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' RAON i 'EI-S -> RAON ->,,Rare isotope Accelerator complex for ON-line expeti_men

. Rare Isotope accelerator:
Whatis it? - Cyclotron for ISOL
- Superconducting Linac for In-Flight Fragmentation

“RAON

Accelerator complex
® ISOL + In-Flight Fragmentation ®
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Origin of Matter Applied Sciences

Properties of

Nuclear Astrophysics : Exotic Nuclei * Bio-Medical Sciences
Nuclear Matter * Material Sciences
Super Heavy Element Search * Neutron Science
High-precision Mass
Measurement

* Nuclear Structure
* Electric Dipole Moment and Symmetry
* Hyperfine Structure Study

Status 15t Phase of the Construction: 2011.12 - 2022.12
R&D for the 2" Phase: 2022.12 - 2025.12

~$ 1.4 B (Facilities ~ $ 0.5 B, Land, Bldgs & Utilities ~ $ 0.9 B)

Facilities include experimental apparatus

Budget
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Bird’s-eye-view of RAON .

e Accelerator System
e RI production System
e Conventional Utilities

e Experimental System
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Accelerator System
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Cryogenic
Facility

jpS 7zmmaza % SCL1 is postponed and is not shown here. 6 IDP e



Accelerator System
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Accelerator System
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HWR-B modules
(19ea)

HWR-A modules
(13ea)

SCL22
SSR2 modules
(23ea)

SCL32
HWR modules
(32ea)

Schematic diagram

Schematic diagram
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\ SCL31
Beam QWR modules ?eam SSR1 modules
(22ea) S'::,Lrg (23ea)
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QWR(Qdarter'WaVe_ _ResQnator) cryomodule and cavity
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Acceleration of positive ions

The electric field generated by the RF accelerates the ions

Before
acceleration

After
acceleration
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Injector System

Two ECR-IS on high voltage platforms

. 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 quadrupole magnets, Instrumentation S ’

BOIR7H47 11 PHAHE
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| SU‘be~fc_bﬁducjcihg"Iinac SCL3 (tunnel and gallery)

Clean beam line assembly CI\/I/Cryo_genric Control Rack and SSPA

Installation completed in 2021 3p rerwmewe




Cryogenlc System

. SCL3 cryoplant (4 2 kW @ 4 5 K) |

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

: Compressors and O|I Removal System (WCS) Cold\ Box (CB)

(Left warm side, right - cold side)

L4
T|E DoAY
Tnstitute for Basic Science

SCL3 Cryoplant was commissioned in Aug 2022
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Cryogenic Sy;tém >

= Cryogenic Distribution System

T|E DoAY
Tnstitute for Basic Science

* All QWR VBx are installed and assembled (VBx-VBx, VBx-CM).
All HWR VBx are installed and assembled @ SCL3.
Cryogenic transfer Lines are installed
SSR1 VBx : 23 ea, SSR2 VBx : installed

SCL3 Cryoplant and CDS were commissioned in Aug 2022
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SRF test facility

@ CS-Studio - 8 x
File Edit Search CS-Studic Window Help

Ok wiE-e% 8 280 - 5 | i OPl Runtime
EE VT Cryostat Main.opi £ “@ (—).’ma—v[ r>-=08

-

_"A?[“ Vertical Test - Cryostat 08/0CT/2020 15:38:39 -

On-site SRF
4 test facility

* 3 pitsforVT; up to 3 cavities per pit
* 3 HT bunkers
* To coverall types of cavities - QWR (82.125 MHz), HWR (162.5 MHz) and SSR1 & 2 (325 MHz)
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Vertical Test of.CaVit_ies’
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~ Assembly of SCL3 linac in the tunnel

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

 Cryomodule & Warm section is clean-assembled in the clean booth in the tunnel
* Total particle counts(size=0.5um above/10 mins) were less than 30 counts
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© The 1st SCL3 Beam 'Cpmim_iss‘i.oni'rig (Oct. 7,2022)
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~ The 2nd SCL3 Beam Commiissionin
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The 3rd SCL3 Beam Commissioning (May 23, 2022)

Eacc [MVIm] Beam Energy 17.581 MeViu Beam Current : 2125 pA
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.Un‘ique_hueSS of RAON : RIB Production

KoBRA ISOL IF Separator
RIB Production & ECR (SIB) = SCL3 — Cyclotron (p) — ECR (SIB) or ISOL (RIB) —
Acceleration Mode KoBRA production target TIS (RIB) — SCL3 SCL3 — SCL2 — IF (RIB)
Production Direct reactions & induced fission of U Projectile Fragmentation
Mechanism Multi Nucleon Transfer P (U fission)
RIB Energy < a few tens of MeV/u > a few keV/u < hundreds of MeV/u
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-
[
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g 4 o I iy
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| e i1 | HighEnergy
Low Energy DE =+ Experiment Hall

Experiment Hall
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(IF System)

In-flight Fragmentation 10| X| 3|7 S ¢ & LHE K|

Lo system) ]

Isotope Separation On-Line XO|L{X| 5| S 4 LT




(IF System)

In-flight Fragmentation 20|l X| 3|7 S| & LHE K|
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Cyclotron

€ Specs E o R e
£ O lc————ag = b-.;f'f
: 35~70 MeV proton, 0.75mA max with two beam .~ = ———=1. & ¢ jﬁ_ﬂ
e e e = At
lines connecting to ISOL TIS bunker(Target lon Soutc) gt ] ;LJ”LF*“ .
1 K
€ Schedule ISOL Area | ==l ererrerey

: Contract(’19.6), pre-survey(’'19.11) , Design finalized('20.4) ,
FAT (21.6) , Shipping(’21.8), Installation('21.11.11~22.4.28)

~ Cyclotron

Cyclotron Beam line in installation

SAT on July of 2022
1o Jzery 27 RIBp pEwm




IsOL System

Target ion Source Pre - Separator RFQ Cooler EBIS Post linac
20 keV, 32Sn'™* m/dm = 400 3mmm mrad, < 5ev 10 keV, 32Sn33* Charge state n+

5
- D‘
{

e Driver beam : proton 35<K<70 MeV, up to 70 kW
e Target : UCx, MgO, BN, Ca0, BeO, SiC, etc

PGS ——

i"'j_F ,"’is

e | /- e lon Source: Surface, RILIS, Plasma
A/q Separatory ~® EBIS-CB | ¢ RIB:6<A<250,10<K< 80 keV, 108 pps(Sn), >90% purity @EXp.
e J -incident to RFQ with 10 keV/u for post acceleration
7 1 = _‘E- — 1 - fully remote handling maintenance system with TIS modularization
= R ch, Beamiine2 |
=3 ,' 1, '7 .:]
: g st chu&y
=

In 2021, ISOL beam lines were
commissioned with a Cs souce

In 2023, ISOL system was commissioned
with SiC target

A/Q separator and beam lines

Presmass separator and beam lines

L1
ES L
Institute for Basic Science >




t _ISOL System - ;

ISOL Experiment Hall
P e Driver beam : proton 35 ~ 70 MeV, up to 70 kW

e Target : SiC, BN, MgO, LaC,, UCx, Ca0, BeO, etc
e lon Source : Surface, RILIS, Plasma
| ¢ RIB: 6< A < 160, 10<K< 80 keV, 108 pps(Sn), >90% purity @EXp.

;'LJ% {FMR-TOF LS

= _ - incident to RFQ of post accelerator 10 keV/u
1 Inject A/q TL - full remote maintenance system with TIS modularization
|| Injector || separator |H y
I A~ e m— - o - . - = ¥ T T
1 1 £ - - RIID Station 4
< i n'al }-”M atd g
. a1 =
] = 5 : 9
E e e ® &8
>I >- TT Eh_ﬁ? 1 l!l
i SN - F .
sl TS e TIS | W . — . ¥ P
d O #(]]E ® f N -3 . | ’.:.. s
o Pre-mass | /AN - — Qa3 A
Separator ST = =/ %4l = T LSS
ﬁ | Amng &Dis\persion &l

M | | T
e o ”'l ! | 70 MeV Proton
4" = Cyclotron

- ISOL beam lines including sub-systems
were commissioned with a Cs ion source in Dec 2021
- Rl beam commissioning using SiC target (March 2023)

1bS 7|xnetany

Institute for Basic Science




ISOL System o

Crane interface Total fission rate
Activity [Bg]
S0z 1.603 X 103 [ sec
7.00E+12
6.00E+12
5.00E+12
ngDELZ
Proton
/ module e
RI module
box '\
| H H
- | i i ‘ ‘. l l A L j
-~ : RN AL EEERERH EHLLE

Fission Products : ~ 1000 Radioactive Nuclides
(=300 nuclides half-life > 3 days)

? i | ' —-I— pmoo2
B —®&— pm005
I | —&— pm0o08
g
§1E14 - E
E
————
N ot 0 sihnio(c;ay) 350 40
10 kW ISOL target & chamber Decay of Total Activity of 70 KW UCx

Target after two weeks operation
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Proton (Z) #

]

60 —|

40|

20—

The first Rl Production and transport at ISOL on March 3, 2023
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The measured half-lives of Na isotopes by using PMT & Scintillators

q Nucieus

Proton (Z) #
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Al Al

g Mg Mg

P

Si- 22 Si- 23 Si- 24 Si- 25 Si- 26 Si- 27
29ms 423ms § 140.5ms 220ms 22453s 4.15s
Al- 21 Al- 22 Al- 23 Al-24 | Al-25 Al- 26 Al-28 | Al-29
p 64E-225 91.1ms 446ms 20535 7.183s J 71 7€Sy 2.245m 656m
*130.9ms
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4.0ps 90.8ms 122ms 3.8755s 11.317s 9.458m
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_Setohd ISOL ';Beam Commissioning with RIB (2™Al)

® Experimental results

The second Rl Production on May 23, 2023
= Proton beam 70 MeV, 1.2 n A

= SiC target temperature ~1,400 C (Ta heater ohmic heating 1.8 kW)
= Measured Rls (so far June 1)

Si- 22 Si- 24 Si- 26
29ms 140.5ms 2.2453s

Al- 21 Al- 23 Al- 24 Al- 25
p 6.4E-22s 446ms 2.053s 7.183s
*130.9ms o
—> 26m Al
Mg- 19 | Mg- 20 Mg- 22 | Mg- 23 Mg- 27
4.0ps 90.8ms 3.8755s §§ 11.317s 9.458m
Na-18 | Na-19 Jf o\ Y \ f \
1.3E-21s § p 150ns

6 | Ne-17 | Ne-18 | Ne-19
17.22s

109.2ms § 1.6654s

1.8E406 500000  25Na 1000
- 21N 25 . " - 26Al
1684061 2INa . Expiiting 4500001 ¢ Na_ 5.1 e EXPfting =9 —EXP-ﬁtting;L
vigvos ] t2=22.49s 400000 L12 =/99.18 e } 800 - =k
) ] | il | | i
126406 350000 7 '\ 790  t, = 6.346s
- gsooooo— “" i i @ 600 T
g 1.0E+06 _g 250000 ] ‘!. | \t' ‘g
§8'°E‘°5' Yield : 8 200000 I ," Yield : “\ : 8
6.0E+05 [ 7.4 x 106 cps 150000 - i 2.4x10° cps \
4.0E+05 - — ] | 4 | L
(preliminary) 100008 / (preliminary) %
2.0E+05 4 / 50000 ] 1 T \
]
! = . o 200 400 600 80 1000 1200 200
time (s) time (s)
< Measurement results using scintillator + PMT >
°

7|Xx toroi1el A
1 I_|_.LI-—' |_-_|'I'T_ - 33 - Rare |sotope
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| _ISOL~Sstém Cd’m'mi_ssiOn_ing.

Commissioning of ISOL system

* 2022.10: Cyclotron SAT

* 2022. 11: Rl Commissioning with SiC target & TIS module operation parameter check
* 2023.03: proton beam on SiC inside TIS module and Na*-?5 extraction experiment

* 2023.12: Na & Al beam operation and experiments in ISOL hall

RI Beam Schedule (~"24)

* Non-fissile targets: SiC, BN, LaC,, MgO , f . "”'
* Expected RI beams with 1 kW proton ' ol
- 22Na(SIS): 10677 pps / 2°Al(SIS+RILIS) : 1045 pps/8L|(SIS) 1057 pps R % B

- 131-132Cg 31B3, 135Ce ; , |

4 M X o - X
Z1Z= ot P . g e ) 34 BOL27147 |2 TSR
Institute for Basic Science g o BN p i AC R ahilt A . . Rare Isotope Science Project
L. » c v L SN PRy ) ; :



Ko"B_RA_-sbectrométer

KoBRA(Korea Broad acceptance Recoil spectrometer and Apparatus)

Multipurpose spectrometer for nuclear structure and nuclear astrophysics using stable or RI

beams in the energy range of 1~40 MeV/u

- Rl production at a few MeV/u and 20 ~ 40 MeV/u using a stable beam from ECR-IS
- Recoil mass spectrometer (<a few MeV/u) for direct measurement of the radiative capture

process, using Rl beams from ISOL

Scattering Chamber

Wien Filter image From JW Hwang of CENS/IBS

Small 4-pole magnet

Beam dump chamber

Large 4-pole magnet

2-pole magnet D2

6-pole magnet

Magnetic rigidity 0.25-3.0 Tm
Angular acceptance 80 mrad (H)

200 mrad (V)
Momentum acceptance 8%
Momentum resolving 2100 at 2 mm beam
power at F1 size

Mass resolving power
(with Wien filter)

750 at 2 mm beam
size

Beam swinger

up to 12 degree for
3 Tm

Z-polemagnet D1 iinh order correction

up to 4t order

Degrader at F1 Homogeneous
Water cooling type collimator chamber
<«—— Target chamber
31347 Swinger magnet
lon Beam
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~ First prbduttion of Rls at F3 of KoBRA spectrometer (Ar + C)

Particle identification with the first KoOBRA beam commissioning
(2023.06.01)
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Time of Flight between F2 and F3 (nsec)
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-NDPS_.(I.\Iuc':I_ear Dat_a Par‘oducti'on System)

O Basic Science

- Origin of chemical elements (slow and rapid neutron capture processes)
- Nuclear structure and reaction mechanism
- Nuclear fission dynamics

- etc
O Technology and Engineering

- Nuclear reactors and safety

- Neutron imaging

- Medical isotopes (diagnosis and therapy)
- Semiconductor soft errors

- etc
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The surprisingly large neutron capture
cross-section of 88Zr

Jennifer A. Shusterman
Nickie . Peters®, J. David Robertson®, Dawn A. Shaughnessy! & Anton P. Tonchev!
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Tnstitute for Basic Science
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Fig. 3 | Measured thermal neutron capture cross-sections as a function
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of neutron number of the target. The main plot shows all the existing

data on a linear scale, and the inset displays the same data on a logarithmic

scale. The vertical lines indicate the neutron-shell closures, which occur
for nuclei with 2, 8, 20, 28, 50, 82 and 126 neutrons. The three isotopes

with cross-sections of more than 10° b are labelled along with the year of

the measurement.

Nature v.565 p.328 (2019)

Tacoma Narrows Bridge

39 1

BOIR7M47 | PHAHE

Rare Isotope Science Project



Resonances in 238U (n, fission)

92-U-238(H.F)
EXFOR Request! 641671, Z817-Mauy-26 11:46:48
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Resonances in (n, fission) reactions
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-NDPS.(I-\IucI_\ear Dat_a Pﬂroducti'on System)

target room | Beam Transport Room 2

S i 2 H < —ﬂ-&
— Deuteron or \
« [[1 |' T proton s,

O ] fim 1

L-- I.hl.‘“ NN BN BN BN BN BN BN B . N, BN N BN NN N N S S . . - - — r.a w
I Beam Transport Room 1 ; r SCL3
n == = i i 18 i 24 T vl
== T u = 7 7 ‘ SCL3-KoBRA beamline

Beam ion Proton, deuteron

Maximum 49 MeV/u for deuteron
Beam energy 83 MeV for proton

Maximum

Beam current 10 pA

C for white neutron

Target . .
& Li for monoenergetic neutron

Bunch length ~1ns

Repetitionrate |(1—200) kHz

Flight length 5-40m

Neutron flux ~108cm2seclat5m
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ToF room Target room
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-NDPS.(I-\IucI_\ear Dat_a Pﬂroducti'on System)

¢ Neutron production target, beam line, collimator

uadrupole magnet
Q p gn " /

Steerer magnet Proton or
Beam Diagnostic Chamber Deuteron
Beam

Monoenergetic Neutron Production
Target Chamber (Li target)

Dipole magnet

White Neutron Production
Target Chamber (C target)

Neutron Collimator

Neutrons |
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White neutrons

A pneumatic control lid

3D modeling

Target actuator

view port

Phosphor
actuator

Lead bloc

Inside of the chamber

Neutron yield (n/sec/MeV/sr/puA)

Graphite target -

Phosphor monitor

view port

Carbon target
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49 MeV/u deuteron

1l FPesl

MCNPX 2.6 with McDeC code

Neutrﬂn yleld atarﬂund 0 (125] _
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20
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Neutron Energy (MeV)

0 10

Neutron intensity at the end of the collimator

~ 10% neutrons/cm?/sec for 10 ppA
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| _Sihg.'ll"-e,IbOUn'clh 'séle(;tio,n' for TOF -

BN st

Initial stage: SARAF-type fast chopper (<200 kHz) + KEK-type DGB
- Well-demonstrated and cost-effective approach
- Not altering existing beamline configuration

Single Bunch Selection Scheme

' sT
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OBl |
LELEL]
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w
ESQ Triplet
—
oW

Slit g "
WS+FC+BV - A
2D Emittance Scanner

Target Bunch Length :
<12.3 ns at the RFQ entrance

ESQ Triplet
Magnetic QuaarL{:;)le P
WSIQ+AT S WS+FC+ ST
N BV+PD oM-2 =

~
v N
= g SN2 S
1

S ESQ Doublet — Chopper

Operating Frequency: 81.25 MHz
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.Ne‘ut'_rovnu monitoring detectors for NDPS

1. MICROMEGAS (MICRO-MEsh GAseous Structure) 2. PPAC (Parallel Plate Avalanch Counter)
N et i / Fission target (Th-232, U-238) . PrAct PrAc2 N Anode
? Ar+CF+i-CiHig E ’ﬁg (30nm) on Mylar(25um)
SAomm ot reglon S Cathode (strip pattern)

| !i!!!!!l!!!!i!!!!!il!!

neutron Ag (301’11‘[1) on Mylar(2.5um)
.......... 20cm
Micromesh ¥ 10 cm
1'?_.IW | Swm G
i T
" — FF
Anode (Cu)

Micromesh

PPAC

Manufactured by Korea company

ICARO
o7

" . . . .
V-0V IHVE s 240V Detection efficiency B Time resolution
;
252 oo 10 JHVI:-T70V/HV2:-270V g 1ooE 500
Cf fission source , g3
Ipha £ g w00
ap 5 CHVL:-T90V/HVZ:-290V 2 ol 2 -
97 % g ! =S g sk
Fission fragment 3 L 3 FWHMAZ ~1.29 ns
= 200
spontaneous fission ," = 8o
3
3% 5 T 10 AT=12-11
D 70 L L L 1 1 L L L 0 1 L 1 L L L 1
10° 580 580 600 610 620 630 640 650 0 500 1000 1500 2000 2500 3000 3500
i 1000 2000 3000 4000 Anode bias (V) TDC channel
ADC channel 47

D. Y. Kim et al., J. Korean Phys. Soc. 68, 1060 (2016)

C. M. Ham et al., J. Korean Phys. Soc. 75, 775 (2019) C. Akers et al., Nucl. Instrum. Methods 910, 1 (2018)
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_Cand-idétes of e'arl_y exper.ime'nts at NDPS

= Measurements of (n, xn) reactions with quasi mono-energy
neutrons by activation technique

« 29Co(n,xn), *Nb(n,xn), ¥’Au(n,xn), 299Bi(n,xn)

= Fission cross section measurements for heavy elements
(Pb, Bi, Th, etc.) or actinides

= Activation experiments induced by light or heavy ions

= Surrogate reactions for (d, px) and fission fragment measurement

L
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International Cooperation

MOUs with 17 International Institutes
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Summary

« The beam commissioning of accelerator systems is done.
 |nitial beam commissioning of the KoBRA spectrometer is done.

« NDPS is expected to be prepared for use in 2024
Fission experiments are planned.

« Candidates of early stage experiments are under discussion with users.
« Beams will be provided to domestic users first in early 2024,
* The first PAC may be held in late 2024.

* RAON will provide new opportunities not only in nuclear physics, but also in
nuclear data and other applications.

 Domestic and International collaboration has been essential.

« Beams will be provided to the international users soon.
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