
Current status and challenges of cryogenic 
systems for RAON accelerator
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• Cryoplants
• Helium distribution system – DB, TL, VB
• Cooling of LTS and HTS magnets
• Others (Cool-down, TAO)
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IF fragment separator

High energy experimental hall A
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1. SRF 
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ISOL
(cyclotron)

Bending section (P2DT 
and CS)

SCL1
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SCL2

RAON accelerator (ISOL + IF)
• Heavy ion linear accelerator 

(Isotope Separation On-Line + In-flight Fragment separator for Rare Isotope beams)
§ Three SuperConducting LINACs (SCL) 
§ Third Linac (SCL3) : accelerate unstable beams (132Sn47+) made by ISOL and stable beams made by ECR (~2020)
§ Second Linac (SCL2) : reaccelerate stable or rare isotope beams from SCL1 and SCL3 (~2021)
§ First Linac (SCL1) : accelerate stable beams (1H+, 16O8+ , 238U79+) made by ECR and charge stripper (in the future)
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Our options
Cyclotron -> ISOL -> SCL3 (ISOL method)
Cyclotron -> ISOL -> SCL3 -> SCL2 -> IF (ISOL + IF)
ECR -> SCL1
ECR -> SCL1 -> SCL2 -> IF (IF method)

More rare isotopes !



RAON accelerator
• SRF cavities in cryomodules (SCL 1, 2, and 3 LINACs)
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Quarter Wave Resonator (4.5 K) and cryomodule for SCL 1 & 3 Half Wave Resonator (2.05 K) and cryomodules for SCL 1 & 3

Single Spoke Resonator 1 (2.05 K) and cryomodule for SCL 2 Single Spoke Resonator 2 (2.05 K) and cryomodule for SCL 2

29 EA 40 EA44 EA

23 EA 25 EA

Resonance frequency : 81.25 MHz 162.5 MHz

325 MHz 325 MHz

SpeedFreq.
HWR A 
(2 cavities)

HWR B
(4 cavities)

3 cavities 6 cavities



RAON accelerator
• LTS and HTS magnets (IF)
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Separator

High Energy Beam Transfer

Dipole 1

Dipole 2

Dipole 3

Dipole 4

Dipole 1 Dipole 1

Dipole 2 Dipole 3

Dipole 4 Dipole 5

Dipole 6

Dipole 7

Quadrupole 1~3

Quadrupole 4~6
Sextupole 1

Quad-triplet 1

Quad-triplet 2

Pre-separator

Quad-triplet 3 Quad-triplet 4

Quad-triplet 5

Quad-triplet 6

Quad-triplet 7

Quad-triplet 9

Quad-triplet 8

Quad-triplet 10

Quad-triplet 11

Quad-triplet 12

Quad-triplet 13

Focusing

Target

HTS magnets (~ 15 T/m for quadrupoles) 
(Quadrupole 6 EA, Sextupole 1 EA)

LTS magnets (11 T/m) 
(quadrupole 13 EA)

From linear accelerator of 
SCL2

Experimental hall

Where are particles ? – to separate 
particles, we need a enough length.

Hot cell



Requirements for cryogenic systems
• Superconducting systems (ISOL+IF) in stable conditions (T, P)

§ Cryomodules with superconducting cavities (bath cooling) @ LINACs (SCL1, 2 and 3)

ü QWR @ 4.5 K (44 EA), HWR (29 EA, 40 EA), SSR 1 (23 EA), and SSR 2  (25 EA) @ 2.05 K

ü Fast cool-down required fro QWR

ü Microphonics : Especially, helium pressure fluctuations

§ Superconducting magnets (LTS and HTS) @ IF separator

ü LTS magnets @ 4.5 K (13 EA, bath cooling)

ü HTS magnets (7 EA, heat transfer with gas helium in pipe) @ 35 K ~ 40 K 

• Heat loads and operation modes

§ 21.4 kW ; equivalent heat load @ 4.5 K (dynamic + static heat loads)

§ 2 K (cavities), 4.5 K (cavities, thermal intercepts, and LTS) 

and 35 K (HTS, thermal shields) circuits: 3 helium flows needed

§ 5 operation modes 

ü Nominal mode : 100 % beam power

ü Beam commissioning mode : 25 % beam power

ü 2 K turndown mode : 0 % beam power, only static heat loads

ü 4.5 K standby mode + liquefaction : only static heat loads @ 4.5 K and no operation of cold 
compressors

ü TS mode : emergence mode (any failures of turbines and short maintenance), 

effective below 19 K of cavities’ T
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~ 10 years

+ Transient modes! (cool-down, warm-up…), interlocks



Challenges
• Various operations of beam lines (combination of SCL lines)

§ Operation strategy for SCLs : how many cryoplants we need ?
ü Installation and operation : first -SCL3, second -SCL2, third - SCL1; 

Long operation (goal : over 30 years)
üBeam acceleration : SCL3-SCL2, SCL1-SCL2, SCL3, SCL1; 

A distribution box is necessary (flexibility with multi-cryoplants).
§ Cool-down and warm-up : how ?, How long time ?

ü Fast cool-down required (especially QWR : 150 K – 50 K within 2 hours; Q 
disease) and slow cool-down required (LTS magnets, 3 K/hr)

ü Individual cool-down and warm-up for cavities and magnets (replacements)
ü Strategies are necessary for cool-down and warm-up; + control logic

(thermal stress VS requirement)
• Stability

§ Pressure stability
ü±1 mbar @ 4.5 K, ± 0.3 mbar @ 2 K due to performances of cavities

§ Safety @ various conditions : need dynamic simulation.
üQuenches (LTS magnets) and leaks of insulation vacuum and LHe
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Cryogenic systems – Three cryoplants

• Three cryoplants with Helium Distribution System
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CAPEX+OPEX

21 kW 8.4 kW
13 kW

4.2 kW
13 kW
4.2 kW

Unit :0.1M$

~ 2020 

~ 2021

In the future

Each linac has each cryoplant.



Cryogenic systems – Three cryoplants

• Heat loads of SCL 2 cryoplant
§ Pre-study with ALAT and Linde
§ With 1.5 margin
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SCL2 Cryo.
Modes

2.05 K [W] 4.5 K [W] 35 – 55 K 
[W]

Isothermal Non-
isothermal Sum

Iso-
thermal

Non-isothermal
Sum Sum

Static Dynamic Supply Return

Nominal 524 3,250 389 4163 980 101 120 1201 20,431

Beam 
commissioning

524 831 389 1744 980 101 120 1201 ~ 20,431

2.05 K 
Turndown

524 - 389 913 980 101 120 1201 14,377

4.5 K standby - - - 1504 101 509 2114 14,377

TS standby - - - - - - 14,377

Boundary conditions of SCL2 cold-box

SCL2 Low Temp. SC magnets

0.34 g/s

213.2 W

4.50 K
1.3 bar

766 W

4.50 K
1.3 bar

2 K Heat exchanger

22.12 g/s

101.00 W

119.75 W

3.70 K, 32 mbar
6.78 g/s

4.65 K, 1.25 bar 4.50 K, 1.3 bar

4.50 K, 3.0 bar

2.05 K
36 mbar

4.60 K, 2.70 bar 4.60 K, 2.70 bar

243.12 g/s

231.45 g/s 47.48 g/s 11.67 g/s 11.67 g/s

40.70 g/s 11.33 g/s

183.97 g/s388.87 W

3.30 K, 35 mbar

161.84 g/s

3774 W

183.97 g/s

59.15 g/s

Cold box

7.2 k W13.2 k W

35 K, 21 bar

55 K, 
20.5 bar

High Temp. SC magnetsThermal shields

Eff. = 95 ~ 99 %

Nominal mode
4.2 kW @ 2.05 K circuits, 1.2 kW @ 4.5 K circuits, 20.5 kW @ 35 K circuits
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SCL3 Cryo.
Modes

2.05 K [W] 4.5 K [W]
35 – 55 K 

[W]

Isothermal
Non-

isothermal
Sum

Isothermal Non-isothermal
Sum Sum

Static Dynamic Static Dynamic Supply Return

Nominal 199 519 263 981 378 401 70 77 926 11,757

Beam commissioning 199 191 263 653 378 113 70 77 638 11,757

2.05 K Turndown 199 - 263 462 378 - 70 77 525 11,757

4.5 K standby - - - 577 - 70 340 987 11,757

TS standby - - - - - - 11,757

• Heat loads of SCL 3 or 1 cryoplant
§ With 1.5 margin

Nominal mode
980 W @ 2.05 K circuits, 930 W @ 4.5 K circuits, 11.8 kW @ 35 K circuits

Cryogenic systems – Three cryoplants



Cryogenic systems – Design of cryoplants
• PFDs of SCL3 cryoplant (ALaT)

§ HP : 15 bar (LP -> HP : 4 compressors, 1 back-up with VFD, Kaeser compressors) 
§ 3 turbines (Isentropic eff. ~ 78 %)
§ 3 cold compressors with VFD + VLP pumps for 32 mbar (eff. ~ 70 %)
§ 4.2 kW @ 4.5 K equivalent, ~ 25 % Carnot efficiency
§ Recovery and external purifier (25 bara, 30 g/s)

§ P stability : ±1 mbar @ 4.5 K and 35 K, 
± 0.1 mbar @ 2 K 
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It will be commissioned in Q2 of 2020.

confidential
confidential



Cryogenic systems – Design of cryoplants
• PFDs (Pre-study) of SCL2 cryoplant : 13 kW @ 4.5 K equivalent

§ Now, bidding and contract phase 
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Customized 
compressors
(4 or 5 EA and 
1 back-up)

~ 27 % Carnot efficiency

3 cold compressors and 1 VLP compressor : for wide ranges of cooling capacity and cost efficiency

It will be commissioned in the end of 2020.

HTS magnets and 
thermal shields

SRF cavities and 
LTS magnets

VLP

No-LN2 
precooling

confidential



Cryogenic systems – DB of HDS system
• Operation concept of Distribution Box (DB) (why we need it ?)
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SCL3 cryoplant

SCL1 cryoplant

SCL2 cryoplant

SCL3

SCL1

SCL2

‘9 sections (valves) required to satisfy 
beam-operation strategies’ 

1. SCL3 line (2020~) with SCL3 cryoplant

ü SCL3  (partial loads) with SCL3 cryoplant – Settlement and test

2. SCL3 and SCL2 lines (2021~2024) with SCL3 and SCL2 cryoplants

ü SCL3 and SCL2 (partial loads) : SCL3 cryoplant (SCL3) and SCL2 cryoplant (SCL2) - Settlement

ü SCL3 and SCL2 (partial loads) : only SCL2 cryoplant

ü SCL3 and SCL2 (increased partial loads) : SCL3 cryoplant (SCL3) and SCL2 cryoplant (SCL2)

3. SCL3, SCL2, and SCL1 lines (in the future) with SCL3 and SCL2 cryoplants

ü SCL1  (partial loads) with SCL3 cryoplant – Settlement and test

ü SCL2 and SCL1 (partial loads) : only SCL2 cryoplant (similar with SCL3 and SCL2 case)

ü SCL3 and SCL2 (full loads) : SCL3 cryoplant (SCL3) and SCL2 cyroplant (SCL2)

ü SCL3  (full loads) with SCL3 cryoplant

4. SCL3, SCL2, and SCL1 lines (in the future) with SCL3, SCL2, and SCL1 cryoplants

ü SCL2 (full load), SCL3 (full load), SCL1 (full load) : three cryoplants

(DN 40, 50, 65, 65, 250) 



Cryogenic systems – DB of HDS system
• Current status of DB
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It will be fabricated in the end of 2019.

54 cryogenic valves
Estimated heat loads in DB

~ 865 W @ Thermal shield’s circuit
~ 34 W @ 4.5 K circuit

~ 90 W @ VLP flow

confidential



Cryogenic systems – HDS system for SC systems
• Transfer lines and valve boxes (to supply and return helium flows)

§ MTLs : TS supply and return, SHe supply and GHe return, VLP return 
(HWR, SSR 1 and 2: 5 pipes, QWR : 4 pipes) + Sub-TLs

§ Valve boxes : To supply and return required helium flows to/from CMs and MGs, 
To cool down and warm up SC systems with mixed helium flows

§ P stability : ±1 mbar @ 4.5 K and 35 K, 
± 0.3 mbar @ 2 K 
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Cooldown return (pure, 1.05 bar)
Warm supply (300 K <21 bar)
Safety / purge (impure, 300 K < 1.05 bar)

Valve Box (HWR, SSR1 and SSR 2)

Beam

Helium
SSR1CM SSR2 CM

HWR CM

Valve Boxes

Valve Boxes

QWR CM

It will be fabricated in 2019 (SCL3) and 2020 (SCL2).

23 EA
25 EA

15 + 20 EA 
@ SCL3

11 EA 
@ SCL3

640 m (SCL2)
240 m (SCL3)

780 EA cryogenic valves for 
SCL2 and 3 valve boxes

CMs

MTL, valve boxes, 
and sub-TLs

Main Transfer Line



Cryogenic systems – HDS system for SC systems

• HDS prototype test (finished)
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MTL VB (thermal shield) Sub-TL with vacuum barrier

Required 

heat leaks
≤ 0.5 W/m (equiv. @ 4.5 K)

≤ 2.0 W/m2

@Thermal shield
≤ 2.5 W/ea (equiv. @ 4.5 K)

Main transfer line
Valve box



Cryogenic systems – LTS magnets (13 EA)
• Cooldown method (slow cool-down)

§ Basically, with cold-box of SCL2 cryoplant and HDS, simultaneously
§ Helium flows controlled by valve boxes (JT, cool-down valves included)

• Estimated heat load (bath cooling)
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Cooldown return (pure, 4.5 - 300 K, 1.05 bara)
Warm supply (300 K, 21 bara)

Safety / purge (impure 4.5 - 300 K, 1.05 – 1.5 bara)

Thermal 
shield

JT Cool
down

10 A 20 A 10 A10 A 15 A
From LTS 
magnets

# of magnet
Heat load [W] @ Quadrupole magnet triplet

4.5 K 35 – 55 K
LTS #1 10.92 159.84

LTS #2~#13 8.52 145.76

11 T/m

Quadrupole magnet 
triplet Tested in this Oct. 



Cryogenic systems – HTS magnets (7 EA)
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From/to
SCL2 

cryoplant

Valve 
box

Hot cell
Max. 7*105 Gy/hr

Prototype of
HTS quadrupole magnet 

• Cooldown method (to be determined)
§ Mainly, from SCL2 cryoplant
§ Back-up : 330W refrigerator just for cooldown
(while the SCL2 cryoplant already is cooled down)
§ Closed loop for cooling HTS magnets

• Estimated heat load
§ 3.52 kW @ 40 K (full load of beam)
§ Cooling system : possible up to 7.2 kW



Cryogenic systems – TAO

• TAO (Thermo Acoustic Oscillation) is very important !
§ Cold gas enters the warm end and rapidly expands and makes TAO.
§ The pressure oscillation can shift the resonance frequencies of 

SRF cavities and the shifted ranges should be in possible tuning 
range (tuners).
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Where ?
Safety lines in 2 K 
and 4.5 K regions

Small seat bore : 
to dampen oscillation 
and to avoid chattering

1. Tube dimensions (by using map)
2. Thermal anchoring (smooth dT)

3. Block
(cryo-checkvalve)

Stable

Unstable

D

Lh/Lc

Remember : our need
±1 mbar @ 4.5 K, ± 0.3 mbar @ 2 K

Th/Tc

Solutions

1

2

3



Cryogenic systems – Cool-down method
• Cool-down (updating)

§ Step by step
üBasically, cryoplants with HDS system and thermal shields of SC systems 

(simultaneously)
ü In the case of SCL2 cryoplant, LTS magnets (3 K/ hour) will be cooled down 

with the SCL2 cryoplant.
üSC cavities (150 K – 50 K within 2 hours for QWR; Q disease, others; 

fundamentally no requirement for fast cool- down, but if possible fast 
cool-down is preferred)

üMixing method, we need to think about total cool-down time. ~ 1 month ?
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1. TI R. - TI S. < 20 K
TI R. – TI S. > = 50 K : close supply valves to protect CMs
There are steps (300 – 280 K, 280 – 260 K, 260 – 240 K, 
….100 – 90 K,…, 20 -10 K), first TI supply = 280 K, next 
step become to 260 K.

TI Supply 
(S)

TI Return (R)

Single CM TI CM (top)

4.5 K
Cold helium

Warm helium
(RT)

FI 

Cool-down 
return

CV101

 

 

SV103

SV102

mixing
CV102

Fast cool-down VS thermal stress
Mixing 
method

dT



Cryogenic systems – Cooldown method
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For checking the possibility of cool-down with the method and cool-down time,
1. Development of excel sheet to calculate required mass flow rates of mixed cold and 

warm helium (it uses enthalpy balance and perfect heat transfer.)
2. To get some margins, complete the fast cool-down from 300 K to 50 K within 2 hours 

Example for QWR’s CM

Cold mass @ 4.5 K

300 250 200 150 100 50 0
0

5

10

15

20

M
as

s 
flo

w
 ra

te
 (g

/s
)

Temperature (K) of mixed helium

 Warm helium
 Cold helium

 Total helium

 Cool-down t ime 0.0

0.5

1.0

1.5

2.0

C
oo

l-d
ow

n 
tim

e 
(H

ou
rs

)

TI Supply (S)
TI Return (R)

Single CM TI CM (top)

4.5 K

Cold helium

Warm helium

(RT)

FI 

Cool-down returnCV101

 

 

SV103

SV102

mixing

CV102

• Rule of Thumb

Maximum flow of cold helium : ~ 15 g/s
Maximum flow of mixed helium : ~ 20 g/s



Cryogenic systems – Cooldown method (in the study)

• Cool-down of SCL3 line with SCL3 cryoplant
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SCL3 cryoplant (liquefaction mode)

Distribution 
Box

End box

QWR

SCL3 cryoplant (4.5 stand-by mode)

Distribution 
Box

HWRA

End box

QWR

1 2

HWRB

Fast cool-down : 
Within 2 hours to 4.5 K

~ 15 g/s
(one by one)

HWRA

HWRB

Cool-
down 
return

4 K 
S and R
pipes

22 EA

13 EA

20 EA

P2DT

P2DT

1 EA

Thermal shields are cooled together 
with the cryoplant.

QWR

0.4 g/s (cooled down)

Heat

111 kg

270 kg

541 kg

4.5 K cold mass (each)

~ 15 g/s
for 5 hours

~ 10 g/s
(one by one)
for 10 hours

~ 5 g/s
(one by one)
for 8 hours

Heat



Cryogenic systems – Cooldown method
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Distribution 
Box

End box

QWR

3

0.77 g/s

HWRA

HWRB

0.4 g/s

P2DT 0.5 g/s

~ 5 g/s
(one by one)
for 8 hours

SCL3 cryoplant (4.5 K stand-by mode)

Distribution 
Box

End box

QWR

4

0.77 g/s

HWRA

HWRB

0.5 g/s

0.4 g/s

P2DT

Heat

0.5 g/s

HWRA 0.5 g/s

Heat

Total cool-down time for cavities : 
~ 355 hours (15 days)

Stabilization 
(~ 5 days) 

SCL3 cryoplant (liquefaction mode)



Cryogenic systems – Cooldown method

• Cool-down of SCL2 line (updating)
§ Cold box, HDS, magnets, all thermal 

shields are cooled down simultaneously  
with ~ 9 turbines (additional turbines 
support the cooldown operation) and no 
LN2 precooling. 

§ An estimated time (with 250 tons) is 
about ~ 12 days.

§ After cooling them, SSR cavities will be 
cooled down one by one.
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SCL2 cryoplant

Distribution 
Box

SSR2

End 
box

HTS

SSR1

Cool-
down 
return

4 K 
S and R
pipes

13 EA

25 EA

23 EA

CS

Heat

HWR1 1EA

LTS

7 EA

Thermal shields of CM, LTS magnets , ad HTS magnets
are cooled together with the cryoplant.

10,200 kg

4.5 K cold mass (each)

1,800 kg

950 kg

200 kg 
(40 K cold mass)



Future works
• SCL3 cryoplant

§ Design (2018) – fabrication and installation (Q1 of 2020)
– commissioning (Q2 of 2020)

• SCL2 cryoplant
§ Design (Q2 of 2019) – Fabrication and installation (Q2 of 2020) 

– commissioning (Q3 and Q4 of 2020)

• HDS
§ Design of HDS system (Q2 of 2018) - mass-production and installation 

(DB: 2019, SCL3: 2018~2019, SCL2: 2019~2020) – commissioning 
(SCL3 : ~ 2020, SCL2 : ~ 2021)

• Development of control logic (2018)
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Summary
• IBS has a plan to make a heavy ion linear accelerator

§ SCL1, SCL2, and SCL3 lines (for RI beams, SCL3 – SCL2, SCL1-SCL2 ; high energy, SCL3, 
SCL1 ; low energy)

§ SRF cavities (481 cavities)
§ LTS magnets (13 EA) and HTS magnets (7 EA)

• Requirements and challenges
§ 21.4 kW @ 4.5 K equivalent (2.05 K, 4.5 K, 35 K He supply and return for all SC system.)
§ Various operation strategies (combinations, construction, long operation, etc.)
§ Cool-down and warm-up : fast, slow, and  individual
§ Stability (especially, pressure)

• Cryogenic systems for cooling cavities, LTS and HTS magnets
§ Three cryoplants

(SCL3; 4.2 kW - 2020, SCL2; 13 kW - 2020, SCL1; 4.2 kW – in the future)
§ Helium distribution system : A distribution box, transfer lines (240 m SCL3, 640 m

SCL2), and valve boxes (139 EA) - commissioned with SCL2 and SCL3: ~2021
§ Development of cool-down method : fast cool-down/slow cool-down
§ Prevention of TAO
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Thank you


