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TOPICS

• Cryogenics
• Low	vibration	heat	shields
• High	emissivity	coatings

• Silicon	test	mass
• Fabrication
• Absorption
• Defects	and	scatter

• Next	steps

Other	design	aspects:	subsequent	talks
Also	Voyager	draft	white	paper,	T1400226
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VOYAGER	TARGET	SENSITIVITY

Frequency [Hz]
10

1
10

2
10

3

S
tr

a
in

 [
1

/
H

z]

10
-24

10
-23

10
-22

c
re

a
te

d
 u

s
in

g
 g

w
in

c
.m

 o
n

 0
1
-S

e
p

-2
0
1
6
  
  
  
  
  
b

y
 r

a
n

a
 o

n
 S

il
v
e
r7

8
0
.l
o

c
a
l

Adv LIGO

A+

 

Quantum: Pin = 138 W; ζsqz = 10 dB
Seismic: aLIGO
Newtonian Gravity: 10x subtraction
Susp Thermal: 123 K Si blades and ribbons
Coat Brown: α− Si : SiO2 Φcoat = 6.5e-05
Coating ThermoOptic: ωbeam = 5.9 8.4 cm
Sub Brown: Si mirror (T = 123 K, mmirror = 200 kg)
Residual Gas: 3 nTorr of H2

Sub Thermo-Refractive
Carrier Density: 1013/cm3

Total

T1400226

coatings+cryo
power+sqz



G1604161

+ FD SQZ



Cryo cost	function:	two	regimes

20	K 120	K 300	K

Extract	heat	through	suspension

Radiate	to	cold	shield

CRYO-OPTICS	LANDSCAPE
Silica Sapphire

300	K

120	K

20	K

🐉

🐉🐲

🐲

thermoelastic

thermoelasticcryo loss

cryo loss

Silicon

🐉
thermoelastic

ET-D-LF

Voyager

Voyager:	minimal	cryogenics

Leave	some	thermal	noise	on	the
table,	pursue	higher	power	to	fully
exploit	the	TN	improvement



WHY	SILICON

• As	with	sapphire:
• No	cryogenic	loss	peak
• High	thermal	conductivity

• Thermal	expansion	coeff 𝛼→	0
for T ∼ 120	K
• Thermal	deformation	and
thermoelastic noise	both	vanish
• Minimal	thermal	lensing	+
Minimal	cryo @	120	K
=>	Opportunity	for	high	power A.	Brooks,	G1501017

Thermal	Lensing
(deformation	+
refraction)



Vibration Isolation Table
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124	K	test	mass

77	K	rigidly	
mounted	outer	
heat	shield

80	K	suspended	
and	stabilized	

inner	heat	shield

Flexible	Cu	
rope

CRYO	DESIGN	FOR	VOYAGER

B	Shapiro,
G1700404 Beam	tube	snout



Outer	Shield

Si	test	mass
1	kg,	6	inch	dia

Temperature	
sensor

Actively	controlled	
support	platform	for	
inner	shield

CRYO	PROTOTYPE	@	STANFORD

B	Shapiro,
G1700404



LLO	Dec	95th percentile
LLO	Aug	95th percentile

seismic	data	from	T1500224

CRYO	PROTOTYPE	@	STANFORD

Control	suppresses	
seismic	noise
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Cryo on,	heat	shield	isolation	on

Cryo on
heat	shield	isolation	off

Cryo off
Heat	shield	isolation	off

ISI	not	affected	by	cryogenics

Shield	noise	requirement
(set	by	scatter)

1	kg	test	mass

Inner	shield

Outer	shield

Cooldown	of	shields	&	test	mass

B	Shapiro	et	al,	Cryogenics,	81:83-92,	2017



HEAT	BUDGET

ebarrel =	0.1 0.95 eHR,	eAR	=	0.75
Tshield =	80	K Pabs =	10 W
wbeam =	8	cm

LIGO-T1400226-v7

FIGURE 6: Temperature gradient of silicon test mass. Heating from environment and 10 W ab-
sorbed by Gaussian laser beam on HR surface. Radiative cooling to an 80 K cold shroud
via the mirror barrel surfaces (✏= 0.95) and through the HR and AR faces. Emissivity
of HR and AR faces assumed to be 0.75 as an initial guess. Mirror diameter = 45 cm,
thickness = 40 cm, and heat shield temperature = 80 K

page 13

Temperature	in	Si	ETM
(10	W	absorbed	at	surface)

T1400226

Radiative	coupling
to	80	K	shield:	10	W

Conduction	through
ribbons:	negligible

Coating	abs: 3	W
3	MW	x	1	ppm

Substrate	abs: 5	W

6	kW	x	20	ppm/cm x	40	cm

Radiation	from	beam
tube:	negligible

123	K



BARREL	COATINGS

• Several	options	on	the	market
• Acktar Black,	Surrey	Vantablack,
Goddard	coating,	DLC

• Aimed	at	e.g.	spacecraft	thermal
management

• Detailed	look	at	the	Acktar coating
• e	≈ 0.85,	φ ≈	3.1x10-3
• Projects	to	~1.5x	below	coating	noise
• Silver	lining:	reduced	Q	for	acoustic	
modes?

• Abernathy	et	al,	CQG	33	185002	(2016)
• Alternatives	are	now	being	evaluated

Vantablack artistic	license:



ABSORPTION	IN	SILICON
• Requirement	was	20	ppm/cm
(so	input	mirror	does	not	overheat)
• Inter-band,	1	photon

• Photon	with	∼1	band	gap	of	energy
excites	a	carrier	to	the	conduction	band

• Band	gap	is	𝜆 ∼ 1.1	µm
=>	pick	a	new	laser	wavelength

• Negligible	effect	for	𝜆 ≳ 1.5	µm
• Inter-band,	2	photon

• Two	photons	combine	to	excite	a	carrier
• Non-linear,	power	dependent	process
• Seems	OK	for	our	power	density	levels

• Intra-band,	free	carrier
• Photon	kicks	a	free	carrier
• Need	to	minimize	free	carrier	density
• Impurities	act	as	unintended	dopants

• Several	other	processes	are	possible…

Jalali et	al,	OPN	6/2009

Valence	band

Conduction	band



FABRICATION

• Very	pure	mono-crystalline	silicon	is	made	
commercially	by	the	Czochralski (CZ)	process
• Crystals	typically	grown	at	20-30	cm	diameter

• 45	cm/200	kg	has	been	demonstrated

• Main	impurity	is	oxygen	(from	silica	crucible)
• Trace	amounts	of	carbon,	boron,	phosphorus

• Magnetic	CZ	process	adds	B	field	to	modify	
convection	in	the	melt	(limits	oxygen	transport)

Pure	to	<1	ppb

Si	+	O	at	few	ppm

B=0 B=30	mT
str-soft.com

G450C



ABSORPTION:
1D	RADIAL	PROFILE

A	Markosyan,	A	Bell

Few	to	~10	ppm/cm

25	to	~625	ppm/cm

Few	to	~15	ppm/cm

8616	seed

8616	tang

8617	tang

8616	tang
1.55	µm	300	K

8614	seed
2	µm	300	K

A	Markosyan,	G1700480

8616	seed
1.55	µm	300	K

One	sample	showed
extremely	high	absorption

Another	had	low	but
structured	absorption

Best	samples	show	uniformly
ultra-low	absorption



DEFECTS
AND	SCATTER
Defect	populations	depend	on	crystal	growth	parameters:

Void	defects
typically	<0.2	µm
(vacancy	rich)

Dislocation	structures
(interstitial	rich) SiO2 precipitate	after	anneal	(O	rich)

Lower	T	anneals	can	create	or eradicate
free	carriers	(thermal	donors)

Scatterometry underway	at	Glasgow
InGaAs camera	image	of	MCZ	silicon	sample
Z	Tornasi et	al,	G1700444

vacancy

interstitial

O	interstitial

What	type	of	scatter



NEXT	STEPS

• Cryo technologies
• Optimization	of	black	coatings	and	heat	straps
• Rapid	cooling	system	(conductive	heat	switch)
• Detailed	thermal	analysis	and	mechanical	design

• Silicon	optics
• Annealing	study
• Polishing/surface	absorption
• Phase	noise

• Integration
• Caltech	40m	lab	as	Voyager	prototype



PHASE	NOISE	IN	SEMICONDUCTORS

• All	optics	impose	thermo-refractive	noise
• T dependent	refractive	index,	𝛽 =	dn/dT…
• …combines	with	random	localized	fluctuations	in	T…
• …to	produce	phase	noise

• Additionally,	semiconducting optics suffer	from
carrier	density	noise (predicted	by	Heinert et	al)
• Index	depends	on	free	carrier	density,	𝛽CD =	dn/dne (or	nh)…
• …combines	with	random	CD	fluctuations… same	story
• Effect	size	grows	with	carrier	density
(another	motivation	to	keep	impurities	low)

• CD	noise	presently	predicted	to	be	negligible
• Need	to	check	this	theory	with	MCZ	Si	samples

laser

D	Heinert,	G1401034



40M	PROTOTYPE

1.5um ALS



CONCLUSIONS

• Cryo system	progressing	toward	design	phase
• Low	vibration	cryoshields demonstrated
• Black	coating	options	being	explored

• Magnetic	CZ	silicon	still	looks	promising
• Test	mass	sized	crystals	are	manufacturable
• Evidence	of	uniform	ultra	low	absorption
• Much	more	to	be	learned	on	scatter,	phase	noise,	etc

• Stay	tuned
• After	the	break:	challenges	with	high	power
• Tomorrow:	coatings	development	and	testing
• Thursday:	2	µm	lasers	and	squeezers



Crystalline	Silicon
• Zero	CTE	at	123	K
• Good	thermal	conductivity
• Low	mechanical	loss
• Transparent	above	1500	nm

T1400226
21

T1400226

J.	Eichholz,	G1602184



Heat	Shield	Scatter	Estimation

Source:	T1400226



ACKTAR	EXPERIMENT

distributions of the total displacement calculated for the the four test modes of the wafer with
two flats are shown in figure 1(b).

The schematic of the experimental setup is shown in figure 1(a). The silicon wafer is
centrally clamped between two stems attached to an aluminum frame with a PTFE disk
(8mm diameter and 2mm thickness) at each side of the wafer as a gasket. PTFE is used as a
soft material in order to minimize the risk of breaking or scratching the wafer. One of the
PTFE gaskets is mounted on the aluminum stem, another one is on the spring-loaded disk.
The clamping force of about 10N is set at the room temperature by adjusting the spring
compression by means of the nut. Such a force provides a low level of clamping loss and is
used for all investigated wafers. The spring stabilizes the clamping force when the temper-
ature changes. This method of mounting at the central node is similar to another technique
generally referred to as a gentle nodal suspension [18]. However, the gentle nodal suspension
is not robust enough to hold the wafer during transfer into the vacuum chamber. As a
fortunate side-effect, our clamping method allows the placement of a thermocouple sensor in
direct contact with the wafer.

The frame is attached to a vessel mounted inside the vacuum chamber and filled with
liquid nitrogen. Cooling results in the change of the clamping force mostly due to the
temperature change of the spring rigidity. Our estimation shows that the relative change of the
clamping force is less than 10% in the temperature range from room temperature to 100K.
Such a design allows us to obtain reproducible results in the whole temperature range. In
centrosymmetric uncoated silicon wafers we obtained the best value of = ´Q 2.5 107 at the
temperature of about 123K. The presence of flats cut in the wafer results in the increase of
the displacement amplitudes in the central part of the wafer, especially for the higher-order
modes of vibration.

Figure 1. Schematic of the experimental setup (a). The distribution of the total
displacement for the bending vibration modes with different numbers of nodal
diameters calculated for the silicon wafer with two flats (b).

Class. Quantum Grav. 33 (2016) 185002 M R Abernathy et al
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IR	ABSORPTION
MEASUREMENTS

Galvo	mounted	mirror

Sample	at	near	normal	
incidence	to	pump

QPD

probe

Low	pass	filters

Lockin	amplifier

~

pump	(1550	nm)

Interaction	length	~	n wp /	sin	q

q

Position	modulated	photothermal deflection

A.	Bell,	G1600538

A.	Markosyan,	A.	Bell



IR	ABSORPTION
RESULTS

A.	Markosyan,	A.	Bell
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MCZ, 8616P Tang, 1550 nm



WHY	CRYOGENIC	SILICON?
S.	Rowan,	G000069


