaters (SGRs)
Early universe

- A cosmic background of GWs; cosmic strings
Cosmology

- GWs of merging binaries encode mass, z, orientation, position, D,

- Independent cosmological distance ladder to z =1-2 | nq)

- short GRBs will help (arXiv:0904.1017, ApJ) MU\WNVWVW\MNWNW

-2

|||||||||||||||||
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Antenna Pattern Group

GWs are transverse, with x and + polarizations: h,(t) , h.(1)

€k N [T

x” polarization +" polarization RMS sensitivity

Detector
response
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Recent observational results Group

Some, but not all, results from S5 data are public.

No GW detection yet, but results are becoming astrophysically
interesting. Highlight 3 such results:

- Crab spindown
- Cosmic GW background radiation
- GRB 070201

Other emerging S5 results
- Compact binary inspirals and mergers (NS-NS, NS-BH, BH-BH)
- Bursts/GRBs

AAAS 2010 Annual Meeting G0900437 19Ma#88ruarl'{/(‘2?aé’&o Extreme Optical Tools and Appjigations



. . . Byer
COGI@SCIHQ Compac’r Binaries G);oup

NS-NS, BH-BH, (BH-NS) binary systems

Inspiral Merger

1\:;5/’%‘_:,“ 2
/ééﬁ@\&@*; -

Ringdown

w

time time time

Matched filter Template-less Matched filter
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Group

Chandra image

(Ap. J. Lett. 683, 45 (2008))

Crab pulsar’'s spin rate is gradually
slowing down

- fx~-37x10"10 Hz 1
The energy loss goes into EM and GW
emission

All into GW?

No. In fact, LIGO limit implies GW
emission accounts for < 4% of total
spin-down power

Getting close to spindown sensitivity
for several other pulsars

AAAS 2010 Annual Meeting
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Gamma-ray Bursts Byer
Group

+| BATSE | H | [ Long-duration GRBs
% ' | HJF Lm, - Stronger afterglows — z
EN| ] I i’}% %I // * SNe or “hypernovae”
it L T [meanze23

Light curve {Fregate B} that triggered HZE5Z

Short—duratlon GRBS *E Trigger 250303%9_113?14,?0 =| 131558670.9 =| FAZYTI04T.70
« Until 2005, no measured z’'s — enter Swift E GRB030329 | ]
* Now: some z's — “compact binary mergers” i HETE-2

Counts /s
10+

» mergers are efficient

nature

8 o GW radiators 2|

o * much smaller z's

N Ing 1 1 1 1 | ! ! ! 1 | ! 1 1 1 | 1 ! ! !
8 (mean ~ 06) T a a0 100 150
@)

Tirme since Trigger (=)
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The GRB sample for the S5/VSR1 run gﬁ;p

212 GRB triggers from
Nov. 4, 2005 to Oct. 1,

2007 GRB triggers W(.ar.e
o mostly from Swift;
- 70% with double-IFO some were from
coincidence LIGO data IPN3, INTEGRAL,
- 45% with triple-IFO HETE-2

coincidence LIGO data
- 15% short-duration GRBs
- 25% with redshift
- 20% fall in joint
LIGO-Virgo times
- all but a handful have

accurate position
information

burst analysis has been completed,;
paper due out soon
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GRB 070201 Byer
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00"38"

GRB 070201 - a short-duration
gamma-ray burst with position
consistent with M31 (Andromeda)

Such a nearby GRB would have
easily been observed by LIGO if
due to a binary merger

This hypothesis ruled out at ~99%
CL

Alternatives: a GRB behind M31 or
anh SGR in M31

Astrophys. J. 681 (2008) 1419
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