Introduction and SCL3 Cryogenic Commissioning (First Run)
of Cryogenic Systems for RAON Accelerator
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Just, finished the FRIST RUN of SCL3

JUNE 2023
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RAON Superconducting Accelerator
» Requirements/fundamentals for SCL3 Cryogenic Systems

= Development of RAON Cryogenic Systems for SCL3

SCL3 Cryogenic Commissioning

Summary
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RAON - Rare Isotope Science Project (RISP)

( ] ] )
O Goal: To build a heavy ion accelerator complex RAON,
for rare isotope science research in Korea.
* RAON - Rare isotope Accelerator complex for ON-line experiments
O Budget: Total 1.15 billion USD
- Accelerators and experimental apparatus : 0.4 billion USD
- Civil engineering & conventional facilities : 0.75 billion USD
kO Period: 2011.12 ~2022.12 for SCL3 section (The first phase) )

System Installation Project

Development, installation, and commissioning of the accelerator™)
systems that provides high-energy (200MeV/u) and high-power
(400kW) heavy-ion beam

Facility Construction Project

Construction of research and support facility to ensure the
stable operation of the heavy-ion accelerator, experiment
systems, and to establish a comfortable research environment

X Accelerator and experiment buildings, support
facility, administrative buildings, and guest house, etc.
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RAON accelerator with Superconducting systems
Heavy 1on linear accelerator (rinal : 200MeViu, 400kw)

(Isotope Separation On-Line + In-flight Fragment separator for Rare Isotope beams)

Design : By SuperConducting LINACs (SCL) The first phase (2022)

Third Linac (SCL3) : Accelerate SI beams made by ECR (2022) | + 2023~2024 (ISOL)

Second Linac (SCL2) : Reaccelerate SI and Rl beams from SCL3 (The second phase — making the plan)

1. SRF
cavities

SCL1

ECR ion source

Bending section (P2DT and CS) First linag~ 100 m) \
L1

Low energy experimental hall B
SCL2 Extension area for upgrade(~100 m

Second linag~ 200 m
SCL 2

L3 : |
Third linac (~ 100 m
SCL 3

|SOL seperator

Low energy experimental hall A

IF fragment separator 0m 2 . LTS a.nd HTS
High energy experimental hall A S mag nets

High energy experimental hall B

- LEBT m MEBT | SCL31 | scL32 | P2DT | scL21 | scL22 | HEBT “

QWRB 0.047 HWRB 0.12 SSR1B8=0.3 SSRZB 0.51

>

10-500 keV/u 0.5-2.7-18.5 MeV/u 18.5-200 MeV/u
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RAON accelerator by Superconducting Cavities

SRF Cavities in Cryomodules SCL3
Quarter Wave Resonator (4.5 K) and Half Wave Resonator (2.05 K) and
cryomodule for SCL3 cryomodules for SCL 3
b 22EA
0.047 :
2dv,<ipe
Freq. Speed
Resonance frequency : 81.25 MHz 162.5 MHz HWR A HWR B
(2 cavities) (4 cavities)
Single Spoke Resonator 1 (2.05 K) and Single Spoke Resonator 2 (2.05 K) and
cryomodule for SCL 2 cryomodule for SCL 2

325 325
MHz 3 cavities MHz
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RISP Project — first phase

11 years

Concepts (Basic design) +
Development of Prototypes for cavities/cryomodules
SCL Demo (with 1 QWR cryomodule) @ temporary place: 5 years

Cryogenics

2017 : 1 years (Requirement + Contracts)
2018~2022 . 5 years (including : construction)
SCL.3 cryogenic commissioning : Sep. 2022~

@ 2023,
+ 6 months for the first beam by all cavities of SCL
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Schedule for cryogenic systems (SCL3/SCL2)&IF - Conclusione-

Very tight (It was 3 years) Bldg. — All finished SCL3 plat
3§ Ready 3
Tl 2018 2019 2020 2021 2022
1 | 2 [ 3 | 4 1 | 2 [ 3 | a4 1 | 2 [ 3 | 4 1 | 2 | 3 | a4 1 | 2 [ 3 | 4
SCL3 Design/Procurement ) *

* Cryoplant (4.2 kW) | Installation

SCL3 \
(Ready for installation SCLS)‘ ‘ < Install. @ SCL3 (CDS) u‘ :Z;elfstl;;f test commissioning /

* Cryogenic Dist. Sys. | Design/Procurement/Install.
4 start - Install. @ SCL3 (CM)

SCL2 (on-going) | Design/Procurement )

* Cryoplant (13.5 kW) Insta‘llation
Design/Procurement

* CDS Install. @ SCL3 (CDS) W

Installation

15t liquefier (140 L/h) . |

(Remote site) Operation

2nd liquefier (275 I‘/h) Procurement Operation

* Cryogenic Dist. Sys. Procurement Operation
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SCL3 of RAON Accelerator
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Requirements for SCL3 cryogenic systems

= Superconducting systems in stable conditions (T)
Cryomodules with Superconducting cavities (Nb, bath cooling) @ LINACs

owr 22eA) @ 4.5 K

HWRA and B (13 EA, 19 EA) 2.05 K

= Thermal insulation (for thermal radiation) with 35 K ~40 K

= Only Coolant : He (He I, He II)

[ ]
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Requirements for cryogenic refrigeration systems (SCL3)

= Heat loads

4.2 kKW equivalent total heat load @ 4.5 K

894 W @ 2.05 K - 36 mbara (cavities)

1,038 W @ 4.5 K @ 1.3 bara (cavities, thermal intercepts)
10.2 kW @ 35 K (all thermal shields, thermal intercepts)

« Very high stability/availability/many functionalities required

Pressure for cavities (very stable boundary conditions)

Very high standard (peak to peak) : +1 mbar (4.5 K), + 0.3 mbar (2 K)
As Result from “Cryoplants + Cryogenic distribution system + Cryomodules”

Final Target: No stop for 3 years + 99 % availability (for user service — Third Run;2024)
Fast cool-down required from 150 K to 50 K for cavities (duty : QWR + option : HWR)
Individual control for many cases (cool-down/warm-up/purging/others)

* Big roles for operation :
Cool-down, keeping the stability

(including cryomodules’ operation - except for couplers/tuners/LLRF/SSPA)
warm-up
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Scope of Work for Cryogenic Systems

Linite RN m QP HANYANG ENG pOSCO posco TZRO

TECH
Two SRF TFs
. Helium liquefiers
. Valve boxes .SCLZ ig]odmi)fergsoprlsams Cryogenic distribution system
o Cryogenic transfer lines . Cold boxes : Main distribution box
. Test stands . ORS . Valve boxes with Sub-TL
. SCL3 helium tanks . Cryogenic transfer lines
. . LHe dewars . End boxes
'Il)S Institute for Basic Science )
Installation (HYE) _
. SCL3 cryoplant Warm pipes
_ _ . Warm supply
g:osrlterrc:]l of all actives for cryogenic Helium recovery system . Recovery/safety
* Gas bag . Cool-down
Supports for all works and items * Heaters
. Recovery compressors
Interconnection between VB-CM . Purifier Installation and
Pre-commissioning of CDS
Control of CDS/Cryomodules Commissioning (ALAT)
. Logic development . SCL2 and 3 cryoplants
. Dynamic simulation Infrastructure
g Racks/PLC and EPICS Support . Al buildings/utilities
Cryogenic for LINAC Commissioning (ALAT) . SCL2 helium tanks
Commissioning/maintenance for
SCL3&SCL2-IF&SRF TFs

®
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Development of
Customized
RAON
Cryogenic Systems
“fundamentals”



He path/phase in RAON

Our concept

Cryoplant Distribution(transportation/distribution) End Box
VBx VBX VBXx
=
CM CM CM

“Refrigeration + Mix mode (due to the fast cool-down)”
+

“Dedicated distribution (individual valve-box)
+
Cooling of targets
(Bath cooling - 4.5 K (thermosiphon) and 2 K reservoirs)”

. i
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He Path in RAON Cryogenic System

1000 - —
o) SOLID ~ i
o -
5 [ I o
v 10 Transportation (SHe) ,
E \ N iFlalll HX@
.g.
He Il He | T — —
CRITICAL
1.3 Llo PR U ® —/1/ hyl o
R '/}‘” i 5,195 K
/// ; 2,274 b
/ VAPOUR
107 / :
{ LAMBDA |
36 mb B L = POINT |
— 2177 K | —
: 0,050 b !
"% 2 | ;
1 3 4 45 5 6 7
Temperature (K)

* CEC 2019 paper, thermodynamic and cost-effectiveness analyses of chosen cooling loops
for local production and saturated superfluid helium in large cryogenic systems

1S Z1xHerena 18

Institute for Basic Science




Expected thermal loads

CTL QWR VBx HWR VBXx End BOX Main Distribution Box
(W/m) (W/EA) (W/EA) [W]

Thermal
shield

4.5 K line
(SHe+GHe)

2 K
VLP return

0.13 2.68

0.12 -

Full load of
thermal shields
(W)
QWR 55.5
HWR A 78.6
HWR B 121

1.14 3.1 24

2.63 - 43

2 K
Static/
dynamic

45 K
Static/dynamic
(W)

(W)
5/12.1 )
Total ;: 17.1
_ 3/6.4
Uikl - 2 Total ;: 9.4
_ 45/12.8
[EEE Total : 17.3
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S0, Boundary conditions for SCL3 Cryoplant

Design (RF OFF) Design (RF ON - Full loads)
m (g9 m (g
Thermal shield 35 15 <953 35 15 95 3
Supply

Thermal shield 55 145 <953 55 14.5 95.3
Return

SHe Supply 4.5

(%
w
o
I
I
o1
[o%)
0]
N
I

GHe return 5 1.25 27.1 4.8 1.25

2 Kreturn 7.1 0.032 9.3 4.5 0.032
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Consideration for Specification

Consideration of current status and technologies in the field
+ Test results for Performance (thermal, others)

Consideration of piping routes (bellows, fixed/sliding
points)/taps/cryogenic valve — Thermal acoustic oscillation

Dedicated : Structure/thermal analysis
Sensors — locations/installation method
Interconnection (Cryoplant-CTL, Valve box-Cryomodules)

Cool-down process due to the fast cool-down

[ ]
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Process control; Cooling strategies

X 15t cool-down of SCL3 : more conservative way — step cooling ! + manually
checking dT @ cryogenic distribution system

- Step 1: The FIRST cool-down : Should be very conservative
SCL3 CB+ CDS - Step cool-down (50 K) controlled by Turbines: within 16 days

(300 K-250 K + 1 day stay — 200 K + 1 day stay— 150 K + 1 day stay - 100 K + 1
day stay— 50 K + 1 day stay — 4.5 K + 1 day filling and stabilization)

% Calculation with energy balance + conservative assumption
= 291~330 hours (< 14 days) ; 18 tons (AL), 9 tons (SUS) for CDS+TS

- Step 2: CM — QWR fast cool-down : within 12 days

HWR : within 20 days Need to be checked @ cryoplant and SRF TS,
simulation

[ ]
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Process control; Operation mode

Defined and designed
- Definition

- Startand End

- Internal process

Emergency mode

/om3 "
 Stand-by

g m e m————— -

"y

oM.0.5 OM.0.6

Warm-up process v'_/)*— SD Warm-up | Empty
closing purging 4.5—30—ly Reservoir
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=Safety (Cryogenic components)

L 24
e for Basic Science

FMEA (Failure Mode Effect Analysis) for checking effect on control

*HAZOP (Hazard and Operability) for checking equipment and human’ safety
«Safety Alarm/Interlock System

Dedicated international reviews

*Others (Korea Gas Standard — Inspection)
*All cryogenic piping and pressure vessels should be checked by KGS (from design to commissioning)




Development of
Customized
RAON

Cryogenic Systems

- Real System

Real application
What you have to do




RAON Cryogenic Systems

Final Layout

Two Cryoplants and Recovery System

Cryogenic Distribution System/Cryomodules

Cryogenic Control System
Cryo.

Two SRF TFs G

GHe tanks

[ A
X Lot o o ﬂ
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SCL3 Cryogenic systems

Cryogenic System for SCL3

Cryogenic distribution system (CDS)

SCL3 1 EA 19 EA 13 EA 11 EA 1 EA E
CBx

TBx EBx

SCL2 '
CBx | ]
Cryo Plant (CP) P2DT HWRB | | HWRA
W22 EA

19EA  13EA CWO Module (CM)

[
SCL3 Cryogenic system
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Cryoplants— Layout
o (2
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SCL3 Cryoplant

= SCL3 cryoplant (Contracted with ALAT&HY ENG) including several operation modes

SCL3 Cryo.

Modes Isothermal Isothermal Non-isothermal
Non-
. Sum Sum Sum
isothermal
Static  Dynamic Static Dynamic  Supply Return
199 519 176 894 378 401 128 131 1038 10,172
Beam 199 191 176 566 378 113 128 131 750 10,172
commissioning
2.05 K Turndown 199 - 176 375 378 - 128 131 637 10,172
4.5 K standby - - - 577 - 128 307 1012 10,172
TS standby - - - - - - 10,172

Based on the boundary conditions : Nominal mode
894 W @ 2.05 K circuit, 1,038 W @ 4.5 K circuit, 10.2 kW @ 35 K circuit

1 7|—*—m§ll-ﬁ:ll-?ﬂ 29 Rdlelhﬂlu#
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Long journey for development (4 years and 7 months)

Holding . COVID19 R
2017 2018 2019 2020 2021 2022 End of SAT
| > 7.28 2023
2022 Mar SAT

2021 Dec Mech. completion
2020 Mar Installation start
2020 Feb FAT and KGS inspection 2 (CBx)

2019 Oct Detail design review 2
2019 Sep KGS inspection 1
2019 May Manufacture start

2019 Feb Additional design review 1

2018 Jun Basic design review 2

2018 Apr Basic design review 1

2018 Jan Kick-off meeting
2017 Dec Contract

A= ~_ 1

2018 Nov Detail design review 1

A
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Analysig

ELEj AR

I GMP

Purifier Ultral
30g/s-500ppm

He main cold box o
Incl 3 cryo compressors and 3 turbines J
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i

HP : 15 bara (LP -> HP : 4 compressors, 1 back-up with VFD, Kaeser compressors)
3 turbines (Isentropic eff. ~ 78 %)

3 cold compressors with VFD in series + VLP pumps for 32 mbara

4.2 KW @ 4.5 K equivalent, ~ 25 % Carnot efficiency

Including recovery and external purifier (25 bara, 30 g/s) for all linacs

Availability : > 99 %

LXWxH:15x54x4.7m
95 ton (cold box only)
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SCL3 cryoplant - Process (cycle) design

Confidential — cannot be copied

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

[ ] ?
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Compressors

Confidential — cannot be copied

1 dryer

1 Charcoal
3 Coalescers
Cycle adsorber

COmpressors



Static Gas Bearings
Radial & Thrust

Turbine 1

Cold Box :

) i- Dewar

Turbine 3

Turbine 2
80 K

adsorbers 20K Q
adsorber

Phase
Confidential — cannot be copied Separato
S e
Cold Phase
COMPressors Separator
(2K)

= Cold compressors for 2 K



Manufacturing with mechanical technicians

Confidential — cannot be copied
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Fully assembled and FAT
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8 hours tightness tests with KGS inspector

Re- performed the tests @ RAON site,
again
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2021. Dec : Completi&n of Mech. Installation (up to gas conditioning/loop chécks)

15t cool-down of CB : Jan. 4th 2022
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SAT Test method for SCL3 Cryoplant

Tp | TP
-
l l

By energy balance
(in open system)

T, Pin

Q
T. P out

Confidential — cannot be copied

Flow rate

[} ¥
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SAT Items and Segquences

In the Steady/Transient conditions

1. Cold power tests (steady @ 4.5 K and 2 K modes)

2. Cold power tests (Modes/Loads’ changes-transient)

3. Failures/trips

4. Cool-down + Optional tests

5. Warm-up

+H 42




Finally, SAT result of SCL3 cryoplant

= Ready for SAT from ALAT (March 315t 2022)

= But, need 3 Months (mitigation of problems) more

= Completion of SAT (July 15™ ~ July 28t 2022)

Confidential — cannot be copied
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= Results

Confidential — cannot be copied
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Additional tests in order to check the possibility +

Maximum possibility +
= Max. 4.5 K refrigeration mode (important) for all cavities (4.5 K)
* Need to check it for 4.5 K Cryo. + RF commissioning
(If it will be needed)
= Can be possible over > 2,154 W

= Max. liquefaction rate @ 4.5 K stand-by mode
= 378 L/h->12qg/s

= Min. Pressure @ 2 K section of Cold Box (with full load)
» < 28.5 mbara

= Test of step cool-down (checked @ cool-down test) ez 1
ICMET

Ready for SCL3 Cryogenic Commissioning

45



Cryogenic Distribution System

Thermal Packing
Distribution/Transportation (He)

with thermal & dynamic/structure
stability



e Cryomodules(CMs) cooled by cryo. helium, stably

« Valve box (VBXx) — distributes SHe helium to each CM
« Cooling target

» SCL3: QWR (4.5 K, 35~55 K), HWRA QWR (2.05 K, 4.5 K, 35~55 K), HWRB (2.05 K, 4. 5 K,
35~55 K), Cryogenic Distribution System (CDS)

o Helium flow direction: CBx - TBx - CTL-VBx-CM -Ebx "~ Sk

=== CTL (ground)

250 m @ SCL3 (today’ talk) — e
/00 m @ SCL2-1F

- SCL 2 »le Extension
23 Valve box 23 Valve box 2 Valve box

CTL
/ (penetration) "' & * =" """ 0
.PZDT(HWRL) 23S5R1 23SSR2 2SSR2 "
: cryomodules cryomodules cryomodules %
(615 m) (120 m) (145 m) /

*,P2DT(HWR1) 20 Valve box* 13 Valve box 11 Valve box gng
vy | B
| (penetration)”

19 HWR 2 13 HWR 1 22 QWR
CTL CTL cryomodules cryomodules  cryomodules
(ground) I {ground]l (53 m) (24 m) (25 m)

SCL 3 .l

......

TBx

SCL2 CBx 13 Cryostat

Quadrupole magnets (140 m)

SCL3 CBx End

° A
1 7|_*_El'gll'g—_l-l--?ﬂ 47 Rdlel;.lul_u @
Science Proje

Institute for Basic Science



3D view of SCL3 CDS

e 3D view of SCL3 CDS adjacent to SCL3 EBXx
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CDS-Main Distribution Box (TBx)

* Material for all lines: STS316L

Confidential
— cannot be copied

Part
Name Spec. Remark
SHe - Size: 32A~50A
/GHe - Design Temp.: 45~5K ) é\/lhl (20 (Ijaye:)
- Design Press.: 9 barG (GHe) (-:ryggce)\r?;f:( ueto
19 barG (SHe) valves/thermal
TSS - Size: 40A~65A effect)
ITSR - Design Temp.: 35~ 55K - T :inside of
- Design Press.: 25 barG pipes
VLP - Size: 150A~250A - Ptaps (locations)
- Design Temp.: 2.1 K - Thermal
- Design Press.: 3 barG anchoring
: - Sizing :
CDR - Size: 80A~100A Cvipressure
- Design Temp.: 4.5~300 K drop
- Design Press.: 9 barG
Safety | - Size: Depends on the usage - Cryo-check
/Warm | - Design Temp.: Cyo. T/300 K valves @
- Design Press.: 3~25 barG P taps and Saf

lines for mai
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* Weight: ~44 ton (including stair and deck)

Spec.

- 2 pcs. (SCL3/SCL2)
- Material; AL6061

- Size: 10A_Seamless
- Material: STS316L

) L=~15m % 2 g
e Separated Thermal shields Part Name
Cylinder
Cooling pipe
MLI

- 30 layer

Rare lsotope '
Science Project



Cryogenic valves

Size Manufacturer (Country) Remark
DN10 | WEKA (Switzerland)
DN32 | WEKA (Switzerland)
DN40 | WEKA (Switzerland) TS/SHe/GHe/VLP
DN50 | WEKA (Switzerland) TS/GHe/VLP
DN65 | WEKA (Switzerland) TS/GHe
DN150 | WEKA (Switzerland)
DN250 | WEKA (Switzerland)
DN80 | Surim tech. (Korea)
DN100 | Surim tech. (Korea)
Total

Cryogenic valve

7| X et

Institute for Basic Sciel

(a) WEKA, (b) Surim tech. (demostic)
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CDS - Valve Box (VBXx)

Main Role : distribute He to dedicated section

QWR Valve Box — 2 cryomodules

0A(QD17.3)

ke Cool down return (pure, 1.05 bara)-80A (0089.1, 3t) / Sut56A
. Warm supply (300K < 21 baral-208 272,21 L—— %T N
Safety / purge (impure, 300K < 1.05 bara)-2504 (0D2674,4.00 | 5
| i
] ] b His E
W¥rerz HY = ~
[F e SCL31-CDL10 - WBx10 = T Hi 0z
8 2 Thermal shidd i L L
] B ‘J L] ICLL.IH'L.’ I IO T 30 le}OU.D, LOLT
| 1 | a L7 TS supply, B5 K 15.0025) bara-40A (0D48.6, 2.8)
| ] | | F £ FLE=] | GHe returd, 5.0K 1.25(9) bara-404 (OD4856, 2.81)
\ 1 1 1 . ¥ TRY " SHe supply, 4.5 K 3.00019) bara-324 [0D42.7, 2.8
| =i (CTL-7401 M ey
a3 o o » o &
% Z g & E£ =] cTL
Z N e i 10400173 B e
o 2 TETHS
v 10/”@ HI-EE]I
CY-7 M, ;
(v.jg];% |14 S0
PT-TH03
FT-TIIZ.M—J 0
= @ -
=~ = = =
== ==
= E &
Ja

@ SA D21.?)[’
|@ DA[OETT 3T

@)

<9 0AMDT7.3)
@ 5

B -

|
j

i 4
B

acuum Barrier Vacuum Barrigr -
= [ FoscoEmc FoSCO BB
e o
wal down| ool dewn il d |
5 S nsion ) -
. - © /
ase Phase -
sepamtor separator
H Cavity & H Cavity & : 5 =
He jicket He jacket
] et K| it
SCL31-CM10 g( SCL31-CMO9 g( ; =z F
(QWRT #10) Braid wire ﬁ (QWRT #9) Braid wire ﬁ - : = o
RF couplerﬁ"-“ﬂum part RF coup\erz

.
Tbs p En g il BmE] 52 ga.-e'fiu!,pse '
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HWR Valve Box — 1 cryomoo

Cool down return (pure, 1.05 hara)-804 (OD89.1, 3t) / Out-HobA—

ule

P Warm supply (300 K < 21 bara)- 208 (272, 2.11) | -
T Sifety / purge Gmpure, 300K < 1.05 bara)- 2504 (0D2674, 400 2|
N ~f -
8 = =)
5 g
SCL32-CDLO2 @ vBx02 2 @ 8
Thermal shield Eal -
T FSretorm S5 S0 R HraraS ot 5, 28t
L g| TN TS[supply, 35 K 15.00025) bara-404 (0D486, 289
[ Z = [T GHeretum, 5.0 K 1.2509) bara-404 (OD48.6, 2.8)
[ ﬁ e \ ]I SHe supply, 45 K B.0(19) hara-324 (OD42.7, 2.8
L Z T VP aerum, 4 K 32003) mbara-1508 (OD165.2, 34t
- _g ICTL e — = 1
& 5 7 cTL
— L S =z
s S 5 op17.3) z 2
Y . T
g TETH M m:wlewi Hv;fm R0
V7R L 1_:"[]_ be)
TOAQOTT3) ‘-‘”:E-EJU g
cvrsuse N T " 4be . &
PT-TSE il be) PT-F401 HeTd0 SVt
TE-FER '
4 ¢ & 1p4Tubg T
I 6 PT-!!H
’ = A Vacuum Barrier
ke 5 2
A0 2 % Sub-TL
- T 4
[E——
: A
[E——
éi(Tpansmn e
e D_
4 B e Hgae"a{k%t by SCL32-CMO02 Helium guard
— — — HWR1 #2
Taidwie Cryomodule
ﬁ RF COUp|eL$ g\facuum port
)
o
7| =08l 53
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End Box

End Box (with 4.5 K reservoir, heater)

Warm supply ( 300 K < 21 bara)-20A (27.2, 2.11)
Safety / purge (impure, 300 K < 1.05 bara)-250A (OD267 4, 4.01)

9084
[

EV-7302
EBx : SCL3
SV-7501 HE.SW-7502 ZF.Sh-7401 j}@ 7301
25bar(s 2bbars 1Bbar.G Ybar.
@ TE-7503
TEgmm EV-7501 | EV-7502 | EY-7401 | EV-7301
1E-7502 @ Hv-7501 X X e
o HV-T502  Hv-7201
? | V-7501
{

j TE-7401
? | LOPT-?SM

o E%D = 104 1 \—@PT-MM N
)7
ov-Tho?  cvTdod \—O
PT7301
b*
L7401
Tea02
N
HEATER
ENDBOX @755 Thermal shield
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Cryogenic Transfer Lines (CTL)

— Fixed points/sliding points (structure —stress/deformation) +
thermal insulation + delta P




0

“ELL-

A AT T P AW e el e T
L A ! 1) A ¥

7| X SrA2 L

Institute for Basic Science

= REGEND __ Layout (boundary conditions) of CTL
i X s suor (one pipe) of SCL3
X SUPPORT
' i BeLLOWS(:10)
1 p—

i V_O‘_G

3% 0 £ _ AT Y
w ) o w o o ewy o O ®F e B e [

=

1
[V

Structure analysis with CAESAR 11
(B31.3 for allowable stress, deformation)

56



\alve box

Stress for all pipes
and spacers
(allowable stress)

Deformation

for cryogenic
valves/bellows
(within the
specification/limits)

jS 2zt "

Institute for Bas



+ Guide of bellows; checked @ pressure tests

Buckling Effect Without Guides

(Thrust Load on Anchors from Pressure Buckles Pipe)

b

p — R —

E— P A

Typical Pipe Guide Installation

(Guides Stabilize Pipe)

4 x DIA 4 x DIA 14 x DIA TBD
e
DIA = Pipe Diameter
Anchor Expansion  1st Guide 2nd Guide Other Guides
Joint

Fixed/sliding

» I
-

Rare |sotope
Science Project
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Cryogenic test of QWR VBx with CM -

4 K transfer line
of the test facility

Helium
circulation
system for TS

Transfer
line

QWR VBx

« Thermal performance + components’ test with cryomodule

1S Z1xnetaze

Institute for Basic Science



Cryogenic test of HWR VBx _

1S Z1xnetaze
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Cryogenic Tests’ results (Total : 8 tests)

QWR VBx Heat load Many issues
= 1sttest results: 1. Design/procedure :

e Thermal shield line ~60 W @ 50 K Design change for vacuum breaker
e 45Kline~7W 2. Installation : cryogenic valves/MLI/spaces

¢ Lastiestresults 4 Contitioning - cryin (eontrol of dew point)
. Thermal shield line ~33W @ 50 K Conditioning - drying ( P

(without convection brake/dampers)

HWR VBx Heat load

m 15t test results:
= Thermal shield line ~60 W @ 50 K
= 45K line(SHe, GHe line) ~1-5W
= VLPreturnline ~6-19 W

m Last test results:
= Thermal shield line ~30 W @ 50 K
= 45K line(SHe, GHe line) ~1 W
= VLPreturnline ~52W

Only one section applied to SCL3 (convection bra
Dampers : not installed, but ready for installati

[ i
X ot ] -

1b§ J| =0t 61 R
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Valve Boxes’ transportation

®
1 7| % oo el oS
Science Pro
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Installation (after passing FAT of VBx/CTL) -

VBx bracket anchoring — initial positioning



5

SCL3 warm service line installation

7| X eI

Institute for Basic Science
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HWR VBx/CTL installation and Helium Leak Test

N et K
1 7| = TJ 65 Rare Isotope
Institute for Basic Science Science Project



Pressure test (KGS inspection)

* QWR, HWR sections — performed (after each section @ factory)
e  Pressurize each process line (based on KGS regulation, DP X 1.25)
e  Pressure/tightness

 Record pressure and check pressure stability (tightness)

 And then, final helium leak tests

{bS Z1metazy 66
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Cryomodules

©® QWRTZt
F& = 3.5ton(CM+W.S)

2 @ HWR-ATLZH
« 52 = 7.0ton(CM+W,
- 82288 2 13EA+2EA(P2DT
« 52 = 12.5ton(CM+W.S)
o =2 19EA

Period  2020. 4. 2 ~ 2021.12. 27 (21 months)
#CM 56 EA(QCM 22, HACM 15, HBCM 19)
Duration @ 7-day cycle(1EA/week)

® HWR-B7LZH

Process of Cryomodules’ Installation designed by RAON

@ SRFEES—ISOLT S FH|Eh Y @ RN ZZ R/ Eot22l/ =012 @ MR+ TS HH (YT EF’SIHD_’EE'I @ d272HWarm Section) 2& ot ©® CM+d 2T ZH(Warm Section) H &
= " ¢ &%} — 7 i




[cutting/cleaning preparation] [burr removal]

W

1bS 7\Enetans

Institute for Basic Science

[vacuum cleaning of inner pipe] [sealing of connection point]

RERERET|

R
[Temperature sensor values of CM] [Temperature sensor values of VBx]

[Short 4-wire temperature sensors to protect current leak]

68 Rare Isotope ,
Science Project



Welding of VBXx-CM process pipes

[Ground cable installation on the copper ground] [Welding condition check]

[The welding process is complete ]

gl o § F
1 7I—l—-l-l-—| a__'l-d 69 Rare Isotope
Institute for Basic Science Science Project



Inspection after welding

o b O

|| L) G L
% He gas
4

y
A |—H—| (Inner)

TURBO / Dry /
DIFFUSION |- ROTARY

[Visual check of welding point]

-Make vacuum state near welding point by hood clamshell
-Measure helium leak rate (<1.0 x 10-° mbar.l/s)

(]
1S Z1xHerena 70
Science
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[Application of p

)

‘_ L

| [Excess penetrant removal] | [Application of developer and inspection]

1bS 7\Enetans
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Installation of TS/MLI

[Connect copper thermal braids to the pi
¥ -

A/

[MLI winding on the pipes]

[Connect thermal braids with upper TS] [Install TS] [MLI winding of TS}

®
N et K
19 7I_I_ _'ﬁ TJ 72 Rare Isotope
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Final helium leak test

- He pressurization of process pipe
- Spray He adjacent to the vacuum jacket

- Measure helium leak rate (<1.0 x 10~ mbar.l/s)

[Helium leak measurement]

19 7I*'I'I-gl I_ -?'ﬂ 73 Rdl!lhﬂlu#
Science Project
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e

By our Engineers/Technicians @ RAON

= Step-by-Step Installation/Inspection

QWR 2020. July ~ 2020. October : 4 months
(22 sections)

HWR 2021. June ~ 2021. December : 7 months
(32 sections)

74



Cryogenic Control



Cryogenic systems — Control

= Control

Control logic : Developed by IBS (RAON) Engineers
Cryoplants+CDS (VBx 44 EA, EBx, TBx)+Cryomoudules (55 EA)

Many users/high stability + safety (warning/alarms/interlocks)

; total number of cryo. valves - 485 EA + other warm valves
As simply as possible

= Dynamic simulation to check/update control logic

Cool-down (especially, for fast cool down) logic
Checking safety logic @ emergency cases

S ZIEmetazy 76
1 Institute for B:



i

Control — structure (EPICS + PLC)

Experimental physics and industrial control system (EPICS)

Utility building
DDC for
Utility system
Control center I Cryogenic system/helium compressor building
PLC for PLC for PLC for PLC for PLC for PLC for
Utility system SCL3 cryoplant | | SCL2 cryoplant Distribution box recovery system Utility system
1 1 1 1 1
I | | | | |
EPICS OPI for EPICS 1OC for EPICS OPI for EPICS 10C for EPICS 10C for EPICS I0C for EPICS I10C for 10C for EPICS 10C for
main control system Utility system cryogenic control system SCL3 cryoplant | | SCL2 cryoplant Distribution NI RIO DAQ my ”""’l Utility system
Integrated main server
EPICS 10Cs for EPICS 10Cs for EPICS 10Cs for EPICS 10Cs for EPICS 10Cs for
QWR cryomodule HWR cryomodule SSR1 cryomodule SSR2 cryomodule LTS cryostat
PLCs for PLCs for PLCs for PLCs for PLCs for
QWR cryomodules HWR cryomodule SSR1 cryomodule SSR2 cryomodule LTS cryostat

[ ] | ] | | |
EPICS 10Cs for each PLC

| I L I | | | | L |
PLCs for two QWR cryomodules and one valve box

Valve boxes for QWR cryomodules

| | | | |

QWR cryomodules

| ] | | | |
EPICS I0Cs for each PLC

]| ]| 11 | L |

PLCs for HWR cryomodule A and valve box

I I I I .
Valve boxes for HWR cryomodule B

HWR cryomodules A

[ | | 1 | | | | |
EPICS I0Cs for each PLC

[ | | 1| ]| |
PLCs for HWR cryomodule A and valve box

5 75 5 3 |
Valve boxes for HWR cryomodule B

HWR cryomodules B

7| X eI

Institute for Basic Science
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PLC (Local control racks)

» Control racks (PLC, instruments, EPICS I0C) - local control (PID), interlocks
* Helium distribution system

» Cryomodules
e Vacuum

EPICS Control

« QWR(11), HWR-A(13), HWR-B(19) P2DT (HWR A 1) total 44

» Network interface (EPICS control network)

Mold Case Circutt Breaker
Circuit Breaker
Noise Fitter, SMPS

Pl

Terminal Block

Relay

Magnetic Contactor

1bS 7\Enetans

Institute for Basic Science

Diididi i g i
IR b [P

R

lllIIIII1'|II"I'I|IIIIT!II

- ] =y
“ m = -
-

- m "

Control Valve Positioner

Temperature Monitor

Level Monitor

Heater Controller

Vacuum Gauge Controller

NEG+ION Pump Controller

Serial gefvar—~ =~ %
Networ}< Switch
- — = J0C Server

78
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Emergency mode

/ om3 "
Stand-by

\\‘
Xy

omM.0.5 OM.0.6
Warm-up process valve Stop
closing purging

* Steady state based by PLC + EPICS (Thermal shield)
* Transient state based EPICS

1S Z1xHerena 79
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Development Logic @ each operation mode

OM.1.4 StateSet

Cool-down Control Logic State Machine

Conditgy fygcess Condgntigges
oM.0.3 OM.0.4
Phas-end
Cool-down Process StateSet | purdna& S Pcs‘ff,l::lw

OM.0

% Frobligm?

".__ (ﬂ|||'rd-é||r}
Steady State StateSet gf:;:d ot pu.:;_:.q ":}‘m
) Purgipg &

Furifigation

Il Valve Clasad?

Valve Close?
{Opemtor)

Warm-up Process StateSet

Ve Closidg
Condtic, frberss

Linac

Ready

Cunc-._t_an Faggess

OM.1.1

Phase-end
Cooldown condeion
300 - 4.5

Except CM

Ready Cyfm &
Sart,
pemtor)

ghold ow

Choldawn Process
% problem?

Wam-up |,

Condenpuncess c”"‘f'}.ﬂﬂ-ﬁ?‘fe% Condfien £rgcess o ]
OM.1.2 gM.1.3: aMm.1.4; OM.1.5

~

Cooldown '\ Phase-end Phase-end
300- 45K | conduon 51:':5"’(‘3\’ condition CD(:-’D‘UWD stekason comfiiete €M
Ex. (M + F_)oce.pt o™ 45K Module UAt - LHe Filling

EBx LHe Fill

OM.1.4 CM Cool-down 4.5K

™
Cool-Down
4.5K to 2.05K

- T K
H 3 £
H i & marilisned Filing
. H i K aihaseend  Roadd Fhaseend
%, i i i ndtion  Sars 20 andition
% ; H 7
5 i i /
B H H JJ - 3
H i F;
1 H I
" i E ¢
-. 1 i i
E.Box LHe Afling oL Gooldown emooldown Problens? &
Problem?®, Problem? # Elling Eroblem;
(opemtor) %, (Opéetor) i (operstor)f Stan dby Standby
i H H F 4.5K 2.05K
% i i £
% E H g
\ ;
y i 7
{ i
H ;
H ¢

Sart Resengeft Emply Process
Opemter)

All Restrvcer Empty Empty

4.5 - 300K [

.
Comifion Frdcess

Reservoir

Resyair EngEy eration

Emergency Mode StateSet

Stopped

EM.0

CM-Warmup

205K - 300K

EM.5.1

P""M"""{mergency Check?
EEmergency Loop
& (Operator?)

ot

(DL &M

Wamm-up
2.05 - 300K

EM.5.2

St Waerup
.~ Operatar)
e

Cligek Warnf-up
2.brskaegsK

OperatorWait? Each State

1S 71=2erae
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For test of OM. 1.4 in simulation (fast cool-down)

Logic

TT8404> 150 K

Cool down speed : 10 K/hour

TS return
TS supply
She T target [K] = 280 -10/3600x t(s)
Valve Control (CV8402):
QWR iIf TT8404> T target + 10 K, CV8402 open (0.01%/s)

If TT8404< T target - 10 K, CVV8402 close

if else, CV8402 keep the state (open/close)

TT8404<=150 K

TT8404|(HWR- min. bottom T)

i CV8402 keep opening (0.01%/s)
H

i s K] 81
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Tests in simulation (work with KAIST graduate student)

Strategy (with fast cool-down; 150 K - 50 K)

Cryomodule

Required:

4K res 1.25 4K res 0.8
HWRB
2K res 1.24 2K res 3.9 3~4 Q/S
~ About 45,000 -
4K res 1.25 4K res 0.8

ARG (Depends on (ESt i m at i O n)

! 2K res 1.24 2K res
cooling slope)

=
©

QWR 4K res 1.27 4K res

N
(o]

A |

Rare |sotope
Science Project
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Test of logic @ SRF TF

Working @ Real system

Temperature [K]
e ——— Hm:i 100% valve cpening
- c F| Test start
i L L E }
L L | 50 '
3
200 1.4 top
| '
E 5 hours 4
1-3 bar 15& :_ s s s e s s s o
4 2,3 bottom
- 30-35%)
100- E'-fE: afalﬁghpenlng[
1.1 bar—i] , ; I T— j
50%-f-——+f1--
N
bitorn T d ~{ff -
- = T 0= T R~y o - .n . Es T -
T _——
/ Time 2 hours
Valve controlled by logic
(CV8403)
) I
1 7'—*—316—-!-3?93 83 Raue.l.:ulupe
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To reduce human errors based on the NUREG-0700

To reduce programing scripts in GUI

To simplify screen navigation

1bS 7\Enetans 84
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ON

EMEE

242-|-DE-oox .

hEd=.

FEE

a
2021.11.28..

EPICS GUI guideline for RAON cryogenic system-

A% E, RAON SHEA2BE EPICE GUN 20T EM Rou HEEY

mQO}.I -A043%

a %‘7 :} 2021.7.12 = 2021, 11. 30

B L)

o ==H%

HE-

I EL

ED

HET-

CECEYES

HE.

EECE

EEFRES

2.

MojE -

EEEIRY.

HE-

I EL

242.

2.

LUAE -

CEER

=g

=X
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I control

SCL2

L C'—_2'|F Cryoplant

SCL3
Cryoplant

rrrrrrrr




= Safety (Cryogenic components)

FMEA (Failure Mode Effect Analysis) for checking effect on control

HAZOP (Hazard and Operability) for checking equipment and human’ safety

Interlock System

Dedicated international reviews

Others (Korea Gas Standard — Inspection)
All cryogenic piping and pressure vessels should be checked by KGS (from design to commissioning)

K N5H __ll. o ™ |
1§ 7| 1 = = 86 Rare lsotope
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SCL3
Cryogenic Commissioning



Plan for SCL3 Cryogenic Commissioning

Very tight schedule

SCL3 Beam Commissioning Master Schedule (Rev. 1) ...
@ FHE 2022 05 33 RF/Beam Comm|SS|0n|ng

@ A FOIRAS7IH P SAET

e Fage e az |72 2024 L]
. o o B P 3= 75 5 5 [ 7® 5@ [ ¥ WE || TE | d [
(System) {Actiaily) (tarh) (Finish) | (day) [ T7aT21]28 7[14]21]28] 4 [11]18]25] 2] 9 [16]23]30] 6 [13]20]27] 2 [11]78]25 1|B|15|22|29$5|12|19|26 3 [10[17[24] 51| 7[14]21]28] 5 [12] 18] 26| 2| o[ 16]23[ 30| 6 13] 20

: WYl deamnee 1021
Milestone i 0] 4 A1 246 30) i 45K AFFr2293-)  OWR BAIETE Hzaa00) e b HWR #4238 eIz~
HEn AR e 430 IHZFUE wold2a1n

Injector | 14.5GHz ECR-LEBT-RFQ-MEBT % SCL3 MAIZHI2 P/oi0] AI2H W& SCLI= BN He B4 22(-5F) P TETTEN SC13 SAIR(22.1024-230331)
* SCL3 Cryoplant |
-2t 2 U B 22-02-01 | 22-02-28 | 28 '
< TISAIE B 3R WZHSAT &) 22-03-01 | 220407 | 38 !
- U HBEAT, ~7/29) I 200 22-04-07 22-08-10 | 126 =8/10)
= TBx2h ¥ E 3 KGS 27} 22-08-01 22-08-19 19 KGS HH-8/19)

Cryogenics | - BT % k65 BsihE) 22-08-04 | 22-08-12 9 wa 2 kds AcioE

System | ujeop unguaw) 22-08-15 | 220819 5 e E—
- JINAE F, B S 20822 | 220802 | 12 i . &4, 28 8- 92
«SCL345K S 22-09-03 22-10-21 49 ;45.< 42t dDS/CM QWR JHWR
- GEOPESL Ol Msmr} 22-10-01 22-11-11 42 : : SIHE‘EE!! YusEy | )
= SCL3 205 K W2t 9 OhEs) 22-12-19 22-12-1 13 : SCL3 205 K 92 W e El~1231)
- EARH 23-01-01 | 23-03-31 90 ! A2 23 (231.2~)

|

3 months’ plan only

From connection between SCL3 cyroplant and SCL3
To the completion of SCL3 4.5 K cool-down

3 parts (Cryoplants/CDS-CM/Cryogenic Control) :
Overall operation — Cryogenic System Team

From Aug.2020 to TBD for the First Run

N et K
1 7| R _' ‘— . TJ 88 Rare Isotope
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First, vacuum/tightness with He pressure

I Vacuum barrier

SCL3 cool

down return line: 2.2x10> mbar

Coldbox ¥ |
[~

X

TBx

/ Cool down return vacuum duct

SCL3 CTL(outside of the tunnel): 1.7x10 mV
|

CTL

I P2DT  HWR secti

yd

TBx: 5 x104 mbar

X

TMP

X!

R/P

—

b

TMP TMP
R/P R/P

— —

( SCL3End ]
on QWR section
L Box

| e

X!

R/P

—

SCL3 tunnel CTL/VBx/EBx: 5.65x10> mbar

Insulation vacuum for CM :
QWR~HWR 10 mbar

89
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Final tests of Control/instruments

= SCL3 Controls with our control team’ members

= L_oop tests : Final — done (Local-GUI)
= Final Modification — done (a few, almost improved)

AWR Ry [3ZA
l Pressure (TAG) 712 o3 @ i 7Y TEST TRANSDUCER READING TEST TRANSDUCER READING TEST TRANSDUCER
@HWR A/B/P2DT VBx-CM No (Command) End Switch (@ SCL3 ) (@ Hm, Z2{2)) READING (@ GUI)
e R EY s [ Lk ] 3
HwR Vg, 5% awp o |~ ] - L4 [ L |30 WL LEs 3o
VALVE and HEATER (TAG) Fos50%/100%", “ONy p—— 3. 16 S“\ L - - - I"H_ L2 |50
1@HwnB/P2mvm-cM No ON/OFF limit', 1% mnwnm,':zmv 4. PT"{I‘.{'D‘\‘ - " nd Wk 3,0 Lad|lin |3e4
. o P 3 T ; —
> v eol Go% | lowf | 0°4 1. PTse) 5. PT'ﬁ%ol " “
3- XV{;";") bpen cl;ﬁ.e 2. PT5L 6 PTrT'v“\ = . VALVE and “0/50%/100%" TEST TRANSDUCER TEST TRANSDUCER TEST TRANSDUCER
- Y\ NEol | open | close 3. pT4te Ny HEATER (TAG) “"ON/OFF
4 (ol | bl | % | o Y ?T‘I % 7. 37920\ 9 @ QWR VBx22/ ON/OFF limit", TW VISUAL POSITION/ READING READING /
5 ¢ 2ot »‘;‘\- = . J1 140 CM21 and 22 (Command) _ End Switch (@ SCL3 ) (@ HMI, 22 End Switch(@ GUI)
- X\:}'}};;l‘ bt ﬁl), At 2 I;Tw%:‘ 8. p1Muel " R £ S Y2 67, W | OK] ok |os] e | O | — | ok ok |oK
7. CyMol ;te;,‘ T:Z‘ o 7: i :Zo’.i 9. P71 2 [0 | leoy, ey, oFF | o% o | o | ok | ok — o= ok |eK|
8. Ly Nroy @“!: 1), O'/: 8. 0770 110, yT Blo 3levisel| 5 v | leoT | oy - | o ek | — | LS| T |D2g | 4955 9844 [0.28
9. o] £l Lot 0% 9. T4 11. PTY"’\ + el o ¥, |! (oo . l ey, o | O% || — |Soog | 8% |00 [Soog (4882 |o0a
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Tests of interlocks (final chain for our safety) @ RT-
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Working or Not

= |nterlock tests

HWR Local interlock test

HWR-VBx (HWRAO1, HWRB03)

T oncor | Actustor | Ovorido | SetcP | Tumer | Inorock | uset |

PT7501 cv7501
o o o o o
PT7501 V7503 HWR-CM (HWRAO1, HWRBO3)
PI7s02 HIE0 o e o o o [ Sensor | Actustor | Overide | _Setcp | Timer | interiock | Reset |
PT7401 CV7401 178401 cva4oi 0 o 0 o o
o o o o o
PT7401 CV7502 LT8201 Cva402 (4] (o] (a] (o] (o]
Resistance EHB401 - (o] (a] (o] (o]
PT7301 cv7301 o o o o o B o o o - o o
PT7201 cv7201 o o o o o Resistance EHB402 . o o o o
TT7502-TT7501 V7501 o] o] 0 [o]} o TT8404 EHB402 o o - o o
PT7202 (HWRADT) XV7301 0 o o 0 o fssktarnce EEE20) - o) e e e
TT8202 EHB201 (4] (o] - (o] (o]
PTBS01 CV7501 (4] (o] (a] (o] (o]
PTB301 Cva4a0l (4] (o] (a] (o] (o]
PTB201 CVa402 (4] (o] (a] (o] (o]
. PTB201 CVa403 (4] (o] (a] (o] (o]
HWR-Helium guard (HWRAO3, HWRB03 &) V7401

mmm o
PTE112 CW7501 o]

PT8203 XV8201 T
PTB201(ON/OFF ZH)  XV8501 o} o} o} 0 - Xv7s01
PTB203(ON/OFF EH)  XV8201 o 0 o 0 -

HWR-Mode interlock (HWRAD1, HWRB03)

I e T T TR

LT8201 EHB201
LT8401 EHB401 o] o] o] 0 a

N
1 7 I _*_El'a—-!ﬁ:ll"?ﬂ 92 Rar E.I.sulcve
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Estimation In advance

= Cool-down time @ 4.5 K (< 2 months)

X 15 cool-down of SCL3 : more conservative way — step cooling ! + manually
checking dT @ cryogenic distribution system

- Step 1: The FIRST cool-down : Should be very conservative
SCL3 CB+ CDS - Step cool-down (50 K) controlled by Turbines: within 16 days

(300 K-250 K + 1 day stay — 200 K + 1 day stay— 150 K + 1 day stay - 100 K + 1
day stay— 50 K + 1 day stay — 4.5 K + 1 day filling and stabilization)

% Calculation with energy balance + conservative assumption
= 291~330 hours (< 14 days) ; 18 tons (AL), 9 tons (SUS) @ CDS + thermal
shields of CM

- Step 2: CM - QWR fast cool-down : within 12 days
HWR : within 20 days

[ ]
X 5t o e |
1S Z1xnetaze 93
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Visual checks/Parameters satisfied (Sep. 7t 2022)

X 5t o !
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= \What we did for Readiness of SCL3 Cryogenic commissioning

SCL3 Cryoplant — Confirmation of performance
Final Loop tests from equip. to GUI (QWR, HWR, TBx, Vacuum systems)
Interlocks’ tests (designed by IBS) om0 ;___~_-._,3.fd 15:50

Helium conditioning on all cryogenic pipes

Final checking (visual) and positioning for the first 4@

Insulation Vacuum
= Cryogenic Distribution System : 5 x 10 mbar~10- mbar
= Cryomodules : 1~8 x 10> mbar

PRl g fm k) A
7|—|—'L‘I-_Iﬂ:'lﬂ Rare Isotope
Institute for Basic Science Science Project
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_13? cool-down of SCL3to 45K

The ﬁrst cooldown of SCL3 LINAC

45K ”””””””””””
"’re'a'cghed :

R o Checkmg stablhzatlon
Cavmes QWR Fast Cool- down HWR cool down

T T
160 180

I
140

T N TT T T[T T T T[T 7o

Temperature [K]

120

2022.09-00 I 09'11 I 09-13 ‘ 09-15 0917 I 09.19 ‘ 09-21 I 09-23 I 09-25
TBx TS S temp from plant [K] TBx TS R temp to plant [K] TBx TS S temp to LINAC [K] TBx TS R temp from LINAC [K]

TBx TS S in TBx [K]
TS S temp in 1st HWR module A[K] TS R temp in 1st HWR module A [K] TS S temp in 6th HWR module B [K] TS R temp in 6th HWR module B [K]

IS S temp in P2DT HWR module A’ TS R temp in P2DT HWR module A SHe S from TBx to LINAC [K] GHe R from LINAC to TBx [K]
EBx 4.5 K reservoir [K]
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QWR CM cool-down QWR CMs : 9 days (no breaks)

Fast cool-down for OWR

T control for slow cool-down
200 250 ——mEcoordowd " | 100
1.8 |- ﬁ
= I 200
@© 180 —
£ 1 4 L e ””‘t“‘ U ' ”'W‘"“"”“’HH‘H“ T ”‘”““““! N N AR (@)
o - ¥ 150 | =
= 1o i E - 60 é%é‘ﬁ‘#&“y E
T 3 P T T S o =
& 10F S100 Tin I g
I - o r’d | 440 ®
e 0.8} g >. QWR
P -~ 50} [}
L o6t 3
- 20
2 04l g
L 04 ol ,__L e, -
0.2} |/ a7 A e 1o
i Valves’ control
OO L _50 . | . | . | . | .
16:00:00 18:00:00 20:00:00 22:00:00 ‘ 00:00:00 02:00:00
T in
PT8301 ~m= T _cavl. top — CM1 JT valve CM2 JT valve
—A—T_cavl. bottom CM1 CD valve CM2 CD valve \
0 T_cav2. top —— CM1 LHe level CM2 LHe level
—/—T_cav2. bottom
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Cool-down of HWR A Cryomodule (4.5 K) HWR CMs: 8 days + 17 days = 25 days (including holidays)

15 B 250 T T T T T T T 120
100
200
1.2 —
T S
@ 80 o
= <150 ST A e e =
T S i Q Trom L i
A = 60 © GHe — -
0 = P SHe : A— E
o ©100 S VLP
ol 8_ §
506 | E 40~
> ) [
o} = 50 2
O 20 4
o T
0.3 0 a
0
0.0 & -50 . : . : . : . -20
11:00:00 12:00:00 13:00:00 14:00:00 15:00:00
— PT8201 —a—T_in — 4 K JT valve
—e— T_cavl. top — 2 K JT valve
—A— T _cavl. bottom ——— CD valve
—v T_cav2. top —— 4 K reservoir LHe level
—— T_cav2. bottom 2 K reservoir LHe level
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Cool-down of HWR A Cryomodule (2 K) — one by one ( ~ 3 CMs/day)

@@@ Main 2 K return line

Cold compressors

CM CM CM CM CM

1200 =] 5.5 I T T T T 120
'S 1000 - S0 L il s ot 100 -
S il o :
€ 500 _ 40 ULk ¥ 80 2 First pump-down :
) 1 X, ‘ c _ _
2 =4 L2 One-by-One
8 00l = @ (for all - 13 days)
o g3 a0 S
5 g >
S 4004 2 3.0 | L 2 Due to : Concern
(7] \ AR ! v o 1 €‘ i i “ [ . Q@
e ool 25 \M“mﬂnlli"I'N'J”ImiiJmimthwluillinli;iuulwilllméjlm‘u!mn|"h i ofTAO@
! \‘M;'.\‘\ | ,4|IIIJ|\ 1 |l'| | .I ) l ‘ I .lIII.IM\.IMM.M.IJI.NII||m|uw\|||.u|ulmlmunmmw 0 2 K Crvo qen I C
20 valve @ 4.5 K
0 - 1 1 1 1 1 1 1 | _20
14:00:00 14:30:00 ‘ 15:00:00 15:30:00 16:00:00
—a—T in
PT8202 - — 4 K JT valve
T_cavl. top —2 K JT valve
—4A— T _cavl. bottom CD valve
T_cav2. top — 4 K LHe level
—&— T_cav2. bottom 2K LHe level
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End of Cool-down (4.5 K)

Acknowledgement : RAON SCL3 @ 4.5 Kand 2.05 K

Date: Oct. 26th, 2022
Jan. 11t 2023

F|rst Cool down
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. ~SCL3 Beam Commissioning — 1st Phase and first experiment

Machine Mode Linac Tuning

Beam Energy MeViu

B-
Beam Mode Linac Tuning ‘ ‘
s

Beam Species

17581 MeViu 6407 MeViu
196 pA 00 pA

P20T SCL32 (HWRB)

2125 pA

2457 MoVl 0529 MeViu
0.0 pA 00 pA 04 pA

SCL32 (HWRA) SCL31 (QWR) i) RFQ CHOP OM

Beam Energy 17.6 MeV/u

LLRF Status SSPA Status Beam Direction Timing Control

Qutput
AMP FB
PHFB

Particle identification with the first KoBRA beam commissioning
(2023.06.01)

58 -

§ < Preliminary | — 80

< i lBe "

N ot — 70

=6 \

g 1 — 60

A . 50
1y :

=4 e LI

= 40

w 1

w 1 - o

= o= ot .- 30

> P B - . = .

22 - a% : 20

5 :

3 10

S S A S S S S M S R SR 0
200 250 300 350 400

Time of Flight between F2 and F3 (nsec)

KoBRA aFF Timing On/Off
NDPS arF Beam Pulse Rate

) 505 0 5 015w
DUMP Beam Pulse Wicth

Y[mm]

Acceleration to the end of SCL3 : May 2379 2023
First experiment : May 31st ~ June 2"d, 2023




Overall thermal performance of SCL3

Control volume

>CL3 .( I i SCL3

CB ﬁ i Helium Transfer line
h (T, P) x 1 ]

Scle | , L scl

Upgrade secton
for SCL1

@ RAON, every 9:00 AM - regular checked/reported
Overall thermal loads (T, P, mass flow rate)
Vacuum conditions
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Thermal performance

Design Results
(RF OFF) (RF OFF)

Margin

« 10,172 7,270

Thermal shield
(35~55 K)

45K +2 K 1,012 785 1.29
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. Results
RESIE(REOER) (RF OFF + Heater ON)

Thermal shield

Supply 14.76 97.4
UnemEl skl o 145 953 496 1462 974
Return
SHe Supply 4.5 3 36.4 4.5 3 33.5
GHe return 5 1.25 27.1 5.6 1.2 19.7
2 K return 7.1 0.032 9.3 5.6 0.030 13.8
Insulation

<6 x 107 mbar
Vacuum
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Design

Results

(RF ON) (RF ON)

Beam commissioning mode

Total (W) Total (W)

Thermal shield

(3555 K) 10,172 7,491

45K +2 K 1,316 850
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Full Heat Loads @ Cryomodules

Design
(Target/with margin)

Total (W)

QWR Cryomodules

@ 6.1 MV/m 17.1/25.7
HWR A Cryomodules

@ 6.6 MV/m 12.4/18.6
HWR B Cryomodules 20.3/33.5

@ 6.6 MV/m
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Results
(Min.~Max.)

Total (W)

7.4~44

9.5~33.7

16~21

Results
(Average)

Total (W)




= Measuring full dynamic load @ each Cryomodules

= Results of total heat load : less than our expectation

= SCL3:

We may run to SCL3 with full RF powers — need to be
confirmed by beam dynamics/diagnostics
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Dynamic Stability

= Target (Peak to Peak) by Cryogenic System Team

= GHe pressure : +1 mbara

= VLP pressure : £0.3 mbara
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GHe main line
With dynamic pressure sensor

/CSS/{dpOPI/EBX_DPT7301..0pi

A O X
21 Rk [ T T T ES NN ] P I
1.1315E-34
1E-3 -
HEE-A -
-
: FFT
fEE-A -
(=
3
E4E-4 i
2E-4 g
L B L L B L L L L By L L B S LI AR |
0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 B0 B85 an as a9
Primary X Axis (0)
|—0—Cr)rc|-CDL01:EBxDl-DPT?SDl:FF[Amp
&% | ] | m] | Eaa @l [« ] alel 8
0.001 :
0.0005

o

-0.0005

Primary ¥ Axis (1)

=
o
=]
=1

-0.0015

-0.00205 3

Dynamic pressure
(bara)

T
09:00:51.000

T T T
09:00:51.150 09:00:51.260 09:00:51.370

T T T T 1
09:00:51.480 09:00:51.590 09:00:51.700 09:00:51.810 09:00:51.999

Primary X Axis (0)

111




For Stability of SCL3

= SHe flow to End Box
= Unstable flow by SHe flow @ the end of SCL3
= Vibration observed
= Disappeared when stopping the SHe flow
= For cool-down : Used the Ebx Crane

Othermodes - not used l
Wall

= Vibration by crane

. Vibration
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= Dampers
= “Valve and reservoir” system in order to minimize TAO
= Dampers @ GHe installed
» Thermal performance improved
(Total decreased heat load : ~100 W)
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= Motion of cryogenic valves (especially for pressure control)
e Minimize the motion with slow speed (Pl values @ PID control)
v" Critical effect on df
» Solving the hunting by positioners’ issue (1A leak)
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= GHe Pressure Control
 Not for each CM
e Controlled @ the main GHE line only
 with valve installed @ main distribution box
e Each CM - return valve : fully open

= Control of heaters @ CM
* For making good position of cryogenic valves
e |In order to minimize the effect from RF on/off (on-going)

= VLP return valve without convection brake
« \We could not use this valve without 2 K operation.
 Dueto TAO @ DN50 Weka cryogenic vale
o @ 2K pressure — TAO disappeared — used for 2 K operatio

115



TAO analysis

@ Commissioning

4.5 K operation : Unstable
Confidential — cannot be copied

2 K operation :
Stable

-> need to be investigate

116



We already knew the necessity.

Lippenring geschlitzt in PE-UHMW
v-ring slotted in PE-UHMW Ventil Spindelrohr
valve spindle tube

stainless steel rings, tack welded to spindle tube

A i i
C < Ring in nichtrostendem Stahl an Spindelrohr geschweisst

Ventil Gehauserohr
1 valve body tube

Confidential — cannot be copied

Our convection brake,
Installed @ 1 CM and no problem -
confirmed @ the FIRST RUN

1€N.CV7201
openéd @ 4.5 K

Before the Second Run,
All valves will be modified.
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= OQur system Is very sensitive
o Especially by GHe dynamics
e Relation between GHe and VLP (flow - > vibration)
o Dampers @ SHe: Checked the necessity - by temperature/JT Position

Instéalle(éj

R i ] : ‘ : : :
Ty —_———r—tt e ——_—— .

. ¢ ,\l.p{“u }

i =1

ﬂt,er\J‘%]%l“l,-'Lf--,.?

R

N

SHe

= Current Stability @ CM : 2~3 mbar @ GHe pressure (1.2 bara)

0.1~ 0.5 mbar @ VLP pressure (30~34 mb
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Warm-up : for 3 weeks

= By manual mode
e Source
« Warm flows
from cryo. plant

e Temperatureof TS

(thermal radiation/conduction) 3 :::f:

e Temperature
e < 3 K/hour
e < Max. 50 K difference

e Pressure : < 1.3 bara

SCL31-BLOL

» SCL31-| :CM11-
SCL31-BLOL:CM14-TTB403:TempR [K], 1-| CM15-]
SCL31-BLOL:C -1

our

M18-TTB403:
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TempR [K], SCL31-| CM19-TTE403:Te
SCL31-Bi

4 50 60 T
1
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1 1
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= Avalilability and Reliability

Sep. 7t 2022, 3:00 PM ~ up to now.

Failure’ Cases Down-time
Small capacity of a circuit breaker @ TBx 6 hours
SHe flow instability of Main SHe 24 hours
@ End of cool-down (End box — filling)

Frozen nitrogen, oxygen, and water to block the 385 hours
inlet filter of 15t cold compressor

VLP pumps’ oil filling (not expected) 16 hours
Failure of PI control (HWR B CM18) 6 hours
Disconnected with EPICS 10C 2 hours
(just before warm-up, made by human error)

Total 439 hours

87 % for 2 K operation
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= |ssues’ tracking

o 2 Kreturn cryogenic valves @ valve boxes : convection brake
e Cold leak of HWR B CM#11
o SCL3 cryoplant : VLP pumps and safety line @ SHe line

= Punch lists + regular maintenance

e Cryoplant: 3 items
e CDS/CM : 48 items
o Control (including updates) : 32 items

From 39 of July ~ to end of Oct. 2023 :
our maintenance period
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No accident in SCL3 |

y




LLong Journey, but very incredible

“6 Years and 6 months”

May, 2020/1BS

Acknowledgement : RAON SCL3 @ 45 K

Date: Oct. 26, 2022

First Cool-down

Moving the next step,
Just turns on the light @ RAON



S NS

We made the achievement,

But, need to be improved more

[ ]
1b§ 7|20y 125
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We just start and make a background
for other challenges (Second run, Third
run — open for users).

Our RAON of IRIS @ IBS,
Just accelerated the first beam as an
superconducting accelerator.

With your interest and collaboration,
want to go to the next stages.




tyki0615@ibs.re.kr
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