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Advanced	Virgo	2017Virgo+	2010

Our	Group	in	Rome	works	in	
the	field	of	GW	detection	since	
70’s.
For	several	years	we	were	
leaders	in	the	search	of	GW	
with	cryogenic	resonant	bars,	
developed	and	installed	at	
CERN

Nautilus,	0.1	K	(1991)

Virgo	2003
…where we	
have	built	and	
integrated	all	
the	test	mass	
mirror	
suspensions

Explorer,	2K	(1984)

…then	in	1995	we	joined	Virgo,



R&D	on	a	cryogenic	detector	started	since	2008	with	the	Einstein	
Telescope	(ET)	Design	Study	

While	building	
Virgo,	we	have	
started	to	study	
how	to	cool	down		
a	test	mass	mirror	
in	a	GW	
Interferometer

Active	System	
for	Pulse	Tube	
Vibrations	
Attenuation

Cryogenic	Payload	with	a	
20	kg	Si	Mirror	(2010)

Astropar.	Phy.	35 2, 2011,	67-75
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Payload	Cryogenics

Cooling	the	test	mass	mirrors	to	cryogenic	temperatures	is	the	natural	evolution	of	current	detectors…



The ET infrastructure

14

Technologies	
•	The	main	ingredients	are:
•	Size:	10	km	(Virgo	is	3	km	long)
•	Xylophone	design:	ET-LF,	ET-HF
•	ET-Low	Frequency:	
• Underground	
• Cryogenics	
• Silicon	(Sapphire)	test	masses	
• Large	test	masses	(~	200	kg)
• New	coatings	
• New	laser	wavelength	
• Seismic	suspensions	
• Frequencydependent	

squeezing	
•	ET-High	Frequency:	
o High	power	laser	
o Large	test	masses
o New	coatings
o Thermal	compensation	
o Frequency	dependent	

squeezing	

ET	Infrastructure



• The	Low	Frequency	ET	Payload,	shall	have	a	mirror	in	silicon	or	sapphire	of	~	100	–
200	kg,	with	a	marionette	and	possibly	an	intermediate	mass	and	a	reference	mass.	
With	the	ancillary	mechanics,	the	ET	LF	payload	will	have	a	mass	of	~	600	– 700	kg	
in	Aluminum,	Steel	and	some	crystalline	material to	be	cooled	down.

• The	test	mass	mirror	should	be	cooled	down	to	~	10	K,	at	least.	The	temperature	of	
the	mirror	must	remain	the	same	also	in	operation,	with	≤	0.1	W	of	power	absorbed	
from	the	incident	laser.

• Cooling	down	time	(and	warming	up)	should	take	a	resonable	time	(weeks…)

• In	an	underground	experiment,	space	is	an	issue:	a	larger	cave	is	more	expensive

• In	an	underground	cryogenic experiment	safety	features	must	be	included,	as	much	
as	possible,	in	the	design

• In	a	large,	complex	facility,	it	is	important	to	have	as	much	redundancy	and	
flexibility	as	possible.

The	ET	cryostat	– main	features	and	requirements	



With	these	constraints,	the	ET	cryostat	is	a	technological	challenge…

…but	there	is	a	lot	of	experience	around,	to	guide	our	design	(together	with	
the	old	experience	on	cryogenic	gravitational	wave	resonant	antennas):

The	GSSI	experience	in	large	
cryogenic	plants	underground	with	
Liquid	Ar	(e.g.	ICARUS)	and	Pulse	
Tubes	(CUORE)

The	CERN	experience	
on	cooling	down	
magnet	with	superfluid	
He	in	LHC

KAGRA	very	extensive	effort	to	build	a	
working	cryogenic	underground	gw	
interferometer

We	must	try	to	set	up	a	collaboration	with	all	these	external	competences	(and	of	course	any	other	
we	can	find)	in	order	to	be	effective.

In	the	following,	I	shall	give	my	(schematic)	view	of	what	could	be	a	viable	design	for	ET	cryostat	



At	the	start,	I	was	thinking	of	the	standard	LHe	reservoir	with	He	gas	shield,	but	the	very	good	
results	of KAGRA in	the	development	of	their	thermal	links convinced	me	that	it	was	an	
unnecessary	complication.	
Indeed,	KAGRA	people	has	developed	a	very	good	technology	that	allows	us		to	
transfer	heat	to	the	load	over	a	few	meters	with	minimal	losses	and	vibrations.
This	has	several	pro’s:

• The	use	of	thermal	links	to	cool	down	the	thermal	shields	allows	us	to	
reduce	the	size	of	the	cryostat,	reducing	the	costs,	both	for	the	cave	and	the	
apparatus

• Having	several	thermal	links	cooling	down	the	payload	increases	somehow	
the	reliability:	if	the	cooling	system	of	one	of	the	links	fails,	we	can	continue	
using	the	others,	and	even	bring	up	on	line	a	spare,	if	it	available.

• The	cooling	stations	at	the	head	of	each	cooling	link	could	be		changed	and	
upgraded	according	to	the	improvement	of	technology:	if	some	more	efficient	
system	is	found,	this	can	be	implemented	without	significant	changes	in	the	core	
cryostat.	We	have	a	better	flexibility.

Cooling	method

ET	Cryogenics:	a	proposed	design	outline



…a	possible	scheme:
Cooling	Stations
(e.g	2	PT	in	counterphase)

Thermal	Shields

Payload	with	Mirror



KAGRA	Cooling	Station

Pulse	Tube	with	soft	thermal	links	(Al6N)

To	the	
cryostat

Al5N8	Conduction	Bar



40,000 W/m/K 
   @ 6K �

6N	Purity	Al	Heat	Link�

Teion	Kogaku	46,	(2011)	415-420	 �

Thermal	/	Electrical	conduc1vity	
at	cryogenic	temperature	
propor1onal	to	material	purity.�

This	is	important	to	realize	weekly		
connected	heat	links	to	cryogenic		
payload	

Stranded	cable	(made	of	many	thin		
wires)	has	advantage	to	have	small		
spring	constant. �

���

KAGRA



Rigid	Pulse	Tube	with	soft	thermal	links	and	vibration	

dampers	in	KAGRA ((2005).	Vibration-Free	Pulse	Tube	Cryocooler	System	for	

Gravitational	Wave	Detectors,	Part	I:	Vibration-Reduction	Method	and	Measurement.	

10.1007/0-387-27533-9_86.	)

  
that PTCs will supersede Stirling and GM cryocooler and be the next generation of regenerative 
refrigerators.  

At CERN, it is intended to make use of these advantages in supplying low-noise cooling for small 
particle detectors employed in some LHC luminosity upgrade experiments and, by further development to 
adapt the design of the PTC to the specific requirements, in particular the harsh radiation backgrounds. All 
radiation sensitive equipment like electronics, material and equipment that may change characteristics 
when exposed to ionization or hadronic radiation will be placed at distance. This applies to the compressor 
set and control system which will be installed at several hundred meters distance in safe areas in case 
needed. The link to the PTC will be done solely with a low and high pressure line and electric cabling. For 
the PTC the basic configuration of a coaxial type has been chosen due to its compactness compared to other 
types.   
 
 
DESIGN OF THE PTC 
 
 The design and optimization of the PTC are based on the theoretical CFD model [8] grounded on 
the analyses of thermodynamic behavior of the fluid in the oscillating flow regenerators. Care was taken for 
precise dimensioning of the different parts and, during the fabrication quality control was respected.  

 

   
Figure 1 Picture of the compact PTC (left: coaxial cold finger and buffer volume attached to the warm flange; 

right: with vacuum insulation cylinder) 

 
Figure 1 shows left the inner structure with the cold tip and the integrated buffer vessel and right 

completely assembled with the vacuum chamber. The length of the cold-finger is 170 mm, the outer 
diameter of the cold tip is 24 mm and the overall length of the system including the buffer is 320 mm. As 
shown in the figure, we cancel the water-cooling in order to provide for a simple and compact system. The 
cooling of the warm end depends only on the convection of the ambient temperature air. 

One of the important features of the PTC is the adoption of a novel phase-adjusting mechanism which 
was developed. It is integrated into the warm-end flange allowing for discarding all the adjusting valves 
and corresponding connecting tubes necessary for the conventional orifice or double-inlet counterparts [9]. 
The design also permits to omit the long thin tube used in the inertance-tube type versions. Furthermore, 
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Coaxial	design	to	
minimize	recoil	(CERN-
AT-2008-035	21/07/2008) (	
CERN,	contact	with	
Torsten	Koettig)

Operation	in	counterphase	

(implemented	in	CUORE	cryostat.	

Contact	with	the	Team)

Pulse	Tubes	improvements	



Liquid	Helium	Bath, eventually	with	closed	loop	PT	refrigerator	to	avoid	boiling	
off,	or	even	superfluid	He	in	a	Claudet	Bath	(expertise	at	CERN)

device (7) can be attached to the sample cooling station. There is a
vacuum space between the chamber and the outer shell of the
cryostat. The top of the cryostat is capped with a cryostat flange
(1) which is mounted via flexible bellows (15) to a cryocooler
mount (16), mounted upon stands (18). The bellows (15) mechan-
ically isolate the cryocooler mount (16) from the cryostat flange
(1), so that vibrations at the cryocooler mount are not transmitted
to the cryostat, while forming a gas-tight enclosure with the gas-
tight chamber of the cryostat.

The cold head of the pulse tube cryocooler is mounted on the
cryocooler mount, and the cold end of it extends into the chamber
of the cryostat. There is no mechanical contact between the cryo-
genic parts of the cold head and the chamber. The operating pro-
cesses of the cryostat will be introduced later in this paper.

In order to reduce radiation losses, the lower part of the cham-
ber is surrounded by a radiation shield (5) which is cooled by a
cooling station (14). There is a narrow gap between the cooling sta-
tion (14) and the 1st stage heat exchanger (g) of the cold head. The
cooling capacity is transferred from the 1st stage heat exchanger
(g) to the cooling station by convection heat transfer of gas.

The rotary valve assembly is remotely mounted, with a flexible
line connecting it to the cold head. The cold end of the cold head is
suspended in the chamber of the cryostat without mechanical con-
tact. Finally, the cryostat is suspended from its stands (18) by the
flexible bellows (15), producing a high degree of mechanical isola-
tion between the cryocooler mount and the cryostat. Thus, any
vibrations generated by the operation of the cryocooler are almost
entirely isolated from the cryogenic device.

Fig. 2 shows working processes of the cryostat in three periods
of time. The cryostat is cooled down from room temperature while
the cryostat gas inlet opens to the gas supply, see Fig. 2a. The cold
head has large temperature gradients along the cryogenic parts
and generates natural convection loops in the chamber of the cryo-
stat. The natural convection flows is very similar to that in Ref. [4]
which gives details of description. The natural convection loops ab-
sorb heat from the surface of the chamber and the sample cooling

station and transports it to the cold head. When the cryostat, cold
head and gas get colder and colder, helium gas continuously enters
into the cryostat to maintain the pre-set pressure through the pres-
sure regulator.

Fig. 2b shows the liquefaction process in the cryostat. Once the
condenser on the cryocooler reaches the temperature below the
saturation point of helium, it starts helium liquefaction. When
the pool collects enough liquid helium (20–50 mm), the helium
gas supply is shut off. The cryostat is ready for cooling the cryo-
genic device. This operating process is illustrated in the Fig. 2c.
The cryogenic device transfers the heat to the sample cooling sta-
tion and results in liquid helium boil off from the pool. Any liquid
boil off is recondensed by the condenser, thus, the cryostat main-
tains zero boil off.

Fig. 3 shows a photo of the prototype of the vibration free cryo-
stat. The remote rotary valve assembly is mounted on an L-bracket.
Three stands support the cryocooler mount.

3. Instrumentation and test procedure

A calibrated temperature sensor (12) and a heater (13) are in-
stalled on the condenser of the cold head, see Fig. 1. They are con-
nected to a temperature controller (17). For most applications, the
boil-off rate (heat load from the cryogenic device) from the cryo-
stat is less than the liquefaction rate of the condenser (cooling
capacity of the cryocooler). The system can have negative vapor
pressure during the operation. The temperature controller controls
the condenser temperature by introducing a heat load to it. The
condenser temperature can be used to control the vapor pressure
in the system. Therefore, the sample cooling station can provide
a desired cooling temperature by controlling the condenser
temperature.

There is also a calibrated temperature sensor and a heater (8)
mounted on the sample cooling station. Temperature sensors (2)
and (3), monitor the temperatures on the cooling station of radia-

Fig. 1. Schematic of the cryostat with a pulse tube cryocooler, 1, cryostat flange; 2, temperature sensors; 3, temperature sensor; 4, cryostat chamber; 5, radiation shield; 6,
temperature sensors; 7, cryogenic device to be cooled; 8, heater; 9, cryostat; 10, 4 K sample cooling station; 11, liquid helium; 12, temperature sensor; 13, heater; 14, cooling
station for radiation shield; 15, bellows; 16, cryocooler mount; 17, temperature controller; 18, stand; 19, mass flow meter; 20, hose for gas; 21, pressure regulator; 22, ball
valve; 23, gas cylinder; a, compressor; b, rotary valve assembly; c, cold head; d, 1st stage regenerator; e, 1st pulse tube; f, 2nd stage pulse tube; g, 1st stage heat exchanger; h,
2nd stage regenerator; i, 2nd stage heat exchanger/condenser.
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a b s t r a c t

This paper introduces a new vibration free cryostat cooled by liquid helium and a 4 K pulse tube cryoco-
oler. The cryogenic device mounts on the sample cooling station which is cooled by liquid helium. The
boil off helium is recondensed by the pulse tube cryocooler, thus the cryostat maintains zero boil off.
There is no mechanical contact between the cryogenic part of the cryocooler and the sample cooling sta-
tion. A bellows is used to isolate the vibration which could transfer from the cryocooler flange to the cryo-
stat flange at the room temperature. Any vibrations generated by the operation of the cryocooler are
almost entirely isolated from the cryogenic device. The cryostat provides a cooling capacity of 0.65 W
at 4.21 K on the sample cooling station while maintaining a vapor pressure of 102 kPa. The sample cool-
ing station has a very stable temperature with oscillations of less than ±3 mK during all the operations. A
cryogenic microwave oscillator has been successfully cooled and operated with the cryostat.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Many applications requiring cooling at liquid helium tempera-
tures are extremely sensitive to vibration and temperature stabil-
ity, such as Superconducting Quantum Interference Devices
(SQUID) magnetometers, cryogenic microwave oscillator, STM, etc.

A pulse tube cryocooler is a new generation cryo-refrigeration
device that can provide cooling temperatures near 4 K. The 4 K
pulse tube cryocoolers have very low vibration levels when com-
pared to GM cryocoolers. At the frequency of 1.4 Hz [1], they have
displacement amplitudes of !12 lm. This vibration level is still too
high for some sensitive applications. The flexible connections such
as copper braids or copper foils are used to thermally connect the
cryogenic devices and the cooling stations of the pulse tube cryo-
cooler. Li et al. employed a bellows on the room temperature flange
and installed flexible thermal connections on the cooling stations
for an application [2]. They reduced the vibration level generated
by a pulse tube cryocooler down to 50 nm.

All existing vibration isolation mechanisms for cryocoolers rely
on physical contact between the 4 K heat exchanger of the cryoco-
olers and the cryogenic device. While this is efficient from a heat
transfer point of view, it still permits transfer of a very small
amount of vibration from the operation of the cryocooler to the
cryogenic device, which is undesirable.

This paper introduces a new cryostat with a no-contact design
between the 4 K heat exchanger and the cryogenic device. The heat
transfer between the 4 K heat exchanger and the cryogenic device

is achieved by a liquid–gas phase change of helium. The design and
performance of the cryostat will be presented. The preliminary
operation of a cryogenic microwave oscillator with the cryostat
will be introduced.

2. System design

The innovative design of the cryostat is to incorporate a 4 K
cryocooler for producing the liquid helium to cool the cryogenic
device. The cryostat employs the two-stage 4 K pulse tube cryoco-
oler with a remote rotary valve assembly, Cryomech model PT407-
RM. The remote rotary valve assembly isolates the vibrations gen-
erated by the motor and rotary valve. An electrical isolator in-
stalled on the rotary valve assembly isolates EMI noise from the
compressor and rotary valve motor [3]. The PT407 pulse tube cryo-
cooler specifications are: P25 W at 55 K on the first stage and
P0.7 W at 4.2 K on the 2nd stage simultaneously. The PT407 com-
pressor is a Cryomech model CP2870 which has a nominal input
power of 7.0 kW.

Fig. 1 shows the schematic of the cryostat with the pulse tube
cryocooler. The cryocooler consists of a helium compressor (a), a ro-
tary valve assembly (b), a cold head (c) and flexible connection lines.
The cold head is made up of two stages: the 1st stage has a regener-
ator (d), pulse tube (e), heat exchanger (g), the 2nd stage has a regen-
erator (h), pulse tube (f) and heat exchange/condenser (i).

The cryostat (9) has a gas-tight chamber (4) for containing cold
parts of the cold head and the liquid helium (11). A 4 K sample
cooling station (10) made of OHFC copper is located at the bottom
of the chamber and cooled by the liquid helium. The cryogenic

0011-2275/$ - see front matter ! 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cryogenics.2010.01.003
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Sorption	coolers: will	be	tested	in	the	ETPathfinder	facility

Example:	cryogenic	strategies	
• Twente group	has	developed	vibration	free	coolers	for	
Planck,	E-ELT	etc,	based	on	sorption	coolers	(see	e.g.	talk	
by	Marcel	ter Brake	@	ET	meeting	2013).	

• Trade-off	between	‘quiteness’	and	cooling	power.
• Could	e.g.	test	a	system	where	in	steady	state	70K	cooling	
is	done	via	LN2,	mirror	is	cooled	by	sorption	cooler,	while	
main	load	of	4K	shields	is	cooled	by	pulsetubes.

S.Hild KAGRA-VIRGO	3G,	Perugia	2019 Slide	12

• Also	interesting	to	
explore	cool	down	
strategies:	Contact	gas?,	
cold	contact	fingers?,	
use	pulsetubes also	for	
mirror	cooling	during	
cool	down	and	then	
switch	to	sorption	
coolers	only	in	low-noise	
mode?	



In	Rome	La	Sapienza	we	shall	have	as	a	guest	Prof.	Nobuhiro	Kimura	(KAGRA	Cryogenic	
engineer)	in	November	for	1	month:	we	want	to	design	with	him	a	prototype	thermal	
link	for	ET.	
We	shall	implement	a	first	system	with	two	pulse	tube	in	counterphase	(in	collaboration	
with	CUORE)	and	KAGRA	thermal	links	connected	to	a	rough	test	mass	equipped	with	
cryogenic	accelerometers	to	test	the	residual	vibration	background.

“KAGRA	like”	thermal	links

2	PTs	in	counterphase

Test	
Mass

Rome	Cryogenic	
Accelerometer	
(already	used	and	
tested	in	KAGRA)

Test	Cryostat



ET	Cryogenics:	a	proposed	design	outline
Cooling	down

For	such	large	masses,	
the	use	of	exchange	
helium gas	would	be	
the	most	efficient	
solution

This	means	that	we	
must	have	the	
experimental	
chamber	vacuum	
separated	from	the	
insulation	vacuum

Just	a	few	mb	of	
He	gas	are	
sufficient	for	the	
thermal	contact	of	
the	payload	with	
the	cold	shields

The	main	problem	in	using	
this	method	is	in	blocking	
the	conductance	when	the	
exchange	gas	is	present.	
Some	clever	device	must	be	
designed.

The	large	
tube	valve	
must	also	
be	closed

SA	room	
temperature	
vacuum	chamber

…we	can	also	use	KAGRA	coating	technology…



1616

TM
RM

IM

RM for IM

Platform

Cooling Time Reduction with Black Coating

S.Koike

TM : Test Mass
RM : Recoil Mass
IM : Intermediate Mass

Items Materials Mass

Comparison of Cooling Time with & without DLC

Almost half !

By	courtesy	of	Mr. Y. Sakakibara/ICRR

KAGRA	has	found	that	this	coating	technology	can	improve	
radiation	cooling	significantly:

To accelerate cooling down by radiation, plated black coating with Diamond 
Like Carbon on outer surface of the payload and inner surface of 8K shield.

Important		also	to	keep	the	payload	cold	when	in	steady	state.



From	KAGRA	experience:	
Suspended	Thermal	Shields	to	
isolate	cryostat		vibration	noise	
from	the	interferometric	signal

The	thermal	shields

ET	Cryogenics:	a	proposed	design	outline

To	be	implemented	also	in	KAGRA



Open	technological	issues	for	the	cryostat:

Cryogenics	Safety	in	Underground	Labs	must	be	carefully	
implemented:
Contacts	are	being	taken	with	CERN	(LHe	safety)	and	LNGS	
(Cryogenic	plants	safety)

MLI	(MultiLayer	Insulation)	is	a	standard	feature	in	any	cryostat.	

KAGRA	experience:	mirror	contamination	increasing	with	time,	
because	of	the	presence	of	super	insulators	layers.	

An	alternative	solution	must	be	devised.

ET	Cryogenics:	a	proposed	design	outline



Payload	integration
Integration	of	the	
payload	in	horizontal,	
as	in	KAGRA:	
More	complex	to	design:	
• Series	of	flanges	to	be	

opened	in	the	thermal	
shields	of	the	cryostat;

• Rail	system	to	insert	
the	payload.

• Space	to	place	the	
payload	in	front	of	the	
vacuum	chamber	on	
the	rails	is	needed.

…but, does	not	recquire	
to	dig	a	cave	under	the	
vacuum	chamber,	and	
there	is	no	hole	near	the	
feet	of	the	operators,	as	
it	is	now	in	Virgo.	

ET	Cryogenics:	a	proposed	design	outline
~ø	2600	mm
(depends	on	the	final	
solution	found	for	the	
thermal	shields)

Payload	assembly	procedure	must	be	defined	and	included	in	the	design

Includes	~	60	cm	
of	elbow	space	for	
operators	



- Payload	cooling	through	KAGRA	superlinks,	with	several	kinds	of	
cooling	station	to	be	tested	and	developed.	In	Rome	La	Sapienza	we	
plan	to	build	a	prototype	KAGRA	thermal	link	with	two	PT	in	
counterphase,	as	in	CUORE	experiment	at	LNGS

- Design	that	allows	to	use	heat	exchanging	gas	to	speed	up	cool	
down	(interference	with	the	conductance	to	be	solved)

- Integration	of	the	payload	in	horizontal,	as	in	KAGRA

- Suspended	Thermal	Shields	to	a	isolate	cryostat		vibration	noise	
from	the	interferometric	signal

- Alternative	solution	necessary	wrt	multilayer	insulation

- Safety	issues	to	be	carefully	studied

ET	Cryogenics:	a	proposed	design	outline:	Summary



Conclusions

Time,	as	usual,	is	short,	and	technological	challenges	are	,	as	usual,	
very	high.	
But	a	widespread	competence	in	and	outside	the	field	is	available:	we	
shall	surely	succeed	if	we	shall	use	it	effectively.	

Thank	you	for	your	attention


