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Let’s	look	behind	the	scene	



The	interferometer	as	a	transducer	

•  Gravita+onal	waves	create	a	differen+al	change	in	the	
distance	between	free	falling	masses	

	
	
•  Interferometers	are	good	transducers	to		

convert	differen+al	displacements	into		
op+cal	signals	

•  G	is	the	op%cal	gain	of	the	instrument	
•  For	the	moment	let’s	neglect	how	to	measure	op+cal	phases	



Laser	beams	as	plane	waves	

•  The	laser	field	is	described	by	the	Maxwell	equa+ons	
•  It	is	polarized,	we	can	use	a	scalar	wave	descrip+on	in	terms	of	

amplitude	and	complex	phase	(the	physical	field	is	the	real	part)	

•  The	propaga+on	in	vacuum	is		
described	in	terms	of	plane	waves	

•  In	the	real	worlds	there	is	also	diffrac+on…	

λ	=	1064	nm	
ω	=	2π	×	3×1014	rad/s		



Detectors	

•  Photodiodes	can	only	read	the	power	in	the	
laser	beam:	

•  We	use	units	such	that	the	squared	field	gives	
the	power	

•  Photodiode	can	not	read	the	absolute	field	
phase,	but	only	the	amplitude	

•  We	can’t	directly	use	a	photodiode	to	extract	
the	phase	induced	by	a	GW,	without	using	
clever	tricks	(more	later	on)	
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Mirrors	

•  Interferometers	use	semi-transparent	mirrors	
•  Reflec+vity	and	trasmissivity	are	clearly	linked	

by	energy	conserva+on	

•  There	is	s+ll	some	freedom	in	the	choice	of	
reflected	and	transmihed	field	phases.	Let’s	
choose:	

•  There	is	a	phase	jump	in	the	reflected	field		
and	nothing	in	the	transmihed	one	
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Signal	sidebands	

•  When	a	GW	travels	perpendicularly	to	the		
laser	propaga+on	axis:	

•  If	the	GW	is	monochroma+c	

•  The	effect	is	at	first	order	the	crea+on		
of	signal	sidebands:	
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The	same	happens	
for	any	varia+on	of	
the	length	(for	

example	a	moving	
mirror)	

carrier	

signal	
sideband	

signal	
sideband	

+ωgw	
-ωgw	

frequency	

Rota.ng	frame:	all	field	phases	
are	referred	to	the	fast	rota.ng	
carrier	phase.	



The	Michelson	interferometer	

8	



Field	equa+ons	

•  Field	equa+ons	

•  We	are	interested	in	the	symmetric	(REFL)	and	an+-symmetric	
(AS)	port	fields:	
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•  Mirror	and	length	asymmetries		
are	possible	

•  	
	

•  The	minimum	power	at	AS	(dark	fringe	condi+on)	
	is	obtained	if		
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•  We	dis+nguish	between	common	and	differen%al	mo+ons	
(microscopic	varia+on	around	the	working	point)	

•  The	response	can	be	computed	deriving	the	ASY	field:	
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•  If	the	dark	fringe	condi+on	is	enforced,	the	ASY	field	has	the	
maximum	sensi+vity	to	differen+al	signals	and	the	minimum	to	
common	ones	

•  Asymmetries	make	the	common	signal	leak	into	ASY		
(common	mode	rejec.on	ra.o)	

•  And	we	have	a	contrast	defect	
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DC	readout	

•  Photodiodes	can’t	detect	phase,	but	GW	signal	is	encoded	in	
the	field	phase…		

•  If	the	Michelson	is	tuned	
exactly	at	dark	fringe,		
then	the	power	at	the	
ASY	port	is	quadra+c	in	
the	signal:	not	good!	

•  Work	at	a	slight		
detuning:	gain	a	linear	
dependency	of	power	on	the	differen+al	mo+on	of	the	IFO	



Shot	noise	

•  The	op+cal	gain	is	not	all	the	story	
•  We	must	compare	the	signal	due	to	GW	to	the	fundamental	

limits	in	the	measurement	of	power	
•  Shot	noise	is	due	to	the	quantum	fluctua+on	of	the	laser	light	

(coun+ng	sta+s+cs	of	photons)	

•  Depends	on	the	power	reaching	our	photodiode	
•  One	might	say	that	at	dark	fringe	the	power	is	zero	
•  However	we	can’t	measure	the	signal	in	this	case!	
•  Need	to	compute	the	signal	to	noise	ra+o	



•  Power	signal	due	to	mo+on	x(t)	of	one	of	the	mirrors	(or	GW)	

•  Power	signal	due	to	shot	noise	

•  Signal	to	noise	ra+o	



Best	point	≈	30	nm	
from	dark	fringe	
Best	sensi+vity	

x	≈	5×10-17	m/√Hz	
	

h	≈	1.3×10-20	m/√Hz	
with	a	4	km	long	arm	
and	1	W	input	power	

	



What	is	that	m/√Hz	

•  Signals	have	non	trivial	distribu+on	of	power	over	various	
frequencies	

•  We	use	a	Fourier	transform	to	es+mate	the	amount	of	power	
at	each	frequency	

•  Easy	for	signals	made	of	a	finite	number	of	sinusoids:	
	

hhps://www.quora.com/Whats-the-use-of-Fast-Fourier-Transform	



What	is	that	m/√Hz	

•  A	bit	more	complicated	for	signals	that	do	not	have	well	
defined	periodicity	

	

hhps://www.quora.com/Whats-the-use-of-Fast-Fourier-Transform	



What	is	that	m/√Hz	

•  We	start	from	a	signal	(in	meters),	and	use	the	Fourier	transform	
to	compute	the	power	distribu+on	with	respect	to	frequency	(in	
meters2/Hz)	
–  It’s	a	distribu+on	usually	called	Power	Spectra	Density	PSD(f)	
–  Meaning	that	the	total	power	in	a	range	f1	<	f	<	f2	is	

•  We	oten	prefer	to	show	the		
square	root,	which	is	linearly		
propor+onal	to	the	signal		
amplitude	



GW150914	and	friends	

Best	Michelson	sensi%vity:	
h	≈	1.3×10-20	m/√Hz	

From	Phys.	Rev.	X	6,	041015	



How	to	improve?	

•  If	we	want	a	SNR	of	at	least	10,	we	need	a	sensi+vity	of	about	
10-23	m/√Hz:	missing	a	factor	1000	

•  Sensi+vity	is	linearly	propor+onal	
to	length	

– 4km	>	4000	km		
•  Sensi+vity	is	propor+onal	to		

square	root	of	power	

– 1	W	>	1	MW	
•  Need	more	clever	tricks….	



Fabry-Perot	cavi+es	

•  Two	semitransparent	mirrors	aligned	on	the	op+cal	axis	
•  Laser	field	undergoes	

mul+ple	reflec+ons		
and	interferences	
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•  For	a	proper	tuning	of	the	microscopic	length	we	can	get	the	
resonance	condi+on:	

•  That	makes	the	power	inside	the	cavity	maximum	
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•  Resonance	happens	every	free	spectral	range	
	
half wave-length     or	

•  Considering	the	detuning	from	resonance	

•  We	get	the	half	width	at	half	maximum	
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Fabry-Pérot	reflec+on	

•  Cavity	power	losses	
determines	the	reflec+vity	
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•  The	phase	of	the	reflected	field	has	a	large	slope	

•  To	be	compared	with	the	same	response	for	a	simple	propaga+on	
over	the	free	distance	(as	in	the	Michelson)	

•  Using	a	Fabry-Pérot	cavity	the	op%cal		
gain	is	increased	propor+onally	to		
the	finesse	

•  We	would	like	to	use	very	high	finesse,	but	everything	has	a	cost	
•  The	largest	the	finesse,	the	narrow	the	resonance	is,	the	more	

complex	it	is	to	control	the	cavity	
•  In	Advanced	LIGO	F	=	450,	so	we	gain	a	factor	x286	in	sensi+vity	
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Frequency	response	of	a	FP	cavity	

28	

•  Let’s	consider	one	mirror	moving.		

•  It	creates	signal	sidebands	



•  Focusing	on	the	signal	
sidebands:	
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Using	the	high	finesse	
approxima+on	



•  The	signal	sideband	
amplitude	is	
propor+onal	to	the	
field	stored	inside	
the	arm	

•  It	is	then	filtered	with	
a	low	pass	at	the	
cavity	pole		
frequency	(created	
by	the	interference	
condi+ons	of	the	
sidebands)	
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One	more	price	to	pay:	the	detector	
bandwidth	becomes	narrow	



How	to	improve?	

•  If	we	want	a	SNR	of	at	least	10,	we	need	a	sensi+vity	of	about	
10-23	m/√Hz:	missing	a	factor	1000	

•  Sensi+vity	is	linearly	propor+onal	
to	length	

– 4km	>	4000	km	
•  Sensi+vity	is	propor+onal	to		

square	root	of	power	

– 1	W	>	1	MW	
•  Need	more	clever	tricks….	

Fabry-Perot	cavi+es,	finesse	450,	we	gain	a	
factor	290	in	“effec+ve	length”		
(paying	the	price	of	reduced	bandwidth)	



Power	recycling	

•  End	mirrors	are	almost	
completely	reflec+ve	

•  Power	lost	inside	the	
arms	is	not	too	large	

•  An+symmetric	port	is	at	
dark	fringe	(no	power	
exits	through	it)	

•  Where	does	the	laser	
power	go?	
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•  Michelson	interferometer	acts	like	a	“effec+ve”	mirror	with	
high	reflec+vity	determined	by	the	Fabry-Perot	cavi+es	

•  And	form	a	resonant	cavity	with	the	PR	mirror	with	gain:	

•  Which	is	maximum	when	the		
PR	reflec+vity	matches	the		
FP	reflec+vity:	

34	

L	=	rela+ve	power	loss	in	the	Fabry-Perot	cavi+es	
(i.e.	scahering,	absorp+on,	transmission	of		
end	mirrors,	….)	

PR
C	
ga
in
	

PRM	reflec+vity	



•  The	IFO	response	to	differen+al	signals	(like	GW)	is	
unchanged	by	the	presence	of	the	power	recycling	cavity	

•  All	differen+al	signal	sidebands	have	sign	difference	when	
coming	back	to	the	beam	spliher	

•  Destruc+ve	and	construc+ve	interference	is	reversed	
•  Differen+al	signal	sidebands	exits	only	through	the	an+-

symmetric	port	
•  They	don’t	see	the	power	recycling	cavity	

•  The	only	effect	of	the	power	recycling	cavity	is	to	increase	the	
power	that	is	injected	inside	the	arms	

•  In	Advanced	LIGO	Grec	≈	30	
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How	to	improve?	

•  If	we	want	a	SNR	of	at	least	10,	we	need	a	sensi+vity	of	about	
10-23	m/√Hz:	missing	a	factor	1000	

•  Sensi+vity	is	linearly	propor+onal	
to	length	

– 4km	>	4000	km	
•  Sensi+vity	is	propor+onal	to		

square	root	of	power	

– 1	W	>	1	MW	
•  Need	more	clever	tricks….	

Fabry-Perot	cavi+es,	finesse	450,	we	gain	a	
factor	290	in	“effec+ve	length”		
(paying	the	price	of	reduced	bandwidth)	

Input	power	~20	W,	recycling	gain	~30,	
effec+vely	having	600	W	on	the	beam	
spliher.	Sensi+vity	improved	by	x25	



This	was	the	iLIGO	and	eLIGO	configura+on	
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Signal	recycling	
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•  The	signal	recycling	cavity	is	seen	only	by	the	differen+al	
signal	sidebands	

•  The	signal	recycling	mirror	does	not	affect	the	power	stored	
inside	the	IFO	
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•  Power	recycled	IFO	can	be		
considered	as	a	box	with	
known	reflec+vity	

•  The	signal	sidebands	are	also		
“injected“	at	the		
an+-symmetric	port	
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Introducing	the	conven+onal	signal	recycling	tuning	
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Φ	determines	the	SRM	microscopic	posi+on	



Intui+ve	understanding	of	SRC	

•  Input	mirror	plus	signal	recycling	makes	an	“equivalent	input	
mirror”	for	the	Fabry-Perot	cavity	(seen	only	by	differen+al	
sidebands)	
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•  Depending	on	the	SRC	tuning	the	“equivalent”	mirror	has	
varying		reflec+vity	and	addi+onal	de-phasing	(independent	of	
signal	frequency	because	the	cavity	is	short)	
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•  The	reflec+vity	is	the	
lowest	possible	and	the	
phase	is	zero	

•  Differen+al	signal	sidebands	
see	a	mirror	with	reduced		
reflec+vity	

•  They	are	s+ll	resonant	
•  The	Fabry-Perot	cavity		

bandwidth	is	increased		
(broad-band	configura+on		
blue	curve)	
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•  Equivalent	mirror	reflec+vity	
is	high	(SRC	out	of	resonance)	

•  De-phasing	is	again	zero	
•  Differen+al	sidebands	see	a	

Fabry-Perot	cavity	at	
resonance,	with	very	high	
finesse,	reducing	the	band-
width	

•  (Narrow-band	configura+on,	
light	blue	curve)	
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•  The	reflec+vity	is	
intermediate,	but	there	is	an	
addi+onal	de-phasing	which	
moves	the	differen+al	
sidebands	at	zero	frequency	
out	of	resonance	

•  But	signal	sidebands	get	
resonant	for	a	non	zero	
frequency	(only	one	of	the	
two	sidebands	for	a	given	
tuning)	

•  That	frequency	is	amplified	
(detuned	configura+on,	red	
and	green	curves)	
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Other	detunings	



How	to	improve?	

•  If	we	want	a	SNR	of	at	least	10,	we	need	a	sensi+vity	of	about	
10-23	m/√Hz:	missing	a	factor	1000	

•  Sensi+vity	is	linearly	propor+onal	
to	length	

– 4km	>	4000	km	
•  Sensi+vity	is	propor+onal	to		

square	root	of	power	

– 1	W	>	1	MW	
•  Need	more	clever	tricks….	

Fabry-Perot	cavi+es,	finesse	450,	we	gain	a	
factor	290	in	“effec+ve	length”	
(paying	the	price	of	reduced	bandwidth)	

Input	power	~20	W,	recycling	gain	~30,	
effec+vely	having	600	W	on	the	beam	
spliher.	Sensi+vity	improved	by	x25	

Signal	rec
ycling	



Pu}ng	it	all	together:	Advanced	LIGO	

Fabry-Perot	
cavi+es	

Power	recycling	Signal	recycling	

High	power	
laser	



Advanced	LIGO	

From	Phys.	Rev.	Leh.	116,	131103	



Advanced	LIGO	design	sensi+vity	

•  125	W	input	laser	power	
•  Fabry-Perot	cavi+es	Finesse	450	
•  Power	and	signal	recycling	cavi+es	
•  Quadruple	suspension	and	ac+ve	seismic	

isola+on	for	test	masses	
•  40	km	fused	silica	test	masses	with	state	of	

the	art	coa+ngs	


