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RAON Rare isotope Accelerator complex for ON-line experiments

Rare Isotope accelerator complex:
1. Cyclotron for ISOL

2. Superconducting Linac for Post-acceleration of RIB and In-Flight Fragmentation

“RAON

Accelerator complex

@ ISOL + In-Flight Fragmentation ®., .
o ° DN
Origin of Matter A Applied Sciences
Properties of
* Nuclear Astrophysics . Exotic Nuclei * Bio-Medical Sciences

* Nuclear Matter

* Super Heavy Element Search

* High-precision Mass
Measurement

¢ Material Sciences

* Nuclear Structure * Neutron Science

* Electric Dipole Moment and Symmetry
* Hyperfine Structure Study

Status Rare Isotope Science Project (RISP) : Dec. 2011 — Dec. 2022
RISP is changed to “IRIS” as of July 1, 2022. (From project to operation)
R&D for the 2" Phase for high energy linac : 2022.12 - 2025.12

~$ 1.4 B (Facilities ~ $ 0.5 B, Land, Bldgs & Utilities ~ $ 0.9 B)
Budget e .
Facilities include experimental apparatus

o — o —
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Bird’s-eye-view of RAON

® Accelerator System
e RI production System
e Conventional Utilities

e Experimental System

Area of theland ~1 M m

ST, R R o

®— .
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Accelerator System
e Injector ——— G— S( Linac ——— — | —

= SCL3 =——p € SCL) =—p
10 keV/u 0.5 MeV/u 18 MeV/u r ______ 200MeVju \.
isoLeck [ TLEBT |[PRFQY mest [NSEEEN scus- css SCL2-1 SCL22 || HEBT IF
[=0.047 p=0.12 | B=0.3 B=0.51 )
2nd phase
SCL2 Injector MMS, CLS System IF System BIS

'F
ISOL System /ﬁ KSR System
KoBRA / .
. Cyclotron L o4 |
System Cryogenic L : :
Facility LAMPS = =
System

X SCL1 is postponed and is not shown here.

N
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Experimental Systems

90 | | —
- IFS: U(200 Mev/u, 400 kW) + G =g Stable line
80 I koBRA: 4°Ar(30 MeV/u 12 kW) + Be ' : =
7o | ISOL: p(70 MeV, 70 kW)+UC, | ZaiiiiE
G | ISOLHF: Xe(222 MeV/u, 1E+07 pps)+
= et ;
c6eor- LA e
2 T |
O cowoo - H
E 20 - |
© KOBRA ISOL | ISloL+IF
e 40 1.0E+11 1E+00
8 1.0E+10 1E-01
1.0E+09 L 1E-02
E 3'9 1.0E+08 L 1E-03
5 Kd 1.0E+07 Y
Z - 1.0E+06 oo
20 N g o] e
1.0E+03 — 1E-07
1.0E+02 1E-08
10 1.0E+01 1E-09
1.0E+00 1E-10
0 Wt - 1 ' 1 i I
0 20 40 60 80 100 120

Number of Neutron (N)
€ RAON s going to eventually combine ISOL and IF to provide more exotic RIBs.

€ RAON is expected to access to more neutron-rich regions of the nuclear chart.

N
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RIB Production at RAON

KoBRA ( ISOL \ IF Separator
RIB production & ECR (SIB) — SCL3 — KoBRA Cyclotron (p) — ECR (SIB) or ISOL (RIB) —
acceleration mode Prod. Target ISOL (RIB) — SCL3 SCL3 — SCL2 — IF (RIB)
Production Direct reactions induced U fission Projectile Fragmentation
Mechanism Multi Nucleon Transfer P (U fission)
RIB Energy < a few tens of MeV/u > a few of keV/u < a hundreds of MeV/u
KoBRA : Korea Board acceptance Recoil spectrometer & Apparatus ISUL : Isotope-Separator Om-Line
IF : In-flight Fragmentation separator SCL 3: (Low-energy) Super Conduction Linac 3 SCL2 : (High-energy) Super Conduction Linac 2
_ ECR :
] -
SCL3 T
5 S I = :
. o ISOL IF Separator 3
' > | = ' =
' Zi — &1 Be 4 High energy
- ISOL Experiment Hall

Low energy preriment HaIIJ

Experiment Hall * IF

* Cyclotron . LAMS
* KoBRA * 1SOL - « BIS
* NDPS * MMS * puSr

* CLS
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ISOL system

i EI ]
3 |
]
ISOL Areﬂ
i B O i
| ,
i || | MMS
) on ————2F FePoO CLS i
4— WP -‘-f-n:;——w—&-?\. -
scL3  Injectgr——7 | EBISCB "
| A/q Separator-.f J
| fRFQ-C/B
-L—RIID
g 7
1 S i
. i ———--%3_ HRMEB
h,_j '-'-j_;:_ . Beamline-2
N, —H i ]
Ll s Ers K.
g = T =
i '= Test f%cﬂity
Sae— Tt J &
Pre£ass a-q g o P
S t _1 re-mass
i i h e i 1| 1P t Sepafator-2
[—rﬁ* . =
Omo‘-c—u ;‘-%"}
| 70 MeV Cyclotron
=, _ n
= 1
*— o —

IRIS

Institute for
Rare Isotope Science

Driver beam : proton 35~70 MeV, up to 0.75 mA
Target : SiC, LaC,, Ta, TiC, CaO / UCx, ThC, (2026)
lon source : SIS, RILIS, FEBIAD (2025)

* Plasma ion source is being tested using an offline test facility

Pre-mass separator (Rm ~400), A/q separator (Rasq ~250)
RIB (using 10 kW UCx target): 6< A< 160, 10< K< 60 keV, 108
pps(Sn), >90% purity @Exp.

Charge breeding : (RFQ cooler/buncher and EBIS)

- incident to RFQ at 10 keV/u for post acceleration
Remote-handling system for TIS/module

2022.12, ISOL system integration and SIB commissioning
2022.10, SAT of 70 MeV Cyclotron

2023.03, First production of Rl (Na isotopes) w/SiC target
2023.05, Na isotopes to RIID, RFQCB-EBIS

2024.03, production of Al isotopes (using a surface IS)
2024.05, Mass measurement of Na, Al isotopes at MMS
2024.06, Cs & Ba Rls production w/LaC2 target

2024.08, Acceleration of 2°Na°* beam by SCL3 and
transport to KoBRA

2024.11~, RlI-beam commissioning of CLS

“RAON



ISOL beam driver

= Specifications of 70 MeV Cyclotron (SAT in Oct, 2022)

Energy

35~ 70 MeV

Injected H- current

10 mA (H-), Multicusp IS

Maximum Current

750 pA(upgradable to 1 mA) stability >95%

Hill field

1.6 Tesla

Acceleration Efficiency

97.5% with radial probe

Harmonic mode 4
Cyclotron dia. 3.8m
Frequency (fixed) 61 MHz
Total weight 140 tons

Beam Line Transmission

97%@Cave A, 100%@Cave B

R
NEEREERT

for Y7()omm target with 25% wobbling

< Configuration of reference beam sizes with

IRIS

Institute for
Rare Isotope Science

respect to the target size >

-10 -

= 35~70 MeV proton, 0.75mA max with
two beams to ISOL target module

Ton Source and
Axial Injection System

I Ay 4 50
Beam(H+) extraction
(using Carbon foil)

" "t ISOL (behind the wall)

7, 47 '
v O &
< Cyclotron & beam transport line >
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ISOL commissioning target

= |SOL Target lon Source (TIS)

o Non-actinide target preparation (1 kW) o lon source for on-line application

= SiC, BN, MgO, LaC2 ....

= SiC target for Rl beam commissioning . o
selected for RIB commissionin Cavity tube
Item s1 | s2f s S-4 -
Density (g/cm?) ~30 | ~19| ~18 ~1.9 Extraction
R TR R PR e PP R PEE R P | e PP I Electrode _
Grain size (um) =10 | ~1 | 0.1-1.4 0.2-0.8
Emissivity (@1,563 °C) 079 | - | 0.85 0.85 < Surface ion source>
Thﬁrmal SEM (surface) - - || Crack-free |Crack-free P+ beam into page
SNOCK  preessrssnsnsrsansnssnsntosansnqooassafencssanssnsnhossssnnanss ¥ g
test SEM (cross section) = = Crack-free | Crack-free
g Lan mu" mﬂde| m?-; :I ................................... e
- - 2.11 8.39 -
Sy | enomiTmace w8 S | bl € — e
Thermal diffusivity (mm?2/s, 1200 =C) - 4.0 3.1 2.5 axcted state
* §5-1:commercial, §-2 ~5-4 : self-made
Ay
Magnet gt A

< Laser ion source >

= Cathode

51-Cross secthon 52-Cross secthon

§

< SEM images for SiC targets >

iﬁl_ " Institute for 11 - O-QAON

Rare Isotope Science

< Plasma ion source>



Rl production module in ISOL bunker

= TIS module, Proton beam module, Rl beam module
* connected & disconnected by pillow seals
* movable concrete blocks filled up around the modules
* TIS is located on 60 kV platform
* operated/maintained by a remote handling system
= Radiation safety
* radio-activated vacuum exhaust gas treatment system
* negative pressure in service area
* quick line connection & disconnection in services zone

TIS HV

Electrode moving  busbar/electric/cooling
air motor . Proton heam
Prim; Lyn’\]’s;uum ang[lyr: Sg i X-Y steerer Isolator Extraction electrode
Extended Rl Beam Module Target/ion source
Gate V/V = Conical bellow

RI Beam

Gate Valve
Pillow Seal

Pillow Seal
Gate Valve

Concrete- | - :_ TIS module
filled & vacuum
N B ~ chamber

anjen 21en
|eas mojjid
|eas mojjid
anjen 21eD

3|z
gle
g |2
wun
o |
|z

anjep 1en
dn) Aepe.ey

T W] Target
Target/lon container &
source system | 5 cot disk

& e e

Pillow Seal
Pillow Seal

a|npo\ weag uojoid

Secondarv vacuum zone Proton Beam

iﬁi_ " Institute for 12- - ?AON

Rare Isotope Science



ISOL beamline system

= |[SOL Beamline System

Electron Beam lon Source

|
! . - e
-
e
=

Collinear Laser
Spectroscopy

Mass Measurement

TIS Module

>
"-.‘ e

[
L]

Radio Frequency
Quadrupole Cooler
Buncher

g Y ‘L. fl‘l
._ . A/Qseparator

RIS pstitstefor  ence 13- *RAON



Stable beam commissioning

= |[SOL Beamline System — Diagnostics

1. Tuning using stable beam, such as Cs, K Na, extracted from TIS
- FC, Wire scanner, Wire Grid, Beam viewer, Emittance meter

2. Changing magnetic field of MD

3. Tuning for RIB

- plastic scintillator(50x50x50 mm3) covered by thick L
aluminum

Beam selection
point for pre-mass

Beam selection separator

< point for AQ separator
- low intensity beam monitor of MCP (max. 10¢ pps)

Wire scanner

Scintillator

S| o FTE N B o) e g

Wire scanner | == = —

Faraday-cup

< Typical diagnostic chamber >

Wire grid

2] sl xpels [l o [
"L

E | FL il

< Plastic Scintillator + Aluminum layer + PMT >

o — o —
'I 'R'I Institute for
Rare Isotope Science
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02 RAON RFQ Cooler Buncher
& EBIS Charge Breeder
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RFQ Cooler and Buncher

HV Platform
| Injection optics RFQ section Extraction optics I
ot ' S Beam parameter Performances for EBIS
- ﬁ // — /_ - el LS - i A L
\\llllll.l--ll-l_--l-.l , :
y /| /I NN RN \\ \ \ Beam current 10% ion per bunch
-7 -5 ) -3 =9 -3 \ =5 107 .
e 107 mbar 107 mbar | 107 mbar | Transverse Emittance < 10 # mm mrad
Energy Spread < 10 eV
19949 ) [ Extraction RFQ section .
— 19920 |- Bunching Bunch width < 100 ps
c:ﬂ’ 19900
£ 10880 Cooling time ~ 100 ms
£ 19860 o o
19840 Transmission Efficiency = 80 %
400 660 360 1 0‘00 1 260 14‘00
25000 Beam axis (mm)

Injection #1
electrode
Injection #2,3

Multi-pin feedthrough
(DC: pins, RF: flanges)

+—— RF system

Differential diaphragi Differential diaphragm

Extraction #2,3
electrode

Extraction #1
electrode

Injection  Ground

Extraction
HV RFQ optics electrode

breaker  OPtics

Ground
electrode

Cross-section view of RFQ CB design

I RI S E:rt;tll:;?tigg Science -16 - . ?AO N



RFQ Cooler and Buncher

(8) (b) Helical .
T : Resomto High voltage RF system
Oscilloscope B——
Generator
Vacuum Function / Parameter Symbol Value
: Generator
capacitor —
- Coil inductance Ly, Lo 4.5 pH
1000x Probe Capacitance range Clot 120-1120 pF
L« Variable Resonance frequency range fo 1.6 MHz-4.8 MHz
[ capacitor . .
Capacitance of the vacuum capacitor  Cygeuum 0.7 pI
L g—— Input capacitance of the HV probe Chrobe 2.0 pF¥

1000 4+ — Input power 2.5W(116 mVp-p) iy ' : iy
i 1| L i
_: T :‘ !
'il.r' r o
800 4 - L
s Differential Diaphragm
o
2
_§ 600 - B g
= Gl = ®
= e |
: g ,
o 400 -
on
i
©
>
200 ¢
“| RFQ alignment assembly
04 L,_Ju
T T T T T T T ‘_.
15 2.0 2.5 3.0 3.5 4.0 45 33 electrodes (#1~#30:slope,
Frequency(MHz)

. #31,#32: bunch, #33: extracti
RF voltage amplitude of the prototype RF Hne extraction)

system with 2.5-W RF input power. Bunched ions

—®
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RFQ Cooler and Buncher

= Off-line test result (DC mode)

N

FWHM = 0.46 ;\

100
EEEmy ® 1E-2 mbar 1.0 4
" .llllllll.-.-. ® 1.5E-2 mbar
— 80 M,,‘"“‘ e, A 2E-2 mbar 09
2\0, .MA‘ o, ... v 3E-2 mbar . 0.8
) Vo %00 L] 2}
c [ ] Ap oy || c 0.7
© 60 Aa,, %%, m o
© Aa, 0, m £ 06
E v AAA (Y u ht
S A‘A o m 8 0.5
@ 4044 vy, AR 3 0.4
E ™ v, A"
A 5 03
2 + vvv Aot >
S 20 Yvy  dem 02
= v, te
v,
v, 0.1 7
y. |
04-wv M 0.0
L T T T T — T T T
0.0 0.5 1.0 15 2.0 25
DC gradient (V/gap)

IR

Beam diagnostic ¢
chamber

RFQ main o
chamber Y

o

Setup for off-line test bench

IS

Institute for
Rare Isotope Science

1 2

= 1.5Pa a a X
e 3Pa 74 e Y
\ —— Boltzmann Fit of 3 Pa i3
—— Boltzmann Fit of 1.5 Pa} —
8
£
-kE 6 - °
€
£
\ g
\\! [NATLINA — A A~ § *7
* FWHM = 0.626 ‘g’
\ [1H] ™
L4 n
4 [y
—9
T T T T T T
3 4 15 2.0 25 3.0
Retarding Volt (V) Buffer gas Pressure (Pa)
He 1.5 Pa He 2 Pa He 3 Pa

Parameter Value unit
Beam energy 5k eV
RF frequency 2 MHz

RE voltage  400~4800  V,_,
He pressure 0.5 ~2 Pa
Beam current 1~40 nA
DC gradient 0.1~2 V/gap

DC gap 32 gap
-18

Higher buffer gas pressure 1s beneficial for
cooling ions, resulting in better emittance,
but makes worse transmission.
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RFQ Cooler and Buncher

» Off-line test result (Bunch mode)

Parameter Value unit
High Voltage platform 4834 V
RFQ input energy 100 eV

RF frequency 2 MHz

RF voltage 1100 Vp-p

He pressure 2 Pa
Cooling time 99.95 ms
Repetition rate 10 Hz
Extraction time 46 18
DC electrode 1 Bias 66 Vv
DC electrode 30 Bias 56 Vv
Bunching electrode 31 Bias 55 Vv
Bunching electrode 32 Bias 20 V
Switching electrode 33 Bias 200 V
Extracting electrode 33 Bias 0 Vv
Bunch capacity 105 - 108  ppb
Injection electrode 1 3600 Vv
Injection electrode 2 4800 V
Injection electrode 3 3000 V
LExtraction electrode 1 1500 Vv
Extraction electrode 2 4800 Vv
Extraction electrode 3 2000 Vv

* —
'I 'R'I Institute for
Rare Isotope Science

20

154

Bunch width (us)

17

T
10"
N of ions

10°

|| A& YEmittance

= XEmittance

m*mard)
N
1 1

-
w

e (m mm*mard
S

-
-

10

Transverse Emittanc

10"
N of ions

-19 -

10°

—— 4.5E+7 ppb
e Gauss Fit

FWHM = 12.1 us

i\

T T T T T T T T T
0 20 40p 60u 80u 100u 120u

Time
o—
—
T T T T T T T T T 1T T 1T e
[T T T T T T T T T T T 1T 71T e

#31,32: Well
#33: Switchable

#1~#30: Constant DC slope

*  Higherions per bunch causes worse

transverse emittance and wider bunch
width due to space charge effect.
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EBIS Charge breeder

= Off-line test result

¢ Electron Beam Transmission

Charge Breeding Results

Injecting Test lon Beam (Cs, Rb)

40
* Injecting Stable lons 27+
(Cs, Sn, Na) =5 30 A4
, Sn, %) 26
Injecting RI (Na) K= v
o)
2 25+
n:. 201 v
: S
O 5 24+
c 10 =
© 2§+ 22
.
0 4 !
@g[S ‘
. S0, e"a T
+  HCl produced with Test lon Beam (Cs, Rb) (Ge"% ) 4 5 5 7
*  HCl produced with Stable lons from ISOL Beamline (Cs, Sn, Na) 9’7?/,}]:"71
*  HCl produced with Rl from ISOL Beamline {Na) Alq
o
Ion Beam Energy 10 keV/u (é(,"g
Alq <6 150 30 ‘br‘o o
Electron Beam Current 3A - Experiment ngo"s o
c
Magnetic Field in Breeding Region 6T < 100+ \?25 - CBSIM i ’\{} ® g
= o
Trap Capacity < 10% ions/bunch H ° cgox 5
. . 5 50 020 ,\ [o}
Breeding Time < 100 ms ] % © e 5
£ L
Breeding Efficiency > 15 % for '3Cs?+ 8 B (bb(\(’x g
5 4 Fone
Vacuum Condition in Breeding Region ~ 107" torr 0 g 15 e & é
o & 5
) 50 | | | ; 210 QP z
. lon Beam Energy : 20 keV %0 0 5°T_ [ ]1°° 150 205 $ o
. ime [us] [0 o
. Pulse Length : 100 us (end-to-end) _ i | \éo(‘/ T
e Injected lon Numbers : 4.28E+7 Injected Cs lons Sa
§
0 R

20 21 22 23 24 25 26 27 28 29 30 31 32
Charge State

*— .
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O3 Stable Beam Charge
Breeding with ISOL Beamline
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Stable beam commissioning

= RFQ CB -> EBIS transmission (133Cs, 120Sn and 23Na)

Beam species

| (ppb)@F2

| (ppb)@F4

Transmission (F4/F2)

13305

9.49E+07

1.16E+08

82%

12089n

9.39E+07

9.06E+07

96.5%

23Na

7.87E+07

6.75E+07

85%

IRI

Institute for
Rare Isotope Science

133Cs ion bunch beam signal after RFQCB (FC2) 133Cs ion bunch beam signal at switchyard (FC4)

07 0.7
——133Cs |——133Cs
0.6 0.6
05 0.5
_ 82 %_
S 044 L S 044
= 1.16E+8 ions - < \ -
s - P 9.49E+7 ions
I3 - s
2 o3 FWHM = 28.3 us g o3 FWHM = 28.3 us
> >
02 | 0.2
0.14 } 0.1
0.0 ,J 0.0
0.4 r T v 0.1 T T T
-100.04 0.0 100.0p 200.04 300.00 -100p 0 100p 200p 300p
Time (s) Time (s)
120Sn ion beam at FC2 120Sn ion beam at FC4
0.7 0.7
—— 1208n| 120Sn:
06 i o/ °°
96.5%
0.5 054
% 04 % 049 9.06E+7 ions
8 o3 0.39E+7 ions 8 o] -FWHM =284us
2 FWHM = 29 us 3
s T s
02 02 |
0.1 014
0.0 0.0 WWMMNM
0.1 T T T T 0.1 T T T T
0 100p 200y 3004 400p 5004 0.0 100.0p 200.0p 300,00 400.0p 500.0p
Time (s) Time (s)
23Na ion beam at FC2 23Na ion beam at FC4
06 0.6
——23Na [——23Na
05 8 5 (y 05
04 04
S 03 7.87E+7 ions g 03 6.75E+7 ions
o s | o Sl |
L FWHM =29 us| 3 FWHM = 26 us|
S o2 S o2
01 ‘
MW WA A
00 100,04 20004 30004 40004 00 100.04 20004 30004 40004
Time (s) Time (s)



Stable beam commissioning

= EBIS -> ISOL end point transmission (120Sn)

Electron Beam lon Source

, Injected Sn lons

Collinear Laser

Spe“"’i‘""y 700 * lonBeam Energy : 20 keV
M M B .
st B Zzz «  Pulse Length : 150 ps
i T < -
S ol (end-to—end)
5 a0 * lonNumbers:1.14E+8
§ e Extracted lon Beam
] Energy : 49.3keV/q
o]
-100 T T T T
-50 0 50 100 150 200
] = \vo R g £ Time [us]
Radio Frequency 4 3
Quadrupole Cooler
Buncher
Sn Charge Distribution (EBIS) . Sn Charge Distribution (A/q Separator)
8 ¢ . . .
2 _ K4 2 oF * TotalEjected Sn Numbers in EBIS :
Il Experiment - S
o B CBsIM \@g 5 _— & Q.Q2E+7
R =¥ S = =
> s 3 8 S5 ici : (o)
| vl [ & h 1E2CI§>IS2E41jrf|C|ency 8'9.1 7
g s 8 £ S Sn?** Numbers in EBIS : 2.28E+7
a g < ¥ o .. . .
] R g 2" F o5 e 1208n24* Efficiency in EBIS : 20.5 %
3 . & 3 g s & * TotalBred Sn Numbersin A/q
5 RS .
. &2 N & Separator: 8.92E+7
- o 19 20 21 2 23 24 25 26 27 28 20 30 . .. . 1)
B 19 0 21 2 23 21 25 26 7 2B B N Charge State *  Transmission Efficiency : 89.9 %

Charge State

Injected | Total Bred Number EBIS Total Bred Number | Transmission
Number in EBIS Efficiency | 1in A/q Separator Efficiency

111 x 108 9.92 x 107 89.1 % 8.92 x 107 89.9 %

®— .
RIS pstitstefor  ence 23 "RAON



Stable beam commissioning

EBIS -> ISOL end point transmission (23Na)

Injected Na lons

0.4+

Beam Current [uA]

40

Charge Breeding Results

304

20+

Charge / Pulse [pC]

0.0 s

T T T T T
-100 -50 [ 50 100 150
Time [us]

T
200 250

* lonBeam Energy : 20 keV

* Pulse Length : 150 us
(end-to-end)

* Jlon Numbers: 1.14E+8

Extractedlon Beam
Energy : 49.3keV/q

* Transportation of 22Na®* to ISOL Beamline

T T T
4.0 4.5 5.0

T
5.5

6.0

Total Measured Particles = 4 53E+7

3
g

e
S

8
8

Relative Abundance [%]

2
2

o
8

YR

2.3E+07

1.8E+07

14E+07

9.1E+06

4,5E+06

0.0E+00

6 7 8
Charge State

10 11

* TotalEjected Na Numbers : 4.53E+7

* Efficiency for total charge state : 45.5 %
*  2Nao’* Numbers : 1.71E+7

*  2Nao’* Efficiency : 17.2 %

* Extracted lon Beam Energy : 50.0 keV/q

Measurement Point Beam Current Number of Transmission from Transmission from
(23Nab*) Particles before point EBIS
EBIS Dipole @.25nA 1.93E+7 - -
A/q Separator 8.30 nA 1.73E+7 89.7 % 89.7 %
End of ISOL 5.30 nA 110E+7 63.9 % 57.3 %
Beamline
IRI ?asrt;tllgetigg Science -24 - - ?AON



O4 Rl Beam Experiment
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Rl beam commissioning

= |[SOL Rl Beam Commissioning

o March 2023 ~
o Stable beam tuning using 37Kt with energy of 20 keV before Rl beam experiment
o Low density SiC target (density 1.8 g/cm3) / Surface ion source
o Protonbeam:70 MeV, up to 14 u A, non-wobbling (beam profile at Proton module X 35 mm, Y 30 mm)
o TIS temperature : target < 1,600 °C (prevent for Si evaporation), lon source 1.500 ~ 1,800 °C
— Joule heating of the target heater was controlled according to the proton beam current
o Targetedisotopes: Na, Al and Li...

o Rlconfirm (in RIID) and evaluation of beam transmission efficiency

&=
in

o b
Wooih &b L i

— Proton Beam
—— RI beam

Efficiency (%)

2.5

EBIS-CB

PRV TS RIS A . | P N
) 200 400 600 80O 1000 1200 1400
Energy (keV)

4/96'9 g T (HPGe) TIS module < HPGe detection effic_iency including the solid
Faraday cup (SiC target) angle (measured using a 152Eu source) >

70 MeV,
up to 14 uA

T

RI measurement P
& % re-mass separator
(Scintillator + Photo P

multiplier tube)
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Rl beam commissioning

® The first Rl production and transport (March 3, 2023)
= High density SiC target (density > 3.0 g/cm3) & SIS/ Proton beam : 70 MeV, 1.2 p A

1.8E+06 10000 500000 25 S5
- 21Na i 24Na ) 2
1ee+06] 21N @ ——— EXP-fitting 9000  EXP-fitting 450000 - t Na_ 59.40 (30) s — EXP-fitting
1.4E+06 t1/2 = 22.40(11)8 — a000 400000 - 1/2 . P 3
H A i &

1.2E+06 & 7000 350000 Fd 4
- 2 ] < 300000 £ X
£ 1.0E+06 § 6000 24N a 2 & ';
E Q - € 250000 - ya 3
3 8.0E+05 S 5000 t1/2 =14.95 h a F; Y
b © o T © 200000 2 LY

6.0E+05 0 4000 i %

150000 | ve X
4.0E+05 l 3000 X
H 100000 i A
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f
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o 1000 2060 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 o 200 400 600 800 1000 1200
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< The measured half-lives of Na isotopes using PMT & Scintillator >

® RI beam commissioning using low density (~1.8 g/cm?3) SiC target (2023, May~)

= |dentified rare isotopes of Li, Na, and Al that can be confirmed by SIS using a low-density SiC target

si-22 || si-23 || si-2a || si-25 || si- 26 i 3 Mass sean : :
29ms 423ms § 1405ms § 220ms | 2.2453s 4.155 32 685 3.09; -23 ’_Li FC
1E-9 4 LOCESTE S %4577510 Smoothing
al-21 | al-22 § a-23 || al-24 \/ % / %/ \ ]
podcaz | stams | aasms | 2053 - §.21252;|
N [N | A,
Mg- 20 | Mg- 21 | Mg- 22 | Mg- 23 | Mg-2 2 g-26 | Mg- 27 z
0.Bms 122ms 387555 11.317s 3 0.0 GA5EmM : 1 E'1 0 -
C 1
g - o ]
Na- 19 =
]
P 150ns O
Ne- 18
1.66545 1E-11 :
F - 20 F-22 F-23 F-2a F-25 28
1.31716E-12|
111635 423 2.23s 390ms B0ms
. . 1E-12
e < Na and Al Ris observed using HPGe at RIID >
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Rl beam commissioning

= Measurement of short-lived Na beams » Measurement of 8°Li beams
- Proton beam : 70 MeV, 7 u A - Proton beam: 70 MeV, 10 p A
- Na-24m (T, 20 ms) & Na-27 (T, 301 ms) detected - mt.aasured by Scintillatc?r (Li does not occur gamma decay)
at RIID € fast diffusion rate of Na isotopes & small - °Li(T,, = 838 ms), °Li(T,, = 178 ms)

1Li(T,/, = 8.5 ms) was not observed (slow diffusion
rate of Li isotopes in SiC)
Na-24m (T1/2 20 ms) . 35000

particle size of target material

T8l

472 keV, 100% 20000 ] —— Fitting
25000 1 \
Proton 70 MeV, 7 uA = ‘\
—= S 20000 t,,= 0.77940.096
= ]
3 15000 - \
O 4 = . I '.,_ ey e
10000
Proton 70 MeV, 1.5 uf 5000 J
< Gamma spectrum of Na-24 measured by HPGe >

— . ——TT . . .
2200 2202 2204 2206 2208 2210 2212 2214 2216 2218 2220
Time (s)

Proton 7 uA (upper) & 1.5 uA (lower)

1250

Na-27 (T1/2 301 ms) — ]

985 keV, 87% %l
1,698 keV, 12%

v ! D T ] IgEosl 800 T D ! D 0 ! ! ¥
2400 2420 2440 2460 2480 25002510 2675 2700 2725 TR0 2775 ZBI0 7825 Z@50 2875 2800

< Gamma spectrum of Na-27 measured by HPGe > S T
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Rl beam commissioning

= Production of Aluminum Rl beams

- Very slow release of Al isotopes from SiC material

- Alyield was about 6 order lower than the calculated value

(o)
- Al forms Si; Al C or Al,Cin SiC powder and Al,C, in surface 511 keV, 99%
regions
Aluminum Isotope Chain
wl APEDINRESS) =
8 600 Al-28,T1/2:134s
L ® Al-29, T1/2 1 394s 511 keV. 100%
£ 400 ’
- J—
Y 2 » ZB » » | < Gamma spectrum of Al-25(upper) & Al-26m(lower) >
SiC powder . Mass (amu)
Al
< Diffusion of Al isotopes > <Yields of Al RlIs in P+ 7 uA > Al-28 (T1/2 132 s)
12000 ‘
— g = 1,779 keV, 100%
10000 ! 2000 9 ) (S ) 0
7 8000
E 7 T,,=387.8483
8 e £ 1000
8 Al-29 (T,/, 393 5)
© 1,273 keV, 91%
2000 04 2,028 keV, 4%
2,426 keV, 5%

T T T -
4000 4200 4400 4600 4800
Time (s)

T
2000 4000
Time (s)

< Gamma spectrum of Al-28(upper) & Al-29(lower) >
< Al-28(L) &29(R) measurement using Scintillator > P (upper) ( )

* — *— 8 i
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Post-acceleration of ISOL RIB

® August 19 ~ 21, 2024
® Targeted isotopes : 2°Na®* (10 keV/u, A/q 5) / pre-test using 2>Na®* (August 8, 2024)

= Charge breeding and beam transportation of 2°Na®*

0

at ® | - Beam(®Na'*) energy 20 keV

. - Total no. of 2’Nal* = ~ 8.0E+5
g
:‘::: —— at ® E ., P+ beam current (at ) 10.4 uA
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N \ t(at @)
o] ZNa®* \ . _ . Jcurren
w0l T1/2=57.255 w ' Time s] e e ~ 2.1E+6 pps
. ' @) injection to EBIS

500 800 ™ 800 800 1000 1 1200

Counts
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|
® o -
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_ z | .- ; . T Lk
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s(' & 10+ -:‘-fd “_ . -"_‘."} - ."f"".‘—\ T pet] 4 ragi0s 2

E B ERT (SR N
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G e Y '.:.“‘":;é:", 3 Measurement |Beam Current| Number of :::r;n;:::r): Transmission
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@

- 2Na®* after A/q separator : 4.29 pA o EBIS Dipole 457 pA 7.93E+4 - -

- No. of °Na® = 7.45E+4 0 : | . 0008400

. s oo s dsw0 s A/q Separat 429 pA 7.45E+4 93.9 % 93.9 %
- Ratio of 2Na%* vs 25Nal* = 9.9 % Time (AU /q Separator|  4.29 p R S P
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N
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IR

Post-acceleration of ISOL RIB (**Na>*)

® Transportation of 2°Na°* ion beam to SCL3

= |njection to EBIS

Beam Current [nA]

IS

10
5
0

-5 T T T T T
-100 -50 0 50 100 150

Time [us]
- Pulse Length : 40 us (end-to-end)
- Total particles of 2°Nal* = ~ 7.32E+5
- Bunch repetition rate : 1 Hz

EBIS experimental condition

-SCMagnet:6T

- E-Beam Energy : 13 keV

- Breeding Time : 10 ms

- Cathode Current (DC-CT) : 0.68 A
- Collector Current (DC-CT) : 0.68 A

- Extracted ion Beam Energy : 10 keV/u

(25Na5+)

Institute for
Rare Isotope Science

200

= Beam Emittance (2c) of 22Na>*
(Horizontal: 15.09 Tmm * mrad, Vertical: 8.69 tmm * mrad)
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Post-acceleration of 25Na5>* to KoBRA

= Screen shot of the monitor showing the operation status on Aug. 21, 2024

| Display P I
.- = -—v—-
RAON Operation Status 21/AUG/2024 17:53:56 IRIS
Machine - Beam Mode (SCL3) Machine - Beam Mode (ISOL) Timing (Chopper) Exp. Hall Access
M4 User Operation (KoBRA) Pulse Rate : 1 Hz KoBRA NDPS
B3 Normal Pulse Mode Pulse Width: 1000 ps ®
o Experiment Parameters
SCL3 PROTON
Beam RF Source - Charge Energy Power Energy Source - Charge Current
ON OFF 16.500 MeV/iu | -0.10 W | 10 keV/u L g 11.0 uA
Current Tntensity Attenuator OTHER INFO.
Peak 0 uA | -1.0E12 pps | LEBT1 | LEBT2 | MEBT | ATT
Average 0 uA | -1.0E9 pps OFF OFF OFF OFF
NDPS SCL2 a_ SCL3 Status n_ Proton Beam Current
MMS CLS |
Injector e od i "
ISoL |
KEBRA ECRIS - B ;;:23‘:)_05_21 17:’40 17?50 ° ;;23:; . 17:40 17:150
o Experiment schedule
Date Spokesperson Exp. Keyword Beam Types Exp. Hall Beam Time Unit_
8.9 IRIS Beam Tuning 40-Ar KoBRA 1
8.12-8.14 Deuk Socon Ahn (CENS) Cross section, Momentum distribution, Rls 40-Ar KoBRA 3
8.19-8. 21 IRIS ISOL Rl Beam Machine Study 20~25-Na KoBRA 3
8.22-8.23 Deuk Soon Ahn (CENS) Cross section, Momentum distribution, Rls 40-Ar KoBRA 2
9.2-9.6 IRIS Accelerator & NDPS Machine Study 40-Ar NDPS 5
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Mass measurement of ISOL RIB

Joonyoung Moon of IRIS
® Mass measurement using MRTOF-MS (Multi-reflection time-of-flight mass spectrograph)

= Gas cell : He buffer collision (stopping the ion beam of < 10 keV), RF carpet for quick extraction
= Trap system: three linear RFQ PAUL traps (cooling and bunching)
= MRTOF analyzer: ~ 0.5 m, mirror electrodes, multiple reflections for high MRP

7]
MRTOF analyzer%

MRTOF
1 r "Ef g
"’ A:.f Y ! J
_— -a s
Beam ‘

ﬂ Trap system

Gas cell (or catcher)

~1.6m

RIB (from
RFQCB)

Analyzer
(Multi-reflection occurring)

45deg deflector

E=10keV
lon pulse '_WCP MRTOF analyzer
RIB lons (CW) E=10keV, (oias: 1950} (RF carpet s DG cage) v
% ponesed HFQ—CB -+ ............ » k """ Gas cell lon guide / Trap system
5 ECQ v ~ 20 keV ~afeweV ~ Sub eV
¥ " bottom CEM
: Beamline CEM
T < MRTOF-MS >
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Mass measurement of Rl at MRTOF-MS

® RI beam commissioning (May, 2024)

= 24Na (T,/,=14.9 h), #Na (T,/,=59.1 5), 2°Al of 200
E~ 10 keV 150{ to=170+5ns

= Gas cell buffer gas pressure: P,,, <100 Pa

= 39K alkali ion source as a reference

= Their masses have been confirmed within
ppm accuracy

= Note that 2°¢™A| could not be separated due
to low MRP, so should be remeasured with
higher MRP of 120,000 100 o 2] N (=28 0, (A=32)

100 +

AM (Exp.-AME20)[keV/c?]

— e

_50 .

Isotope
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24Na T Tl T T T —— L L L T Prob 0.9896063 2 Al e —p————————— Prob 0.2798947
Prob. . 4: 37:::: 25 Na A':Pllludl 189.4344 + 6.8909 6 - 163.6611 £ 6.0017
v - - Centroid 3116645 = 1.0
Y Centroid 3083722 £0.7 Fh\. Sigma 11,5936 05653 10 = | o 3178208 £ 1.1
J’ '\lh T T 10° [ Del R1_ST 4552492 0510309 o| Sigma  13.1517120.55994
2 & . e R Del_R2_ST 120 245 1
10 s A Del_R1_ST  3.98117 £ 0.34721 \'l“ tau_R2 1.358219 = 0365317 i Del_R1_ST 5.26561 = 0.56976
. ‘w'\ Del_R2_ST 120 34 " |\l Del L ST 24:23 @ ~| Del_R2_ST 120 £3.1
: ““{'{ tau R2 2646574 + 0508509 : : "l tauR2 4127708 £ 1135059
8 BfL Del ST 2422 © !! 10 =l JJ..I | Del L_ST 2414
z 2 10 \_{'L, 2 _— ik g
= = | | ] 1
10 \
= [ LRIT 2 L g |
3 SifiE S il S
o L |
T u B -
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e r | 1 [
1 it P Pl i 4 1 x10° il B S i i i AL lxe® ‘178‘2‘ ; ’178I — '17 ‘4 1785I 178‘6 17;;0
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. . Time of flight (ns)
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Mass measurement of Rl at MRTOF-MS

® Rl beam commissioning (™Al isomer measurement, September 2024)

= Recent improvement of the mass resolving power: ~ 120,000 for 3°K

= The isomer state (Ex = 228 keV) of 2°Al could be measured

= Bump structure, probably due to mixture of 268Al and 26™Al ions, observed

= However, the separation is not complete because of poor resolution for the 26Al ion

2/ ndf 289.5523 / 41 26m
’F" : I Al 22/ ndf 96.68458 / 45
ro H e—
9000 T T Amplitude PR o | Prob 1.216917e-05
r o - 511 £ 63. 550 Ampl_g 58.48952 + 8.78152
w000 E K C-entrmd 5554438 + 0.2 - Centrold_g e
. Sigma 9.783216 + 0.165360 B Sigma_g 13.75053 + 2.41279
7000 - Del_R1_ST 3.423762+0.127117 oo [ Del_R1_ST_g 0.6544527 + 3.9386141
B Del_R2_ST 70.36945 +1.11278 B Del_ R2 ST g 6.363436 + 3.687376
g 6000 I tau_R2 2.441997 + 0.096355 g B tau_R2 g 18.57492 + 6.49898
< g ¥ Del_L_ST 146563406390 | sl 26g A | Del L ST g  16.47404 + 6.29535
o 5000 - © L Ampl_m 224.5074 + 13.6098
& E & ] z B ‘ Centroid_m 4536202 + 2.6
§ 4000 | TOF.=5554438 ns-— g B m
o 5 : S 100
S b AT(FWHM) =23 ns 1 S "f i
- MRP = 120,850 . - L ]
2000 V M ’ . - Preliminary resul]
- J{ . 50
1000 |- 4 : N 50 \\ ]
05.—-|||\ L1 ||\|§;ﬁ||\*lg-ﬁ_| ...—;Xlo?’ 0 =t L1 1 L - SIS o == 'X103
5554.4 5554.45 5554.5 5554.55 5554.6 5554.65 4536.1 4536.15 4536.2 4536.25 4536.3 4536.35 4536.4
Time of flight (ns) Time of flight (ns)
* — ¢ — o
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Summary

=  RFQ Cooler Buncher was performed the cooling and bunching of the stable ions
and RI from ISOL.

= [SOL RI beams (Li, Na, Al, Cs, Ba) were produced from SiC & LaC, using a
surface ion source in 2024

= For the first time in RAON, ISOL RI beam (*°Na’*) was accelerated by SCL3 and
transported to KoBRA with energies of 16.4 MeV/u

=  Commissioning of MMS using ISOL RI beams is in progress, and the masses of
2%Na, 2°Na and 2%¢Al have been measured (2°™Al is under analysis)

= The ISOL system is currently providing beams for the CLS experiment.
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Thank you for your attention

Hee-Joong Yim, Seongjin Heo, Shinwoo Nam, Jun Young Moon, Kyounghun Yoo, Yeong-Heum Yeon,
Jinho Lee, Takashi Hashimoto, Dong—joon Park, Wonjoo Hwang,
(Jae-Won Jeong, Jongwon Kim, Ha-Na Kim, Jae Han Hwan(PhD Student))
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