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Using the Laser Radiation as the Yardstick

-Output Power

-Power Fluctuations

-Frequency Fluctuation

-Pointing Fluctuations

Recycling
Mirror r - s%

Laser
Nd:Yag

A L/ t_ t to-z' '/v-r,

AL e lO-14 ^/q*
A4 a [CrD ra]iuns/-

STRAIN'

Input Mirror
T -3%

End Mirror
T-10ppm

{..r.

6W (',' 100 w

20m

';_r Photodetector (dark fringe)
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2 SUMMARY OF TECHNICAL MERITS

[*IA9!g1p9pg !g Qga-lrytrt source which will be 11it{19 r,of:@
ijrterferometers. In the laboratory Nd:YAG and other solid-state lasers exist already which are

sritabte for engineering into 'enhanced' interferometers (with 40 W of power, equivalent to 20 W

of Argon 514 nm light). In contrast, Argon lasers have no promise of more than207o increases in

power. Thus, we see a need to change to solid-state lasers shortly after commissioning of the ini-

tial LIGO interferometers.

Tcr first order. then, we wish to anticipate that change and to test if we cannot start the initial LIGO

interferometers with a light source and wavelength which would allow an adiabatic change to

higher power. This can save schedule, and reduce the net co.tt, of arriving at an enhaneed level of

shot-noise limited sensitivity.

A second teason to investigate Nd:YAG lasers at 1064 nm at this time is to evaluate possible per-

formance advantages from the different wavelength. Relaxed mirror specificationso and lower

Rayleigh scatter in the substrates, are examples.

In summary, there do not seem to be any asp€cts of the interferometer performance or engineering

difficulry which would be significantly adversely impacted by a change to 1064 nm and Nd:YAG

for the inidal LIGO interferomerers, and all indications that higher power lasers will be in parallel

development (driven by a rapidly growing indussial demand). There are a number of places

where more in-house effort will be required, to characterize new components, but sharing with

laser grouos and other GW groups can reduce this burden"

The tables below summarize the differences between a Argon-S14nrn interferometer and a Nd-

YAG-I.06pm laser. Points which can be clearly seen as disadvantages are indicated in iralics.

I)etails are given in Appendix B. Most categories should be self-explanatory; by 'engineering sta-

tus' we mean to give a one-line summary of the availability of a commercial solution, the engi-

neering future, the rate of progress in the field, etc.

Table 3-1: L'eser Teehniea! Sttnnrary

parameterhart
Nd:YAG

MentlDemerit
Argon

MeitlDemerit

PgSl initial power available,
future power assured;

-2x power required for given

sensitiviry

initial power available;
no furthgr increases orob'
able.

emcrencv
4 several l0-2 104

page 3 of34'
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Darameter/Dart
Nd:YAG

MeitlDemerit
Argon

MeitlDenwrit

mean time before
failure

IO,OOO MTBF
(commercial specification)
10-20,000 MTBF
(Byer experience)

SOOO MTBF
(commercial specifi cation)

-2OOO MTBF
(LIGO experience)

failurc mode -201o reduction in Power no light

raw frequency noise,90 Hz tOz tlzt,rfiz rcq uzt ^Ez
raw intensity noise,90 Hz n-6 6r/t t/,Fz ro4 il/t r/Ez
raw intensity 4glsg rngets

-100 mW shot noise
3 MFIz -5 MHz

beam iitter not yet characterized;
reported to be small

characterized

engineering status J.IM+ I vear develoPment ready

future development erowins market static to declinins market.

Table 3-2.: Modulator (Input Optics) Technlca! Summary

parameter/part
Nd:YAG

MentJDenerit
Argon

MeitlDemerit

power handling to 20 watts to 5 wans

sensitivity 2l0voltVn, !.06 Pm 1000 volts/n, 514 nm

requency range to 100 MHz to 60 MHz (in pain)

englneenng sntus commercial item commercial item

Table 3-3: Core Optics Technieaf Srtmmary

parameter/part
Nd:YAG

MenUDemerit
Argon

MerttlDemerit

muTor srze back mirror >27 crr <25 cm -_r (?oC*''

figure requirements
(sample requirement)

Argon *^.D

=LsA/ 424

xy4/ ffio

required coatin g unifor-
mity (random errors)

0.lVo 0.rvo

pagc 4 of 34
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Evaluation of Nd:YAG 1 064nm Lasers fsr Use in
the Initial L nterferometers

17 August 1995
Science Conference Room (81 8-395-2067\

. Barry Barish 0900 - 0930
r Opening remarks & review of the charter for the trade study

o David Shoemaker 0930 - 1 000

- Review of findings with regard to TECHNICAL feasibility for
using YAG lasers

o Discussion of technical issues
1000 - 1100

o Alex Abramovici 1100 - 1130
il Revlew of findings with regard to IMPAOT of making a change

to YAG lasers

LUNCH 1130 - 1200

Discussion of programmatic issues
1200 - 1330

1of 1 !- IGO-G9 50000-00-t\r!



CALIFORNIA INSTITUTE OF TFCHNOI,OGY
Laser Interferometer Gravitational Wave Observatory (LIGO) Projcct

To:

From:
Phone/FAX:

Refer to:

Date:
ffal-5aoof
Subject: Lasers

We have carefully considered possible laser strategies tbr LIGO and are persuaded that we should
switch to 1.06 pm YAG lasers, and that this should be accomplished as quicklv as possible. We
believe the long term benehts to LIGO of making this switch now arc considerable and are well
aware of thc shorter term impact"s of this change. Success, therefbre, depends on working
together to quickly and etlectively atl'ect this change, to acquire and gain experience with YAG
lasers and to research our R&D and detector programs to minimize the scheduling and other
short-term impacts. To do this we must builQ a very strong YAG effort and we must aggrclqively_
and creatiuelywork all the issu
Whitcomb (and he has agrced) toJead our eftor! on=.the YAG and we promise him our strong sup-
port. As soon as Stan can describe a plan tor the el'fbrt the LIGO Change Control/Technical
Board will be asked to formally review tltis change to the baseline.

Ttris YAG decision has been made following a process th,at began with a presentation (at our
request) by David Shoemaker at the May 1995 Science-Integration meeting. We tollowed that b1'

tasking Shoemaker and Abromovici to do a more quantitative study resulting in a technical note.
We invited all to participate in a discussion meeting on August 17,1995. Following that meeting,
we invited individual input and received many thoughtlul replies.

There are many complex issues involved in this decision and judgement is involved in making the
final decision" We have weighed heavily the long term objectives of findin-s the clearest pat!:
toward reaching and exceeding the initial desi-sn sensitivity oi I-IGO. Althou*sh others weighed
different factors more heavily, we can report that there is a near consensus on whether we should
make the switch.

With this decision behind us, it is crucial that now we all ,set bchind it and work together to ma-ke
it work. In a large group effort like LIGO it is essential that we bring out hard issues, carry out an
open process to evaluatc thcm, make carcfully considcrcd dccisions, and thcn that we all get
behind the decision and move on.

We thank everyone for their hard wclrk, thoughful input, and in advancc, lor their support of this
important LIGO decision.

BCB:dt
cc: Chronological File

Document Conrrol Ccntcr

Irueroffice Mernorandum .

3.1 €

LIGO/Distribution
B. Bansh and G. SandeJs- BOB./<fg
Ext.6684 and2997 / ,/4^
LrGO-L9s0722-00-M
Se p tem be r .l=1.=!=295_
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FIXED-PRICE CONTRACT
Contract No. PC198201

BETWEEN

- . 1201 E. CALIFORNIA BLVD.
PASADENA, CALIFORNIA 91 1 25

AND

LIGHTWAVE ELECTRONICS CORPORATION
1161 San Antonio Road

Mountai'n View, California 94043

TH'IS CONTRACT FOR

Desiqn and Fabrication of Nd3+ Lasers

ISA

SUBCONTRACT UNDER A NATIONAL SCIENCE FOUNDATION

COOPERATIVE AGREEMENT |,JO. PHY.921 OO38

CONTRACT PRICE: $735,424.00

LIGO-C960880-A-R
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LIGO 10-W Laser Schema'tic l&gram
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Output Beam

Pump Beam

M ag n etic f ield enfo rces u n idlrecti onaI 9,p9-ra! iqn"

Unidirectional operation leads to sinqle-frequcncy oscillation.

Monolithic crystal design leads to :!g!!9igg91g,.
No efficiency penalty relative to multi-mode lasers.

Length of crystal: 3 mm Output power: 50 mW
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LIGO L0-W Laser Brassboard Unit Data
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LIGO L0-W Laser
Perf,onma,nce Reqll,inen'rents

o

) ) < 1 W total in all non-TEMgg modes

. Relative power fluctuations < 10-s (lFr71-rtz

) > 100 Hz to 10 Wlz

o WithinZ dB of shot noise limit for 10 mA of
photodetected current (l x 10-e (Hz)-ltz )

) ) Above 24.5 MHz

o Frequency fluctuations < 500 x (100/0 Hzl $12
) ) 100 Hz to 10 kHz

o Relative pointing angle fluct. < 3 x 10-6 (H7!-rtz
) ) Above 150 Hz

o lC u " F 9 WNt ,rE I o.-q.,., 'li#.,r . E,rutrifu lFn.i j.gug*.
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Date HouIs PowerMeter Power Control mw/day Current Adi. p8l

(-r,r) (mw) (.-p")
11,/27 /e6 0 600 600 2.52 0

1./7 /e7 9U 560 600 2.52 0

7/27/e7 7320 530 600 2.52 0

3/18/e7 2&0 590 595 2.52 0

4/17/e7 3360 505 2.52 adi
4/23/e7 3504 595 600 2.54 0

5/7/e7 3696 587 570 2.54 0

s/7/e7 3696 6m 585 2.54 adi
s/8/e7 3864 582 s7a 2.54 0

s/75/e7 4032 570 555 2.s4 0

s/le/e7 4728 558 548 2.il 0

5/22/97 42W 510 511 2.5 0

sl27/e7 4320 500 496 2.5 0 off
6/2/e7 4320 530 526 2.il 0 on

6/3/e7 4344 485 489 2.5

6/4/e? 4368 480 489 2.5 U

6/s/e7 4392 490 503 2.5 U

6/6/e7 44'1,6 600 6m 2.775 adj
6/e/e7 4488 540 548 2.m5 0

6/10/e7 4512 510 526 2.n5 0 fail!

from 5/01 -6/5/97 overall 696 hrs POWER LOSS= 3.793t034 mw/day

[-

l-l*l*t3

I 
**

l''I soo

I

L-

Lightwave ,r, d* ,*
I

Ir \/ \/ \lt ll
I AI= ,Y*v,d%,p,J \1l ll

I

0 s00 1cr00 1s00 2000 
;#" 

-qr00 3s.r0 4000 4s00 r* 

|

LIGO Project
Caltech

Et14t97Power Measuremeltt
lightwave

PSL - NPRO 126 S/N: I7O
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Surface Scicnca Laborrlorics
CON DENSED VOLATILES, BODY,
Number of samplc scrns: 500
Number of background scens: 500
Rcsolution: 8.000
Samplc gain: 8.0
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Sample gain: 8.0
MinorvelocitY: 1.

Aperture:
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Longef Lifetimes.
Choice of Wavelengths.

On-Time DelivelY.

Aluminum-Free IR Laser Diodes
Longer lifetimes. 'We're sbipping aluminum-
free, high-power laser diodes. Because there's
no aluminum, any oxidation at the facets - the

leading failure mechanism in
laser diodes - is gone, too.

Choice of wavelengths.
\7e offer you standard
products at 670, 805, 808 and
980 ofl, usually off-the-shelf.
Other wavelengths, tuned to
your specifications, are also
available. Tell us what you want. \7e have it,
or we'll work with you to make exactly
what you need.

Call 1-800-5274786
Circle 488

5100 Patrick Henry Drrve, Santa Clara, CA 95054

ieteplrone t-4oA-i6q-qg$. FAX 1-800-362-1170 or 1-408-98s-6838. E-mail tech-sales@cohr.com

I.aoan +8r (3) 5635 8700 o Benelux +37 (7r 3621313. France +33 (01) 6985 5145

c.r,rl"nu +49 (6071) 9680. United Kingdom +44 (1223) 424065

On-Time Delivery. Our new diode growch

and production facilities mean we ship to our
customers. '$rhat they want. \rhen thev

want it. We're equiPPed for
highly reliable production,
using the latest technologies
in automation and statistical
process control. And our
commitrnent is reliable delivery-,
whether it's one device
or 10,000.

Call now for all the facts. *We'll send

you the information, overnight.
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We Understand Your Business. For lllan)'
years, We'\re been diode custcllllers ()urselves.

So we knorn'. first-hand, the challenges you
face. And we understand how meeting a single
request for perforlnance, reliabilty and on-
time delivery,' can be critical to your overall
SucceSS. \We bring a true customer focus to the
laser diode business. Let us work with you to

Circle 492

prove

See us at CLEO, Booth 528



Pre-stabilized Laser Performance Requirements

. Output power:

) ) > 8.5 W in circular TEMo6 mode

o Beam Quality:
) ) < 100 mW total in all non-TEMoo modes

o Relative power fluctuations in GW Band:

) ) < 10-7 (Hz)-rtT fro 100 Hz to 10 kHz

o Relative Power Fluctuations Above 24.5 MHz:

) ) < 1.005 x shot noise limit for 600 mW laser power

o Frequency fluctuations:

) ) < 0.1 x (100/0 Hzl J-Hz from100 Hz to 1 kHz

o Beam Relative Pointing Angle Fluctuations:

)) <2x 10-6 (H4-rtz

14 at 23 Lrco-ce7o1el-oo-D



Pre-stabili zed, Laser System Schematic Overview

PSL
Goncept

pwr.$rt'PD:

rr *:-

pwr. stab.
Input
(from IOO)

to lrput optc6
(roo)

-

contsol Input

IIIITII

conkol outsut

tidal Input
(from LSC)

wideband
Input
(ftom lOo)

I
t
I
L
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Measured Relative Power Fluctuations
NPRO Pre-Stabilized, Laser Data
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LIGO Frequency Stabilization Strategy
Three Nested Loops

..

4-km
.,1\

mterterometer

. ^-7 __ ,ttz10 Hz l(Hz)' -
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LIGO Frequency Stabilization
Control Topo,logy

Lr-tmrl'Ils, '- 
to4llrll-n, 

- 

l0-7 llztJlgJ"

L$C

2Hz- 50 kHz

PSL Freq Tidal correction

IFO L*/v6.", S

MC l66ss1 fr4 - 1O

interferometric
sensor

lenoth
actlator

* length control signal

+> frequency control signal

* lengthffrequency error s

17 ot 23 LtGO-G970191{0-D
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Measured Frequency Fluctuations
NPRO Pre-Stabilizd Laser Data

Suspended cavity eror signal, May 1997
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Relative Power Fluctuations Above 24.5 MHz

o Noise propagation in MOPA systems

(T. Ralph, ANU and W. Tulloch, Stanford)

Vpa = H(Vuo+ 1)-1

V is the ratio of PSD of the relative power fluctuations
to PSD of relative power fluctuations for a shot-noise-
limited beam of the same power.

// is the power ampliflcation factor.

oForH-z},evenforVuo = l,Vpe = 39.

o High -frequency power fluctuations must be
attenuated.

) ) Pre-mode-cleaner
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Ttre justification for this statement begins with the following expression which relates the relative
po*Lr fluctuations in the output of a MOPA system to those of the maser oscillator.l

Vuopt = H(Vuo+ 1) - I

Here V po is the ratio of the power spectral density (PSD) of the relative power fluctuations in the

power amplifier output relative to the shot noise limit for a beam of that power, I/ is the power

ampli'fication factor, and V ys is the ratio of the PSD of the relative power fluctuations in the mas-

ter oscirlftator output relative to the shot noise limit for a bearn of that powe.r. If one samples afrac-
tion of the output of the MOPA, the PSD of relative power fluctuations in the sampled beam is
given by'

V stup = I + rl(V uope- l)

Elere 11 is the ratio of the sampled power to the MOPA output power. Combining ttre two expres-
sions above gives

V stur = I + qlH(V uo+ l) -2)

For the LIGO l0-W laser, where the master oscillator power is approximate.ly 500 rnW, and in the
case where the sampled power is approximately 600 mW (the expected power at the dark port of
the interferometer), V Seur= V pto + 2. Thus, even if the PSD of relative Power ff,uctuations of

the master oscillator is at the shot noise limit (V ,o - I ). the PSD of ttre re'lative power ffructua-

tions in the sampled beam will be approximately three tirnes the shot noise limit. In o,rder to
reduce the relativg power fluctuations to the required level, a passive optical filter, a pre-mode-
c,leaner (PMC), will be employed.

Usi'ng the vocabulary introduced by T. Ralph, the filtering of the PSD of relative power fluctua-
tions as a function of frequency by a Fabry-Perot cavity is given by

l)+ I

l. Privarc conversation with T. Ralph of Austvalian Nationa! University, Canbelra, Australia.
2. iba.

Vr 
^"r(/) 

= [i
I

7+( /f")'),,,r,,,-
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Shot-noise-limited Power Fluctuations

A ^[q tH( V uo+ 1 ) - 2] .)-"'f, = r\ -lJ

tl is the fraction of the beam sampled.

For Vro up11.01 ,f =24.5 MHz, q - A.6110,H=2A and Vnto - 1,

o Required Pre-mode-cleaner bandwidth

f ,. 1.63 MHz

hffiNq
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'ilhe Pre-mode-cleaner

) ) Developed in collaboration with N. Uehara, B. Willke,
and E. Gustafson of Stanford University

M3
R - -1 m

6.890
j

''s''Hiiil ?,'s. # gi,T3^

)) f ^< 1.65 MHz (finesse -216)UC

) ) Operated in air, close to LIGO circulating power (150 kW/ cmz)

) ) Transmission efficiency > 98Vo
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