Rare isotope
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ON-line experiments

Status of RAON heavy-ion accelerator
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Project Overview
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Rare Isotope Science Project (RISP)

4 )
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: KRW 1,518 billion (USS 1.32 billion, 15=1,146krw)
- accelerators and experimental apparatus : 522.8 billion won
- civil engineering & conventional facilities : 996 billion won (incl. site 357 billion won)
O Period: 2011.12 ~ 2022.12(1%t Phase)
2023.01 ~ (2" Phase)
G J

System Installation Project

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

€ Providing high intensity Rl beams by ISOL and IF
ISOL: direct fission of 233U by 70 MeV proton
IF: 200 MeV/u 238U (intensity: 8.3 puA)

€ Providing high quality neutron-rich beams
e.g., 132Sn with up to 250 MeV/u,
up to 10° particles per second

Facility Construction Project

€ Providing More exotic Rl beam

Construction of research and support facility to ensure the production by combination of ISOL and IF

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

¥ Accelerator and experiment buildings, support facility,
administrative buildings, and guest house, etc.
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Campus Layout

Campus Area : 952,066 m* (including the reservation area of 144,640m")
Period : 2014 ~ 2021(8 years)
Cost : 996 billion won (incl. 357 billion won for land) Assembly Bd.

Building Area : 76,259m’* (11 Bds) SRF Test Bd.

High Energy B

* ¥ :‘

Total Bd. Area :116,252m -
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Constructor : POSCO Consortium(11 companies)
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RAON Layout

Control

Utility -~

@ SCL1 has been decided to postpone
: SCL3 is going to be taking a role of SCL1 in the early operation
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RIBs at RAON
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@ RAON will provide access to unexplored regions of the nuclear chart
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View of Construction Site
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Conventional Facilities

SRF Test Bd. Assembly Bd.

HQ Office Bd. | Utility Bd.
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Accelerator Building, Experimental Halls

Beding Section SCL3-gallery
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Part 2.

Accelerator Systems
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Accelerator Systems

<—— Injector —>»« SC Linac > < IF
SCL1
<«—— SCL3 —» <«— SCL2 —>»
0.5 MeV/u 18 MeV/u 200 MeV/u

SCL21

SCL22
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Injector System

SC ECRIS

Two ECR-IS on high voltage platforms

N 14.5 GHz ECR ion source
. 28 GHz superconducting ECR ion source

LEBT (E = 10 keV/u)

* 10 keV/u, Dual bending magnet

*  Chopper & Electrostatic quads, Instrumentation
RFQ (E = 500 keV/u)

*  81.25 MHz, Transmission Eff. ~98%

*  CW RF Power 94 kW (SSPA: 150 kW)

MEBT (E = 500 keV/u)

*  Four RF bunchers (SSPA: 20, 15, 2x4 kW)

*  Simple guadrupole magnets, Instrumentation
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Installation completed and beam commissioning from October, 2




Control System

Control Center ’ Integrated Control System

Data Storage System EPICS 10C

Controllers
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Clean Assembly @ Accelerator Tunnel

(Cryomodule + Warm section) + (Cryomodule + Warm section)

* Cryomodule & Warm section is clean assembled in the clean booth@tunnel
* Total Particle counts(size=0.5um above/10 mins) were less than 30 counts
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Superconducting Linac, SCL3 Tunnel and Gallery
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SRF Test facility

-Studio Wind p
Gk B8 %SRS 5 | iz op1 Runtime
& VT_Cryostat_Mainopi 51 ® G (78% roo-r= A
S Vertical Test - Cryostat 08/0CT/2020 15:38:39 g

||

On-site SRF
test facility
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3 pits for VT; up to 3 cavities per pit
« 3 HT bunkers

» To cover all RAON cavities - QWR (82.125 MHz), HWR
(162.5 MHz) and SSR1 & 2 (325 MHz)
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LLRF System
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Vionitor Setup Graph

[ PAC @] [Feedback ®®] [interlock @ ®]

Eacc=6.11 MV/m (+0.49%),
Phase=50° (+0.149] | ke[| bous [ _ous |

[ Power RMs | [ 0.0077 per. | [ 0.0078 per. | [ 0.0072 per. | | 0.0076 per. |

[ Phase | [272.7308 deg] P62.2732 deg] [107.5480 deg] [190.2925 deg]
| Phase RMS | [ 0.0053 deg. | [ 0.0060 deg. | [ 6.8638 deg. | | 0.0046 deg. |
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LLRF Latency Test " QWR Cavity Control Test@SRF CSS 0PI

« Test and confirmation with SEL(Self-Excited Loop) mode(*=100 kHz) &
GDR(Generator Driven Resonator) mode; GDR mode@nominal operation

« Realized, LLRF and control system via EPICS
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RF Control Test of HWR#26

RF Control Test(Amplitude/Phase feedback with Tuner control)
RF Amplitude, Phase Control
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Target RF amplitude, 6.6 MV/m(=0.13%) < 1%, Phase=100° (=0.639%) < 1 deg
» Tuner operation threshold : +/- 5deg
= Control bandwidth: 90~160 Hz
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Cryo-plant

SCL3 cryoplant (4.

. s
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2kW @ 4.5 K

r—-—.. - 0 — -"1
‘_...--"'"' by - fr

Compressors and Oil Removal System (WCS) Cold Box(CB)
= SCL2 cryoplant (13.5 kW @ 4.5 K)

Cold Box (CB)

(Left warm side, right — cold side)
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Cryogenic Distribution Systems

= Layout of cryogenic distribution system @ SCL3 and SCL2

SSR1(23)

QWR(11) m &
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The First Cool-Down Curve of SCL3

Cooling down cryogenic distribution system, thermal shields of 2;11 CM with SCL3
cryo-plant, simultaneously.

»  The first cooldown of SCL3 LINAC End

Oct. 26th

45K

reached
Caxitiecic- ADIWR - -Canl.-dasxn avifiog.. J
Cavities - QvwnCoor=aown vities - HWR Cool-down
P & >
al - >
e oy
Iy
i oo Wi i oS i A i B X
\ JUIJ'J"
From Sep. 7th o
«—>¢ - >
Cavities : Cool-down X
2022-09-09 09-11 09-13 09-15 09-17 09-19 0921 0923 09-25 09-27
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 5th QWR module [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]

TS S temp in P2DT HWR module A [K] TS R temp in P2DT HWR module A [K] SHe S from TBx to LINAC [K]

X 15t cool-down of SCL3 : more conservative way — step cooling ! + manually
checking dT @ cryogenic distribution system
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Part 3.

Rl & Experimental Systems
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Rl & Experimental System

Neutron Facility

Bio-medical facility
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ISOL System

5

OL Beam‘ Line

MMS/MR-TOF
TIS, EBIS, RFQ-CB, beam line were tested with SI(Cs) beam, completed in 2021
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Ta;[g}itm::rn Pre-Separator » RFQ Cooler » EBIS - Post linac
(20 keV, 23250 ™) {m/&m = 400) (3mmm mrad, < 5ev) (10 keV/u, *25n***) (Charge state n+)
]? — e Driver beam : proton 35<k<70 MeV, up to 70 kW
o L s e Target : UCx, MgO, BN, CaO, BeO, SiC, etc
tie— ] l CLs e lon Source : Surface, RILIS, Plasma
ety 000 « RIB : 6< A < 250, 10<K< 80 keV, 107 % puri
: % Hitcch : , eV, 1078 pps(Sn), >90% purity @Exp.
i e e incident to RFQ of Post accelerator 10 keV/u
. * full remote maintenance system with TIS modularization
i1 -
1 2 HRms
i - | __ Beamline-2
JE— :
Pre- .:\ T;:g P:E—mass
Separator-1. Separator-2

- ISOL beam lines including sub-systems
are commissioned with Cs beam in 2021

- Rl beam commissioning using SiC target (Q1 2023)

q """’{ ;
A/Q separator and beam lines
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Presmass separator and beam lines
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KoBRA Spectrometer commissioning in 2021

Ql4 Ql1 Q8 Q7
e
F3 Q15 QI3 Q12 Qo | F2| @ SZQG
‘Wien filter FEEE / Q>
Curved-edge bending F1
Small quadrupole magnet magnet D2 A. o

(movable beam dumps,
Faraday cup, iron blocks)

urved-edge bending magnet D1

Collimator chamber Ql

Rotating target system——» T;'il 13 i

”
2

Alpha source (“m)
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---------- LISE++ MC Calculation (5™ order) R
« Experimental Data
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Other Experimental Systems

All exp. systems are installed and machine-commissioned by 2022
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Part 4.

Beam Commissioning
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Beam commissioning (LEBT)

* Beam parameter measurements (Allison scanners, wirescanners)

- measuring initial beam parameters (fitting beam sizes of wirescanners)

- controlling optics when needed

- do matching to RFQ

* Emittance measurement (Allison scanner, quad scan

* Beams: Ar9+ (~30uA), Ar8+ (~47uA)

2]
Select the Section LEBT (145GHz)  ~ p
EWS0lx  FWS0x FAWS03x WS04  HEmSk = T
X rms size
[mm] 319 449 226 35 521 15|
EWS0ly EWS02y [IWS03y E[AWS04y [HAEmSy 1ok )
ms size =
Y [mm] an 522 03 39 253 E X beam size
i _\/
N
| Loadbeamsize dotn 2 o
E A~ J— o ’
Energy Atomic Beam Current  Mass/u s I AT NP — .
[MeViu] number Charge [mA] [MeViu] » - )
0 3 032 931.494 E 10k Y beam size i
rmssempanaes oo [N Ll <9,
) 0 200 5000 w00 000 120 14000
rms emittance  beta alpha Z [mm]
Xplane | 0.034592 14713 0.41093
Yplane | 0033409 | 36314 0.89131 _
£,=0.035
Matching Quads ~ Quad 1 Quad 2 Quad 3 Quad4

Before Matching

After Matching 0 0 0 0

s \ ~ Beam emittance
/ \_ (Allison scanner)

00 20000 40000 G000 BODOO

0.038 mm-mrad

- Beam emittance
£
o (quad scan)
%30
§2ﬂ
0—45 -2.0

E_f';le.gtive Q:gﬂsrupole;%fgngth [_lfr'r?]
emittance comparison
X Y

Allison 0.048 0.067

Quad Scan 0.041 0.038 e




RFQ Beam Transmission

* RFQ RF set-point (Ar9+, Ar8+):
- beam transmission measured using MEBT ACCT?2

- Fitting against model

* Measured transmission = 94 % (simulation = 98%)

 Cavity RF power: 51.5 kW (Design ~39.1 kW (20% margin))o_ L
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Injector Transmission

1Q00 1000
- 10% beam duty operation: 96 minutes, 10Hz, 10msec (2021 4 207. )
% o ‘é’ 500- 500
Injector transmission > 94%
. 0 0
- MEBT beam emittance measurement based on quad scan =20 <10 0 10 20 -0 -10 0 10 20
' - 500 1000
H I 1T TRACK (blue) 3
Forward ——— - Measured(red) 0
Pickup —F—— -20 =10 O 10 20 -20 -10 O 10 20
qusec §
B 100msec _
500 500
=
Reflected —
=20 =10 0 10 20 920 -10 0 10 20

x Imm1 y [mm]

MEBT quad scan
100 m emittance measurement
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= 80 15

e — —

S '!IE 10 E 2.0
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Time [Minute] g, = 0.064 mm-mrad
1 71z Injector beam transmission - g, = 0.049 mm-mrad ,3,; Bl FANRIE
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Bunch Length Measurement, Fast-FC

» Fabrication of Stripline type Fast Faraday Cup

Amplitude [AU.]

T oo Oscilloscope (4 GHz. 25 GSPS)
Frequency component < 3 GHz
« Semi-rigid SMA cable in vacuum With 0.13 ns bunch length « Ar8+, 50 UA, at the end of MEBT (4
« PEEK insulator " — oz bunchers)
* Taplate in front of FFC o « 100 us macro pulse commissioning
« Bolting at irregular position % s beam
' * Expected peak amplitude was ~4 mV
B I il N N » RF amplifier and oscilloscope prepared,
O S O F considering frequency component

0.8

06

0.4

0.2

Amplitude [V]

Amplifier (43 dB Gain )

Bandwidth 300 kHz ~ 14 GHz

0.0

Institute for Basic Science Time [ns]
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The 1st SCL3 Beam Commissioning (Oct. 7, 2022)

Eacc IMVim] - Beam Eneray : 0.701 MeViu FC: 31.7pA

Machine Mode Linac Tuning s
60-| 08 - 40,
Beam Mode Linac Tuning o 7 ki
EW__ EM‘““‘ W ' "“‘ \
Beam Energy MeViu e 065 Ezs
i v By 3
Beam Species b § @ % NhANSATAABNEBAS 0 % 8 & 6 0 8 4 & 6 0 4 & B 8 % B o4 £ £l
210
10 keViu 0.506 MeViu 0.701 MeViu 2.5 MeViu 3 MeViu 26 MeViu Eo.s m5
N7 A 20 045 o)
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1s0L NDPS 2022-10-07 20221007 20224007 2022-10-07 || 17:30:50 173630 73200 ATAX
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I
oM ECRIS ‘
Beam LLRF Status SSPA Status Beam Direction Timing Control '
RF Output oN | FWD JoN | KoBRA [OFF Timing On/Off oN ;
AMPFB N NDPS [OFF Beam Pulse Rate 10 Hz S50 5 W5
PHFB JoN | DUMP Jon | Beam Pulse Width 100 s Ylmm]

Ar®* beams accelerated by QWR #1~#5 on the 70

of Oct, 2022 . -
> L1328 HE HE 1 H iHE
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Faraday Cup
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The 2nd SCL3 Beam Commissioning (Dec. 16, 2022)

B
[ R | | Hi | 727 |

SCL3-BLOY (QWR)
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Beam Energy
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Ar°* beams accelerated by QWR #1~#22 on the 16th of Dec, 2022

Beam Energy :

2.472 MeV/u

Final Results :

2.50 TRACK

225 = Phase Scan

» 2.457 MeV/u (Measured)

> 2.444 MeV/u (TRACK)

QWR#3, #20 excluded

2022-12-16
16:55:30
time

0.4
2022-12-16
16:54:44

2022-12-16
16:56:18




SCL3 Beam Commissioning Plan
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% SCL3 Cryoplant

I
- 2nd Cool-down & Tuning 22-02-01 22-02-28 28 & Tuning(~2/28) !
« Final Checks, 3rd Coal-down (SAT~) 22-03-01 22-04-07 38 ool-down (SAT~) |
= SAT(~7.29) & Handover 22-04-07 22-08-10 126 10) :
Cryagenics | * CB-TBX connection, KGS license 22-08-01 22-08-19 19 ection, KGS license(~8/19) :
System | | pressurization and He circulation, Purification | 22-07-29 22-09-06 40 Pressurization circulation, Purification etc.(~ 9.2) II
« SCL3 4.5 K Cool-down 22-09-07 | 22-10-20 44 43K 474 QWR EHWR :
+ Stand-by @45 K 21001 | 221111 2 - _______________ , :
+ HWR 2.05 K Pump-down & Stand-by@2.05 | 22-12-19 | 22-12-31 13 WZOS K Pump-down & Stand-by 2.08 K
« Operation 23-01-01 23-03-31 90
% SCL3 QWR/HWR CM & RF 1
« SCL3 Component Check/Operation 22-01-01 22-04-30 | 120 :
« Central Control-Components(Dry Run) 22-05-01 22-06-30 61 ) :
« Final Check before Cool-down 22-07-01 22-09-02 64 Final Check before Cool-down :
« CDS/CM Thermal Shields Cool-down 22-09-07 22-09-18 12 Thermal Shields Cool-down(~8/18) :
= QWR CM 4.5 K Cool-down(22EA) 22-09-19 | 22-09-30 12 45K Cool-downg :
= HWR CM 4.5 K Cool-down(33EA) 22-10-01 | 22-10-20 20 M 4.5 K Cool-Down I
- QWR RF conditioning & Contral Check 22-10-21 22-11-04 s e :
QWIS;(J::;‘R = HWR RF conditioning & Contral Check 22-11-01 22-12-16 46 & Control Check :
« HWR 2.05 K Cool-down & Stand-by 22-12-19 | 23-01-11 24 Cool-down :
- Preparation for Beam commissioning 22-10-24 22-10-26 3 . :
« QWR(#1~#5) RF Enerization 22-10-24 22-10-26 3 QWR(#1~£5) RF Enerization :
« QWR(#1~#5) Beam Commissioning(~700 kg 22-10-27 | 22-10-31 3 QWR(#1~25) Beam Commissioning(~700 keV/u) :
+ QWR Beam Commissioning(#6~#22) 22-11-14 | 22-12-16 33 -m\ssinning[#6~#22) |
» HWR RF Enerization@2.05K 23-01-12 23-03-19 67
- HWR RF Control & Ready for commissioning 23-02-27 23-03-19 21 HWR-A(#1~25) RF C for commissioning
» HWR Beam Commissioning(HWR A/B) 23-03-20 | 23-03-31 12 HWR Beam:CDmmissm R A/B)(~3/31)
sCL3 « Controlled Access 22-09-02 22-10-20 49 Tunnel Controlled Access(3.2~, ODH) !
Tunnel |, o Access 22-09-22 | 23-03-31 | 191

- Finished 2 K cool-down of SCL3 on Jan. 11, 2023.
- Commissioning of SCL3 to be finished until March 2023
- From March 2023, beams on KoBRA spectrometer
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Part 5.

Summary & Outlook
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Summary & Outlook

Injector beam commissioning was carried out, achieving
machine setting and key measurements :

- measured beam parameters (energy, emittance, Twiss parameters, beam sizes etc)
- capable of controlling LEBT and MEBT beam optics freely as needed

- achieved beam transmission of 95% max (routinely > 90%)

- machine verification including diagnostics devices

RAON is preparing for Linac(SCL3) beam commissioning

- 1%t/2nd beam commissioning using 22 QWR CMs in SCL3 were successfully done
- ECR - SCL3 - KoBRA using Ar-40(9+) in Q1/Q2 of 2023

- Cyclotron = ISOL for Rl beam extraction is expected in Q1 of 2023

Plan for SIB/RIB experiments

- RIBs from ISOL to be injected into SCL3 in Q4 of 2023

- SIB experiments(ECR->SCL3 - KoBRA/NDPS) will be carried out in Q4 of 2023

- RIB experiments in ISOL beamline using Al isotope beams

Plan for SCL2 linac construction

- CM(SSR1, SSR2) R&D project : 2022.12~2025.12

- SCL2 construction is expected to begin in 2026
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