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C2A SUMMARY

Initial parameters of the Sc magnet
Main cryogenics choices

Detailed design and
cooling down

Associated cryoplant

Cool-down and first
measurements with field
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Cea INITIAL PARAMETERS OF THE SC MAGNET ﬁ

Magnetic Parameters

Maximum Nominal Frequency 499,8 MHz
Internal diameter for whole body 900 mm
Maximum User Field (for maximum frequency) 11,739 T
Homogeneity on the 22 cm diameter sphere (Peak-to-Peak) <0.5 ppm
Homogeneity on the 22 cm diameter sphere (RMS) <0.05 ppm
Long term drift 0,05 ppm/h
Short term drift (time tbd) 0,4 ppb
5 Gauss line position (radially) <135 m

5 Gauss line position (axially) <105 m
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Cea INITIAL PARAMETERS OF THE SC MAGNET ﬁ

Design of the Sc coils to be cooled (with a fixed current density on NbTi conductor*)

Shielding coils ] ]

3.852m

< >
v |

*: Nb3Sn excluded (lack of internal knowledge and high level technological risk)
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INITIAL PARAMETERS OF THE SC MAGNET

Design of the Sc coils to be cooled into a common bath
inside 3 tanks communicating together

Shielding coil tanks

Main coil tank

1.00m {5

7000 litres to be filled !
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INITIAL PARAMETERS OF THE SC MAGNET ﬁ

Superconducting parameters and T° of bath
» High magnetic field ( 11.7 T)
 Use of NbTi, very close to its Sc limits

= Operating T° below 4.2 K (4.2K =He I at 1 atm)

LHe (4,2 K)
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Cea INITIAL PARAMETERS OF THE SC MAGNET ﬁ

Sc coil operation

O With a “customized” industrial Cu/NbTi conductor, for the required current
density

— nominal current at 1483 A

9 mm

A
v

= Teurent sharing = 2-8 K (need to operate below this temperature)

O Required magnetic field time stability

— permanent connection with external electrical power supply for continuous
correction of current (significant difference compared to classical MRI)

= Installation of a pair of 1500 A current leads, cooled between 4 K
and 300 K and electrically supplied permanently.
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Cea INITIAL PARAMETERS OF THE SC MAGNET ﬁ

Superconductor operation
O Arbitrary temperature margin of 1 K for Sc conductor (usual margin...)
Top = Tes —Margin = 2.8 - 1 = 1.8 K as nominal operating temperature

O Cryostability criteria
(H : one complete turn of the winding transited without reaching critical flux)

= Need internal channels inside the winding to perfectly wet the Sc conductors

= Double pancake technology with radial channels and direct contact
between fluid and Sc conductor

Inter-Pancake
Insulation [IPI]

Hell channel

Inter-Turn ——o
Insulation [ITI]

.\SuperConductor [Sc]
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C2A MAIN CRYOGENIC CHOICES

Cooling architecture

1 Based on previous successful experiments on
TORE SUPRA, LCMI and LHC

U Choice of a static pressurized superfluid
helium bath at 1.8 K and ~ 1.2 bars
(pressurized He Il)

o To avoid sub-atmospheric conditions on a large  Pression (10°Pa)
cryostat (risk of air inlet on cryogenic device)

o To improve electrical insulation (higher voltage
breakdown of He Il at 1 atm e compared to He Il
saturated at 1.8 K/16 mbarse)

o To gain in thermal performances

= Very high thermal conductivity of He I 0.1 B}
v Isothermal bath all around the winding aaz2
v Remote the cold source outside the 0,01 Gaz i
cryostat _
= Enthalpy margin before He | transition 0,001 / . , , |
0 1 2 3 4 5

Température (K}
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C2A MAIN CRYOGENIC CHOICES

General principle of a pressurized superfluid helium bath

Double bath or “Bain Claudet”

GHe exhaust

LHe inlet

Inner tank of cryostat

LHe bath 4.2 K

Quench safety valve

Verepox TA plate
Pressurized He Il bath 1.8 K

Superconducting coll

IRFU/DACM

Vapor cooled
current leads

Ol

He sub-atmospheric pumping unit

Pumping line

; X LHe inlet

4.2 K/1.8K Heat exchanger

J-T expansion valve

1.8 K evaporator (cold source)

1.8 K saturated/1.8 K pressurized Heat exchanger
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C2A MAIN CRYOGENIC CHOICES

Applying the pressurized superfluid helium bath for Iseult magnet
No enough space inside the cryostat and above the cryostat in the magnet room
+ Choice for no active cryogenic element directly on the magnet cryostat

=> |nstallation of a remote
cryogenic satellite able to

» ® produce the double bath and
Magnet contain all the interfaces
cryostat \\' O | between Sc coll and utilities

Cryogenic
y— satellite
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C2A MAIN CRYOGENIC CHOICES

Applying the pressurized superfluid helium bath for Iseult magnet
Remote the cold source and consider the He tank around the colls as « cul de sac » :
= Cryogenic satellite and He Il pipe as thermal link (caloduc)

1= .
/ Ay A =N
N
s a v I 2
- ===\
1T | Caloduc
. U
Magnet % % ? g ' c .
. ryogenic
cryostal = il = L1 sa%/ellg:te
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C2A MAIN CRYOGENIC CHOICES

Applying the pressurized superfluid helium bath on Iseult
Final configuration in the magnet room

Satellite

Magnet
cryostat
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>

SEHT test facility :
Preliminary test to validate the operation of a similar Sc double pancake winding with
a superfluid pressurized helium bath (including quench behaviour)

B 5BV, :
Overview of SEHT facility
Cryogenic satellite

Sc coil (ex LCMI 8 T NbTi
coil in vertical axis)
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SEHT test facility :

Cooling down process
Different steps in the SEHT cooling down (through its temperatures)

6K fop

magnet

satellite P middle

bottom
G10 plate TA
e
° calodiic
Temperature decrease with the Satellite and caloduc filling Sub-cooling of caloduc and Homogenisation of the magnet bath
dedicated circuit from 300 down to 6 K with THe at 4,5 K magnet “filling” at TA (2.17 K) at T< TA (1.8 K)
e
top of magret '
90K G o B pmgier magnet
A*Iag\mf _ R
bottonis. B h O
R N
60 K A o
\\ Below the TA mlate middle
. \\ N \“\\WWJ-/&“‘HN\AAET“‘;T“' o " O P
30K \Sﬂtellite N Y 2K | Satellitetcaloduc et s e
\_A Y N : . . . T
v T 1.8K
2h30
0K 0K | <>
tine
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SEHT test facility :

IRFU/DACM

Quench (triggered) and thermohydra

ulic studies (He overpressure)

2

1,84

1,64

1,44

124

14

P in bars abs

0,84

0,6 4

0,4

0,2 4

0

— 4,2 K tank (sat)
—— Magnet tank (1,8 K)
—— Caloduc (sat) 1,8 K

——Sat Lhe level —]

Current

/

10:35:02

10:36:29 10:37:55 10:39:22

10:40:48
time
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10:43:41

.

=+ 2000

=+ 1500

=+ 1000

+ 2500

Current in A or LTin 50*%

=+ 500

0

10:45:07 10:46:34

Page 16



C22A DETAILED DESIGN

Vapor cooled current leads
(1500 A Brass VCCL)

Internal tanks of satellite

\ Quench safety valve

LHe bath 4.2 K

(with enough free volume for
recovering the He stored
inside the channels)

Not represented :

Vacuum vessel, thermal shield,
instrumentation, wires, cryogenic
valves, safety elements...

Verepox TA plate

1.8 K evaporator (cold source)\>

1.8 K saturated (16 mbars)
/1.8 K pressurized (1.2 bars
heat exchanger

Electrical NbTi busbarMv

superconducting coil

» To sub-atmospheric He pumping unit

1.8 K pressurized bath

Beginning of the He Il caloduc
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COOLING DOWN

| Ji’ \
gk / K\

7400 | to be filled
110 tons to cool down from 300 Kto 1.8 K

o I
! ’."“ . -
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C22A COOLING DOWN

Rinsing and purging with pure He

' ‘%ﬂ_ ® Q J’ N \ | GHe

i
]
|
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Cooling of the unique thermal shield down to 80 K (LN2 flow)

Thermal shield cooled
by the LN2 circuit

AL

T
E‘l._
e
.-'"‘_]_,,.-
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Cooling of the He tanks and coils from 300 K down to 5K (cold GHe
flow from He liquefier)

Cool down GHe circuit
(welded on tanks)

GHe
300/5 K
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COOLING DOWN

He tanks and coils near 5 K and thermal shield cooled by « 50 K »
GHe flow from He liquefier

Thermal shield cooled by the 50 K GHe
| — I circuit (LN2 circuit is stopped and purged)

/] N AN =
H. |
-” | |

™

—_y
1] i ___ Cool down GHe
circuit (min 5 K)

GHe 50 K
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COOLING DOWN

Filling of satellite with LHe produced by He liquefier (thermal shield
still cooled by « 50 K » GHe)

R : As a dead-end, the coil tanks and
their static heat losses can’t be bhiflled

with Hel
M
Lty

LHe

L 44K

GHe 50 K
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COOLING DOWN

Starting up of the cold source below 4 K by pumping unit (tank
filling by condensation of GHe down to He Il at T,= 2.17 K)

R : With our slow cooling down, the small
hydraulic leaks on the Lambda plate are
sufficient to maintain 1.2 bars during
condensation phase (without extra heat

leaks...) -
b |
L3 |

LHe

| (4.4K)

#
GHe 50 K

He pumping unit
(50 mbars)
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Coil tank entirely filled with subcooled superfluid He (He Il at 1.8 K
and 1.2 bar)

R : 7400 | at 1.8 K = huge thermal inertia
in case of He pumping unit stop (or in
case of transient heat load)

Ex : < 6 hours for reaching 1.9 K from 1.8 K in case of

He pumping unit stop...
;
IE:Iihﬂ E
1IN =N
p¥ |

LHe
| CI——
GHe 50 K
v
He pumping unit

(16 mbars)
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DE LA RECHERCHE A LINDUSTRIE

Cea

Pressure levels in ISEULT system

PhB 23/08/2016

Quench line (atm : 0.1 MPa)

== n, 0.105 MPa 0.105 MPa -~
= ‘(Nuum safety)  (vacuum safety) /’
/4 \‘ /4
[ H [
0.39 MPA, ! k-
. S -’ S

0.125MPa/1.8 K

'V =7450 litres
Tmax =40°C Tmin = -271 °C
-cat IV

Cryostat He vessel
MAWP = 0.39 MPa abs

Design pressure > 0.57 MPa abs Helium

IRFU/Service

\ - QRV (x2
\ RN (2)
1 Ié 1
] 0.39 Mi‘a 1
/ ] -
239MPa  \ J SN
\ /4
s’ 020Mpa”
\ ,'
\\ _,

Remarks: Values in abs pressure

SAFETY DEVICES:. HELIUM OVERPRESSURE

~

~Patm (0.1 MPa) ¢~

\
/. 0.16 MPa
/2% “
I \
TN
’ \ I' ‘I
/ o.zéivu:a I Regovery line (balloon)
l [] \ 0.15 MPa I ~ 0.1 MPa
\\ 7 \‘ 1
N ¢' N Ll! line (compressor)
~ 0.11 MPa
‘ep at 034 MPa
LP line (Cold Box)
=~ 0.11 MPa

Satellite He upper vessel
MAWP = 0.25 MPa abs
Design pressure > 0.57 MPa abs

V =467 litres
Tmax =40°C Tmin = -271 °C
- cat ITT

0.125MPa/4.2K

Helium

Satellite He lower vessel
MAWP = 0.39 MPa abs
Design pressure > 0.57 MPa abs

V =190 litres
Tmax =40°C Tmin = -271 °C

Helium - cat III

Caloduc He pipe
MAWP = 0.39 MPa abs
Design pressure > 0.57 MPa abs

V =184 litres
Tmax =40°C Tmin = -271 °C

Helium - cat IT

QRYV : (*) Opening (0%) at 0.2 MPa - Fully opened (100%) at 0.3 MPa
Not represented : PSV on thermal shield circuits, located in satellite, set at 2 MPa
Not representec: PSV on cooling-down circuits, located in satellite, set at 2 MPa (before expanding valve)
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Magnet

cryostat
(GE) alstom)

Caloduc
odiffusion)f

And all the other equipment needed for reaching the CRYO OK...
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C2A MAIN GOALS TO BE FULLFILLED FOR THE CRYOPLANT 70

b

110 tons of cold mass to be cooled down from 300 to 1.8 K

2.4 tons of thermal shield to be cooled from 300 to 50 K

7400 liters of He Il to be filled and to maintain at 1.8 K (1.95 K max with current)
He liquefier

Estimated heat loads : requirements

» 20 W at 1.8 K (magnet + satellite) (tech:1 W a 1.8 K & 2.4 I/h)

_ 70 1/h
» 9 1/h LHe for current leads cooling
» 600 W at 50 K (magnet + satellite) 900 W at 50 K
> 27 W at 4.4 K (transfer lines and satellite) 40 W at 4.4 K
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Magnet continous operation : 24 h/day and 365 days/year

= Absorb losses induced by:
o the pulsed gradient coils
o slow discharge
o fast discharge
= Secure the equipment in case of quench or vacuum failure
» Withstand any utility failure (electrical, water, compressed air)
» In case of a big cryoplant failure, maintain the magnet at 80 K maximum (LN2)
= Allow the maintenance actions without magnet desenergising

= Minimize manual actions on the process

Redundancy !
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Cea THE CRYOPLANT FOR THE MAGNET OPERATION

T R I L R
MRl room 11.7 T: i Machine room |

Magnet Cryostat (74001) H ) | He Compressors |
5 O] e pumping unit |
| Vacuum pumps

. He Heaters
4-300 K

_______________________________

_________________________________________________

Id box

LHe Dewar (50001) Helium liquefier

i Cryogenic room e :
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CQa THE CRYOPLANT EOR THE MAGNET OPERATION

Cryogenic
L [OOML. o \

Cryoplant underground view

4 : ',‘ A ’ s, ‘\\.
and LN2 tank stallite
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« HELIAL » Cold box
Measured capacities:
120 I/h

or

200W @ 4.4 K

or

40 W + 81 I/h (nominal mode)

Thermal shield circuit I1/0
900 W @ 50/55 K

Cool down circuit 300-5 K
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He compressor unit

2 compressor + 2 ORS for
redundancy

2 X 132 kW

40 g/s at 14.5 abars each

(A
i

Air cooling
(2 x 25000 m3/h)

i
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AIR LIQUIDE LIQUEFIER

LHe dewar

5000 liters

0.35% static losses

Atmospheric heat exchangers

T

l

]
AN
=l

.
|
! M |
f 5
i

for by-passing cold box during 300
K-100 K cooling down

R: view before installation of the Cold Box
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CZA HELIUM PUMPING UNIT

He compressor unit
(Oerlikon)

Roots (2000 m3/h with VFD 20-
100 Hz) + vane pumps (750
m3/h)

2 Units for redundancy

1 g/s at 13 mbars each (50 Hz)

Air + water cooling

courbe éristique du débit ique en fonction de la pression d'aspirati
(isofréquence/comparaison groupe 1 et 2)
25 7

2+ =t g¥ LN L] # courbe caractéristique déhit pression |
oX - isolréquence=18.3Hz/ groupel)
&X\ - Wcourbe caractéristique débit pression
i’- % . {isofréquence =18.3Hz/ groupe 2)
[ A ... A& courbe caractéristique débit pression
B + { = d0tiz/groupe 1)
 courbe caractéristique débit pression

m e ({sofrégquence= 40Hz/ groupe 2)

- e,
x A , # courbe caractéristique débit pression |
' i. isofréquence = 50Hz/ groupe 1)
A

’ @ courbe caractéristique débit pression
.I (isofréquence= 50 He/ groupe 7)
:‘i L + courbe caractéristisque débit pression [
" isofréquence = 90Hz / grouped)

Mass flow vs suction |,. . -

* =courbe caractéristisque débit pression

pressure for various » oltéauence =90k / roupe2)
roots speed
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HE PUMPING UNIT : 4-300 K HEATERS 70%

Vacuum insulated electrical heaters
installed on low pressure circuit between
satellite and He pumping units
(Cryodiffusion)

4-300 K / 8 KW

Low pressure drop (<1 mbars @ 1 g/s))

2 heaters in parallel for redundancy
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LINE

“““““““““““““““““““““ CRYOLINE : VACUUM INSULATED CRYOGENIC MULTI- a
7z

Magnet room

Satellite
connection
(vacuum barrier
on satellite)

Cold Box:

- Cool down circuit outlet

- Thermal shield I/O (50/55 K)

-  GHe return from 4.4 K tank of satellite
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C22A CRYOGENIC SATELLITE

Interface for :

Fluids
- Hel
- Hell saturated
- Hell pressurized
- LN2 and GHe

- Instrumentation
- Magnet
- Cryo
- Safety

- Safety

- Electrical
- 1500A
- Cryoshim
- EIS

- Vacuum

(Cryodiffusion)
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C2A HE Il caALODUC

He Il pipe

He andc LN2 circuits
(shields, cool down)
1500 A busbars
Cryoshim circuits
EIS heaters
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DE LA RECHERCHE A LINDUSTRIE

C2Q FIRrsT step of cooling down : 300-120 K

Magnet 11,75T
m [ = |
10000
L
Closed .i{ He pumping
unit OFF regulated
Cold mass \
régulati
JT
closed
Caloduc [ Cryoline
5000
Open L
/ —\ Satellite I S k Liquefier )
-.Codl-mass cooliong down with LN2 ...
inside Cold Box and thermal shield i
300K — 120K : . - 110 tons to be cooled from 300 K to 120K

- 210000 liters of LN2

- 7 weeks
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DE LA RECHERCHE A LINDUSTRIE

Cea

SECOND STEP OF COOLING DOWN : 120-4.2 K

Magnet 11,75T

10000 L
He Pumping Comp
Closed .i[ unit OFF régulati
H
Cold mass \
%" A 4 régulati
3 i JT
régylati a closed
TT 803 TT 80 v
Caloduc e Cryoline A
T TT 821B —
841B B - 5000
=] [~ | <« - ! L
Satellite IS J k Liquefier )

-----

=N
\C\_:t-— Cold mass cooling down with turboexpanders
""" =_{_X ON and thermal shield with He
"\f“\‘.:-;w_.. 120K — 4,2K
. [
|
l‘;‘ //’I\"\
N -
e | i
Irfu/DACM Iseult cryogenics - Easitrain 30 sept 2019

-110tons to be cooled 120 K —4.2K

- 50000 liters of LN2

-5 weeks
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DE LA RECHERCHE A LINDUSTRIE

rieg
25

™ Magnet 11,75T ™ 10000
L
B > He pumping régulati
Re%Lrl‘lall b unit ON &
Cold mass
Open \
somelyilmes W régulati
3 Clzed A Régula
TT 803 TT 80 N
Caloduc Cryoline
= 5000 L
;LB TT 821B - HH : i
= - b Satellite /.\ k Liquefier )
O i S - Filling the magnet with 7400 liters of
'i N SN He Il
; Fllllzgzl‘KHfih;;KHe . ' ' _ - Cooling down from 4,2K to 2.17 K
‘ q : ' ] then from 2.17 Kto 1.8 K
':19’:3“ ' | . \
S N - Complete the 5000 liters LHe Dewar
AP —— 4,2K | %
O S \ '- . . .
o AN s 217K - Vaporiser 13 bidons de 1000 litres
/ ' d’hélium dans le cycle
| ——— z 1,74K
Ir N\ | _’ .
(T4 — - 25000 liters of LN2
\~-_~;__4/ S )
e ’ . - " - 4 weeks
Irfu/DACM
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C2Aa COOLING DOWN

;;;;;;

Cooling down overview

Cold mass: 300K — 1,74K

Thermal shield: 300K — 38 K

N s
NN
I N ~.
\\;:\'z;.
.
S .
S

SN
300K — 120K I 120K — 4,2K ) 42K —-1,74K

N N
I A
[ ] :'. o '.
I |

Delta T inlet — outlet on magnet < 50K I NN I n R ) | Thermal shield temperature |

W= e T -
I \\ //l\ | Cold mass temperature |
. LU L
e I 1 —

A little bit long ® but unique © and with no He leak or unexpected heat loads : ©
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C2A MEASUREMENTS AT NOMINAL MODE

Measured heat losses:

» 12 W @ 1.8 K without current

» 14W @ 1.8 K with 1483 A (20 W estimated)
> >16 W @ 4.4 K (thc)

» 8.1 1/h for currents leads (8 I/h estimated)

» 572 W with 38 K on magnet ThS and 41 K on satellite
ThS (570 W estimated...)
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O5TTHEN 11.72 T WITH SLOW DISCHARGE

1.723 1.139 195.20 -0.11
1.6f1.9 1.0f1.2 0.0f550.0 0.0f1500.0
K bars N1 fmin R

Ttmag PT143 ZETI50 IT4311 ‘

. . . . . // 1172 T - . . . . . . . .
Coil current . f . . . . . . . . : . . . . .

coodego

1. 84 1.16] 440 1200

.. JHepressureonmagnet .

181 114+ 385 A0S0 as e o0

60

-

coodeqn

169 106 165 s 30

-

1 62 102 55 15.J4h,.

ek
201%/07/20 ™
14:56:00

n 2019407717
06:00:00

2
2

bars WL fmin

Slow discharge (small
heat deposit)
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1.728 1.140 203.68 -0.11 0.00
1.6f1.92 1.0/1.2 o.o0f550.0 0.0f1500.0 0.0/550.0
K bars N1 fmin R N1 fmin

Ttmag PT749 2ZETI50 IT4311 1ETI50 ‘

100

] ‘\|He pressure on magnet
1 g2a 1 14 3854 1“5“‘9\&&*&3“‘,;5-'{4#"“"* W A

k70

1.792 1.124 330 ETT T EISTTOIOTRTIT PPN R

5D

He bath temperature

1728 1.08 220 600 . Y

k2o

1.6 1 0 0 j T 7 7 7 g T T y g T g T T T g =0

. 2019707703 it:ihonls 2019/07/06
bars N1 /min n do1af0%/ Tot - 3day9h 14:52:00 ¢

Fast discharge (normal contraction of the Hell
bath under a significant heat deposit (eddy currents) !)
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C2A NEXT STEPS

» To continue to consolidate the control-command software by
testing and analysing the maximum of fault scenarios modes
(several « instructive » failures since one year of continuous
mode...)

» To analyse the thermal effect (extra transient heat losses) of the
pulsed gradient coils (not yet installed inside the magnet hole)

» To implement all the maintenance procedures, equipment and
contracts with manuals for operators
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