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Talk	Summary	

•  How	cryogenics	can	help	us	

•  Summary	of	cryogenics	research	going	on	

•  Stanford	cryogenic	test	mass	work	

•  Early	experimental	results	from	Stanford	

2	



LIGO	Voyager	baseline	noise	model	
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	from	LIGO-T1400226-v7	





Why	Cryogenic	Si	for	Test	Masses?	

•  Lower	temperature	->	lower	thermal	noise	
•  Silicon	has	low	mechanical	loss	at	cold	
temperatures,	further	lowering	the	thermal	noise	
off-resonance	

•  Thermal	expansion	goes	to	0	at	124	K,	
elimina5ng	thermoelas5c	noise	and	reducing	
thermal	lensing	

•  Silicon	has	high	thermal	conduc6vity	at	low	
temperatures,	reducing	thermal	lensing,	
permiang	higher	laser	powers	(lower	shot	noise)	
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Magne5c	Czochralski	
for	200	kg	Si	test	masses		

•  Normally	all	the	
ingots	produced	
are	processed	into	
wafers	

•  Rana	A	&	Eric	G	with	
300	mm	ingot	at	
Shin-Etsu,	WA	

•  We	are	procuring	
“slugs”	to	
determine	
proper5es	of	
interest	to	us	

•  20	cm	diameter	by	1	cm	 From	G1600539	 7	



Silicon	absorp5on	
measurements	

•  Ingots	polished	with	
diamond	slurry	and	
pitch	lap	

•  Consistently	gives	
~0.1%	absorp5on	at	
the	surface	

•  Polishers	uses	it	as	it	
more	easily	gives	
good	flatness	over	
4”	diameter	

1550	nm	absorp5on	

From	G1600538	 8	





Mechanical	losses	of	coated	
and	uncoated	Si	oscillators	

For	 the	detail	 inves5ga5on	we	choose	 the	 rela5vely	high-Q	mode	
with		frequency		of		3528		Hz.		This		mode		has		five		nodal		diameters	
distorted	by	presence	of	the	flats.	

From	G1500466	





GWINPE	–	Mul5-Nested-Pendulum	

12	28	March	2016	
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Simplified	shield	
1	m	radius	

3	MW	laser	

10	ppm	sca=er	

Sca=ered	light	noise	simula5on	

Test	mass	



Sca=ered	light	noise	simula5on	
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Test	mass	

Simplified	shield	
1	m	radius	

3	MW	laser	



Sca=ered	light	noise	simula5on	
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Simplified	shield	
1	m	radius	

Magnitude	propor5onal	to	shield	radius	

3	MW	laser	

Test	mass	



Sca=ered	light	noise	simula5on	
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simula5on	

Shield	
displacement	
requirement	



Sca=ered	light	noise	simula5on	
-	upconversion	
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No	shield	
displacement	

simula5on	



Sca=ered	light	noise	simula5on	
-	upconversion	
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No	shield	
displacement	

simula5on	
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Test	mass	

Simplified	shield	
1	m	radius	

10	ppm	sca=er	

3	MW	laser	

Shield	displacement	

If	the	displacement	is	
large	compared	to	λ,	the	
sca=ering	upconverts	to	
higher	frequencies	

Laser	wavelength	(λ≈2μm)	

Test	mass	



Livingston	Ground	Displacement	
August	2009	
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50th	percen5le	

95th	percen5le	

Data	from	T1500224	



Livingston	Ground	Displacement	
August	&	December	2009	
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Data	from	T1500224	

Aug	50th	percen5le	

Aug	95th	percen5le	

Dec	50th	percen5le	

Dec	95th	percen5le	



Noise	with	various	shield	sizes	
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simula5on	



Noise	with	various	shield	sizes	
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simula5on	



Noise	with	various	shield	sizes	
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simula5on	

+	unknown	vibra5on	from	cryogenics	



Ac5vely	controlled	shield	(ETM)	

Vib.	isolated	op5cs	table	

Gnd	 Gnd	
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te
	V
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te
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124	K	test	mass	

Blade	
springs	
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10	m	

Vacuum	
chamber	

Cold	link	

80	K	heat	
shield		for	
≈5	W	
cooling	

80	K	baffled	beam	tube	
shield	≈	900	mm	dia	



Ac5vely	controlled	shield	(ETM)	

Vib.	isolated	op5cs	table	

Gnd	 Gnd	

124	K	test	mass	

Cold	link	
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Rela5ve	displacement	sensors	

Blade	
springs	
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10	m	

Vacuum	
chamber	

80	K	heat	
shield		for	
≈5	W	
cooling	

80	K	baffled	beam	tube	
shield	≈	900	mm	dia	



Ac5vely	controlled	shield	(ETM)	

Vib.	isolated	op5cs	table	

Gnd	 Gnd	

Ga
te
	V
al
ve
	

z	

Ga
te
	V
al
ve
	

124	K	test	mass	

Cold	link	

80	K	baffled	beam	tube	
shield	

10	m	

≈	900	mm	dia	

Blade	
springs	

Actuators	

Rela5ve	displacement	sensors	
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Vacuum	
chamber	

80	K	heat	
shield		for	
≈5	W	
cooling	
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Heat shield experiment at Stanford University"
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Exchange	
gas	
feedthrough	

Ac5vely	isolated	op5cs	table	(300	K)	

Intermediate	stage	(300	K)	

LN2	return	

LN2	supply	

Vacuum	wall	

Ground	Ground	

Heat	shield	
80	K	

LN2	pipes	

Spring	

Heat	shield	
support	
structure	

Actuator	
Rela5ve	displacement	
sensors	
Iner5al	sensors	-	
geophones	
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Cu	braid	
cold	link	



Copper	braids	

Nitrogen	pipe	

Cold	plate	

Heat	shield	
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Heat	shield	measurement	and	control	

Isolated	
op5cs	
table	 Rela5ve	

displacement	sensors		

Heat	Shield	
Geophones	Geophones	

Controller	

Actuator	
force	

•  The	controller	forces	the	heat	shield	to	follow	the	isolated	op5cs	table	using	the	
rela5ve	displacement	sensors	

	
•  The	heat	shield’s	geophones	are	used	to	measure	how	well	the	control	is	doing	

Ground	vibra5ons	

Cryo	vibra5ons	
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Geophones	
iner5al	displacement	measurement	

Heat	
Shield	

Ground	vibra5ons	
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Geophones	
iner5al	displacement	measurement	

Heat	
Shield	

Ground	vibra5ons	 Cryo	
vibra5ons	
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Geophones	
iner5al	displacement	measurement	

Heat	
Shield	

Ground	vibra5ons	 Cryo	
vibra5ons	

Controller	
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Geophones	
iner5al	displacement	measurement	

Op5cs	
Table	
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Measured	Heat	Shield	Displacement	
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Requirement	(1m	shield)	

Control	on	

Control	off	



Sca=ered	Light	with	Measured	
Displacement	
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Simula5on	with	1	m	shield	radius	

Voyager	noise	

Control	on	

Control	off	



Cool	Down	Data	
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Test	mass	spring	

Test	mass	

Liquid	nitrogen	pipe	

Heat	shield	

Braid	5p	at	heat	shield	

Vacuum	pressure	=	1e-5	torr	



Cool	Down	Data	
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Fit	to	heat	shield	measurement	

Heat	shield	measurement	

Es5mated	final	temperature	

Vacuum	pressure	=	1e-5	torr	



Cool	Down	Data	
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Fit	to	heat	shield	measurement	

Heat	shield	measurement	

Es5mated	final	temperature	

Vacuum	pressure	=	1e-5	torr	

•  Es5mated	thermal	conduc5vity	of	braids	at	45%	of	maximum	
•  Es5mated	heat	load	on	shield	at	40	W		



Ac5vely	controlled	shield	(ETM)	

Vib.	isolated	op5cs	table	

Gnd	 Gnd	

Ga
te
	V
al
ve
	

z	

Ga
te
	V
al
ve
	

124	K	test	mass	

Cold	link	

80	K	baffled	beam	tube	
shield	

10	m	

≈	900	mm	dia	

Blade	
springs	

Actuators	

Rela5ve	displacement	sensors	
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Vacuum	
chamber	

80	K	heat	
shield		for	
≈5	W	
cooling	



Ac5vely	controlled	shield	(ETM)	

Vib.	isolated	op5cs	table	

Gnd	 Gnd	

Ga
te
	V
al
ve
	

z	

Ga
te
	V
al
ve
	

124	K	test	mass	

LN2	pipe	

80	K	baffled	beam	tube	
shield	

10	m	

≈	900	mm	dia	

Blade	
springs	

Actuators	

Rela5ve	displacement	sensors	
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Vacuum	
chamber	

80	K	inner	
shield	

77	K	outer	
shield	

Cu	braid	
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Cool	Down	Data	

•  Dri{s	of	1	degree	are	problema5c	for	op5cal	alignment	
•  Dri{s	of	a	few	degrees	will	shut	LIGO	down	

Test	mass	spring	



Conclusions	

•  Shield	displacement	maybe	a	problem		
– Ac5ve	control	is	one	approach	to	mi5gate	this	
– Or	avoid	control	with	a	careful	shield	design	

•  Plan	to	add	a	second	shield	outside	first	

•  Might	want	to	heat	the	test	mass	springs	
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Special	thanks	to	the	APS-SBF	Brazil-U.S.	physics	
PhD	student	&	post-doc	visita6on	program	for	
suppor5ng	this	visit!	
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Ques5ons?	
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Sources	for	sca=ered	light	simula5ons	

•  P1100117	–	The	impact	of	upconverted	
sca=ered	light	on	advanced	interferometric	
Gravita5onal	Wave	Detectors	

•  T070089	–	Wide-angle	sca=er	from	LIGO	arm	
cavi5es	

•  T1300354	–	Sca=ered	light	noise	due	to	the	
ETM	coa5ng	ripple	
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Advanced	LIGO	Noise	
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Design 
(2010) 
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T = 4.998 ppm

# of layers = 19 

Thickness = 1.75 µm

Substrate Brownian
Brownian
Thermo-Elastic
Thermo-Optic
Thermo-Refractive

Predicted	thermal	noise	of	a	123	K	Si	mirror	α-Si:SiO2	HR	coa5ng	and	a	6	cm	beam	spot	radius.	

LIGO-T1400226	



59	From	G1300330	

Materials	vs	max	power	
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Thermal	Expansion	coefficient	of	silicon	as	a	func5on	of	temperature	

From	NIST	/	CODATA		Swenson	(1983)	

LIGO-T1400226	
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KAGRA	End	Sta5on	Layout	

CQG	31	(2014)	224003	–	Progress	on	the	cryogenic	system	fir	the	KAGRA	cryogenic	interferometric	gravita5onal	wave	telescope	

20	K,	23	kg	sapphire	
test	masses	



Sapphire 
mirror 

Recoil 
mass 

IM recoil mass and 
heat link are not 
shown 

Fabrication	(other	than	the	platform)	w/	a	dummy	mirror	will	be	done	at	end	of	this	Mar. 
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Marionette 

Bottom IM 

Sapphire fibers 

From	G1600682	



aLIGO	test	mass	chambers	

From		LIGO-G1400964	 63	

active isolation 
platform  (2 stages 
of isolation) 

hydraulic external pre-
isolator (HEPI)   (one 
stage of isolation) 

quadruple pendulum (four 
stages of isolation) with 
monolithic silica final stage 



Khuri-Yakub	

Cool	Down	Data	

64	Vacuum	pressure	=	1e-1	torr	
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Cool	Down	Analysis	

0.1	torr	N2	exchange	gas	

•  Es5mated	conduc5vity	of	braids	is	60%	of	the	ideal	value	
•  Es5mated	heat	load	on	shield	is	85	W	(150	W	net	incident	radia5on)	
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Cool	Down	Data	



Op5cs	
Table	 displacement	

sensors	

Heat	
Shield	 Geophones	Geophones	

Controller	
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Op5cs	
Table	

Heat	
Shield	rela5ve	

displacement	sensor	
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Magnet	Types	(M0900034)	
• 	BOSEM	–	10	X	10	mm,	NdFeB	,	
SmCo	

			10	X	5	mm,	NdFeB,	SmCo	
• 	AOSEM		–	2	X	3	mm,	SmCo	

			2	X	6	mm,	SmCo	
			2	X	0.5	mm,	SmCo	

Op5cal	Sensor	ElectroMagnet	(OSEM)	

Birmingham	OSEM	(BOSEM)	 Advanced	LIGO	OSEM	(AOSEM)	
	-	modified	iLIGO	OSEM	

BOSEM	Schema5c	 24	Aug	2014	-	Stanford	-	G1400964	 70	



HS1	Geophone	

71	
h=p://www.geospace.com/hs-1-industrial-geophone/	

Geophone	Schema5c	

h=p://newsline.linearcollider.org/readmore_20070809_{r1.html	



Test mass inside heat shield"

Heat shield 80 K"

Test mass 124 K"

Cold link for initial cool down"

Holes for suspension 
wires"
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Cu brackets for Cu braids between 
heat shield and stage 0 cold plates"
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Aluminum low emissivity plates 
(ribs boost vibrational frequencies)"
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Flexible stainless strips attach the heat 
shield to its (warm) suspended stage"
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g10	



suspension top mass"
suspension 
spring"
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Vertical suspension OSEMs"

Suspension spring 
mounted to vertical 
translation stage"

* The OSEMs monitor vertical drift of the suspension due to temperature changes in 
the spring"

* The translation stage engages the test mass with the cold link for the initial cool 
down"
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The complete heat shield stage"

Geophones"

OSEM flag post"
 

Actuator magnets" 78	
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HS1	geophone	

OSEM	

Actuator	

Suspended	heat	shield	pla�orm	

ISI	stage	2	

stage	0	



Suspended heat shield stage over Stanford ISI"
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Stage 2"

2 stage HAM-like ISI"

Stage 1"
Stage 0"
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ISI with stage 0 mounting structure for heat shield over stage 2"

Stage 2"
Mounting 
Structure"

Stage 1"
Stage 0"
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Mounting structure with cryogenic cold plates"

Cold plates (80 K)"
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Suspended heat shield stage hanging from mounting structure"

Heat shield stage"
 

Heat shield"

Coil/magnet actuators between stage 0 
mounting structure and the suspended heat 
shield stage"

Geophone witness sensors 
measure heat shield inertial motion"
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OSEMs measure relative 
displacement between heat shield and 
stage 2"

OSEM"
mount"

OSEM feedback forces the heat shield to follow stage 2"
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Future cryogenic 
beam tube shield"

86	


