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11 Science Questions 
for the New Century

•National Research 
Council Committee on 
Physics of the Universe 
report: Connecting 
Quarks with the 
Cosmos: 11 Science 
Questions for the New 
Century
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11 Unanswered 
Questions - Year 2002
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11 Unanswered Questions 
- February 2002

1. What is dark matter? 

2. What is dark energy? 

3. How were the heavy elements from iron to uranium made? 

4. Do neutrinos have mass? 

5. Where do ultrahigh-energy particles come from? 

6. Is a new theory of light and matter needed to explain what happens at 
very high energies and temperatures? 

7. Are there new states of matter at ultrahigh temperatures and densities? 

8. Are protons unstable? 

9. What is gravity? 

10.Are there additional dimensions? 

11.How did the universe begin?
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연구의 목표

• No.�3�Question�of�Physics

• 철�-�우라늄�까지의�원소들은�어떻게�만들어졌나?


• 빅뱅�직후�3분경과


• 우주는�75%�수소, 25%�헬륨


• 현재의�우주

• 원자번호�92번�우라늄까지�약�300여종의�원소�존재


• 빅뱅과�현재를�잇는�시나리오는?
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원소의 구성 비율

• 수소, 헬륨이 대부분 

• 세번째 많은 산소는 수소
의 약 1000분의 1 

• 금은 철의 천만분의 1
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우주의 핵합성

•별에서의�핵융합�

•태양: 4개의�수소가�헬륨으로�핵융합�–�에너지�발생 

•그�외�많은�별들:�헬륨�3개�=�탄소, 4개=산소�등�철까지의�원소�핵융합 

•그외의�핵반응�

•양성자�융합:�빠른�융합,�느린�융합 

•중성자�융합:�빠른�융합,�느린�융합 

•헬륨�융합 

•고에너지�광자(빛)에�의한�원자핵�파쇄 

•무거운�원자핵의�분열 

•이들�다양한�핵반응에�의하여�현재의�다양한�원소�합성�

•실험실에서�재현,�연구
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Chart of Nuclides
양성자의�갯수�
(전자의�갯수)

중성자의�갯수

예측되는�
미지의�핵종

불안정�핵종

안정�핵종
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우라늄의 합성과정

R‐process pass�

중성자�흡수과정과�베타붕괴과정을�겪으며�미지의�영역을�지나서�합성.

미지의�영역�탐험



Seoul National University
by S. Wanajo (Tokyo)

왜 희귀동위원소 빔(Rare Isotope Beam)이 필요한가?
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왜, 희귀동위원소인가?
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중이온가속기 (RAON)
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RAON
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RAON



Rare Isotope Science Project중이온가속기구축사업

2 추진경과

2012 2013 2014 2015 2016 2017 2018 2019 2020~2022

`12.01. 기본계획 수립 `16.12. 사업추진 종합점검

`14.01. 국제과학비즈니스 
            벨트사업 사업계획 
            적정성 검토완료(기재부)

`18.12. 사업추진 방향(안) 
            벨트위원회 의결

`09.01. 벨트종합
            계획확정

`10.06. 중이온가속기
            구축계획수립
            연구 완료

`13.09. 기본계획 변경(1차) 
  ※ 기간연장(~`19), 추진일정 변경 등

`15.04. 기본계획 변경(2차)
 ※ 기간연장(~`21), 추진전략 변경 등

`17.12. <어떡할래 TF> 결과도출 

  (핵심장치 개발, 활용연구 활성화, 

   사업구조 조정 등)

`19.04. 사업계획 적정성  
            재검토 완료(기재부)

`19.05 기본계획 변경(3차)

`21.04. 사업추진 방향(안) 
             벨트위원회 의결

`21.05. 기본계획 변경(4차)
※ 사업추진 단계구분
     (1단계, 선행R&D, 2단계)

`21.12. 사업추진 일정
            변경(안) 의결
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1. 사업개요

`11.12. 중이온가속기 
            구축사업 착수



Rare Isotope Science Project중이온가속기구축사업

1 사업개요

1단계

1. 사업개요

사 업

내 용
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2단계

1단계
(저에너지+
고에너지 일부장

치)

가속장치 ·저에너지 가속장치(입사기, SCL3) 구축 ‘22.12 예정

기반장치 ·가속장치 구동 기반장치(극저온시스템, 제어시스템) 구축 ‘22.12 예정

RI 생성장치 ·희귀동위원소(RI) 생성장치(ISOL, IF, 사이클로트론) 구축 ‘22.12 예정

실험장치 ·초저에너지, 저에너지, 고에너지 실험장치(7개) 구축 ‘22.12 예정

시설건설 ·건물(10개동) 및 유틸리티(전기, 수도, 가스 등) 구축 ‘21.06 완료

2단계 가속장치 ·고에너지 가속장치(SCL2) 구축 선행R&D 후 추진

단계별 사업추진 범위



1 빔시운전 추진계획

3. 향후계획

Rare Isotope Science Project중이온가속기구축사업
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·SCL3 초전도가속모듈 설치완료* 이후 극저온시스템 구동을 통한 냉각 및 RF 전력을 인가하여

   SCL3 빔시운전 추진

   * 터널내 모듈안착, 정렬, 빔라인 연결, 극저온시스템-모듈간 연결 및 KGS 검사

개  요

·극저온시스템을 통한 모듈냉각, RF 전력 인가/점검 및 입사기* 출력 500 keV/u 빔을 SCL3로 제공 
   준비(‘22.6~9월)
   * 14.5 GHz ECR이온원, LEBT, RFQ, MEBT

빔시운전

준비

·모듈 냉각완료 및 QWR RF 인가를 통하여 SCL3 전단부 모듈 5기 가속 → 중이온빔 가속(40Ar(9+)

   700keV/u 이상) 성능 검증(‘22.10월)
최초 빔 인출

·SCL3 전구간 빔 가속시험을 통해 최후단에서 구축목표 (40Ar(9+) 빔 에너지 20 MeV/u이상 빔인출

   (빔전류량 20 euA) 성능목표 확인(‘23.3월)

빔시운전

완료



2 최초 빔 인출 및 빔시운전 일정

3. 향후계획

Rare Isotope Science Project중이온가속기구축사업
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최초 빔 인출 추진 일정

빔시운전 추진 일정(장치별)
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Experiment
Production of RI Beam

(Target)

ID of RI’s

(A/Q, Z)
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Identification of RI’s

𝐴 /𝑄

𝑍

(𝑍, 𝐴)
(𝑍, 𝐴 − 1)

(𝑍 + 1,𝐴 + 3)

Nb 
isotopes

110Nb
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Experiment with RI 
Basics
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희귀동위원소 실험

•통상의 핵물리학 실험

빔

표적

반응물
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희귀동위원소 실험

•빔 (가속 상태) 

•주로 가벼운 입자들 

•전자, 양성자 

•표적 (정지 상태) 

•주로 무거운 원자핵들 

•산소, 철, 납, 우라늄 등  

•대부분 안정 원자핵
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희귀동위원소 실험

•반응물 

•다양한 원자핵 

•다양한 (산란) 각도 

•0 도에서 180도까지 가능
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희귀동위원소 실험

•불안정 원자핵을 사용하는 실험

빔
표적

반응물
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희귀동위원소 실험

•빔 (가속 상태) 

•희귀 동위 원소 (불안정 원자핵) 

•대부분 무거운 원자핵 

•표적 (정지 상태) 

•가벼운 표적: 양성자 등 

•무거운 표적: 안정 원자핵 등
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희귀동위원소 실험

•반응물 

•대부분이 빔과 같은 방향으로 진행 

•가벼운 반응물: 어느 정도의 각도 가능 

•무거운 반응물: 빔과 구분하기 어려움
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희귀동위원소 실험

•무거운 반응물과 빔의 분리 

•근소한 속도차 (운동량의 차이) 

•근소한 각도차이  

•되튐 분리 스펙트로메타 (Recoil 
Separator) 필요 

•자기장 속에서 반응물과 빔을 분리



서울대학교�물리천문학부 최선호

희귀동위원소 실험

•가벼운 반응물 

•빔과 작은 각도로 퍼지는 현상 

•빔 주위에 검출기를 설치하여 측정 

•각도가 커질 수록 개수 급감 

•빔 가까이 검출기 필요
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Spectrometer의 역할

각종 반응물과 
빔의 분리

빔

표적
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KoBRA Spectrometer 
@ RAON
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KoBRA Spectrometer
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KoBRA 활용실험

•무거운 희귀동위원소 + 가벼운 표적 

•주로 우주의 별 내부에서 일어나는 
  핵반응들 

•천체핵물리학 실험 

•우주에서 다양한 원소의 생성 과정 연구
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KoBRA 활용실험

•무거운 안정 동위원소 + 가벼운 표적 

•통상의 핵물리학실험으로 연구 가능 

•대부분의 핵반응은 이미 연구/발표 

•무거운 불안정 동위원소 + 가벼운 표적 

•새로운 발견의 가능성
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KoBRA 활용 실험

•무거운 빔: 희귀 동위원소 

•가벼운 표적: 양성자, 중수소, 헬륨 등 

•빔과 표적의 충돌 

•탄성 충돌 

•비탄성 충돌 

•핵융합 

•핵자 1~2개의 이전(Transfer) 

•등등
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KoBRA LoI

•Decay spectroscopy and Total Absorption Spectroscopy 

•Decay spectroscopy and fast-timing measurements by using KHALA at RAON 

•High-resolution in-beam 𝛾-ray experiments at RAON 

•Internal conversion electron spectroscopy 

•Spectroscopy of proton, neutron and alpha emitters 

•Study on neutron-deficient nuclei using proton-induced fusion evaporation 

•3n fusion-evaporation reactions to study mirror energy differences in Tz=-3/2 
nuclei 

•RI experiments probing isospin symmetry 

•The study of lifetime of isotopes near doubly magic N=Z nuclei 40Ca 

•Fusion reaction studies related to stellar evolution 

•Systematic measurement of production cross sections using KoBRA 
spectrometer
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High-resolution in-beam  
𝛾-ray experiments at RAON

•감마선 정밀측정 실험 

•핵자들 간의 상호작용,  
핵의 구조 연구 

•CENS의 고해상도  
감마선 검출기 활용
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Decay spectroscopy and fast-
timing measurements by using 

KHALA at RAON

•핵의 들뜬 상태의 수명 
측정 

•내부 구조, 모양 등 연구
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Decay Spectroscopy and Total 
Absorption Spectroscopy

•핵의 모양에 대한 정보 

•핵분열 부산물들의 
발생열량 측정 

•입자물리(중성미자)와의 연계
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The study of lifetime of 
isotopes near doubly magic 

N=Z nuclei 40Ca

•양성자-중성자의 아이소스핀 
대칭성 연구 

•불안정 원자핵의 수명을 측정
하는 새로운 방법 연구/개발
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새로운 실험 아이디어
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검출기 연구 개발
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KoBRA 검출기

•가벼운 반응물의 검출 

•빔의 단면적이 관건 

•구상/설계 진행중 

•제작예산 추가 확보 필요
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KoBRA 운용 초기 계획

•다양한�검출기의�연구/개발/시운전�

•HPGe 검출기를�이용한�감마선�정밀�측정 

•LaBr�검출기를�이용한�불안정�원자핵의�수명�측정 

•Total Absorption Spectroscopy를�이용한�원자핵�붕괴�연구 

•Doppler Shift Attenuation�방법을�이용한�원자핵의�수명�측정 

•AToM-X, STARK�검출기�연구/개발 

•안정동위원소�빔을�이용한�Commissioning 

•각종�실험�방법의�경험�축적 

•핵구조�연구 

•RI 생성방법에�관한�연구
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Commissioning 실험

•안정 원자핵 빔 

•기존의 실험들을 재현 

•가속기, 검출기 등의 성능 검증 

•측정 등 실험 기술의 고도화 및 검증 

•관련 인력 양성



서울대학교�물리천문학부 최선호

Commissioning 
실험주제 발굴

•12C + p → 13C + d 

•12C + p → 12C + p 

•16O + 3He → 19Ne (핵융합) 

•19F + 3He → 19Ne + 3H
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KoBRA Day-1 실험

•18Ne + p  → 17Ne + d 

•18Ne 빔이 양성자와 충돌하여 중성자 1
개를 양성자에 주고 17Ne이 되는 핵반응 

•18Ne + p  → 16Ne + t 

•18Ne 빔이 양성자와 충돌하여 중성자 2
개를 양성자에 주고 16Ne이 되는 핵반응
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Study of Nuclear 
Shapes



서울대학교�물리천문학부 최선호

원자핵의 모양

Prolate
 Oblate
 Triaxial


Degree of deformation: β, degree of asymmetry: γ

Possible shapes of some deformed nuclei

� = 0�
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원자핵의 모양
‘Hill-Wheeler’ coordinate

P. Cejnar et al., Rev. 
Mod. Phys. 82, 2155 

(2010)

prolate

oblate
triaxial
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원자핵의 모양
Axially symmetric shapes are common.


However, the existence of triaxial shape is ...

Prolate

(dominant)

Oblate

Triaxial ??
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원자핵의 모양

Triaxial 
shape?

neutron-rich  
isotopes

Candidates of the triaxial ground-state shape

P. Moller et al., Phys. 
Rev. Lett. 97, 162502 
(2006) 

Δ𝐸𝛾 = 𝐸𝑎𝑠𝑦𝑚 − 𝐸
𝑠𝑦𝑚
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원자핵의 모양
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원자핵의�모양

Level spacing in side band is different for each model 

𝑆(𝒥) ≡Define an indicator

𝐸(4) − 𝐸(3)

𝐸(3) − 𝐸(2)

Axially symmetric 
rotor with γ-vibration 

γ-unstable rotor model Rigid triaxial rotor model

0+
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2+

3+4+
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5+

second 
band

gr. band
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7+
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second 
band
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원자핵의�모양

J
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Energy staggering of γ-band
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Experiment
Production of RI Beam

(Target)

(345MeV/u)

BigRIPS

(A/Q, Z)
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𝐴 /𝑄

𝑍

(𝑍, 𝐴)
(𝑍, 𝐴 − 1)

(𝑍 + 1,𝐴 + 3)

Nb 
isotope

s

110Nb

Experiment
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감마선의�측정

EURICA

γ1

WAS3ABi

③ γ-ray 
emission

② β-ray emission
𝜷

① Ion 
implantation

γ2

LaBr array

β-γ spectroscopy using EURICA

:Upstream/downstream 
plastic scintillators

Detected at t’

Detected at t
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감마선의�측정

0+
2+

4+
2+3+

𝛾

𝛾
6+

4+
5+

7+

6+

𝛽−

106,108,110Nb


106,108,110Mo 

Observables in decay spectroscopy
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감마선의�측정

H. Watanabe et al., Phys. Lett. B 
704 270 (2011)
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원자핵의�모양
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New results

- Observation of the 6+, 7+  states 

in the second band


- Observation of the third band 
(𝛾𝛾-vibration?)


Kinematic moment of inertia

H. Watanabe et al., 
Phys. Lett. B 704 
270 (2011)

A partial level scheme of 110Mo

110Nb
𝛽−
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원자핵의�모양

S(J) of neutron-rich Mo, Ru, and Pd isotopes
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원자핵의�모양
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동위원소 
원자스펙트럼 변화

Isotope shift (IS)

e-

Z,A

e-

Z,A’

Nuclei with different neutron number
→ Change in the nuclear structure 
→ Change in the electric potential
→ Change in the atomic energy levels

𝛿𝜈𝐴,𝐴′ = 𝜈𝐴′ − 𝜈𝐴

𝛿𝜈𝐴,𝐴′ = Mass shift + Field shift

𝛿𝜈𝐴,𝐴′ = 𝐶𝑀 ⋅
𝐴′ − 𝐴
𝐴𝐴′ + 𝐶𝐹 ⋅ 𝛿 𝑟2 + ⋯

The shift of electronic energy levels between different 
isotopes (A,A’) of the same element (Z)

nucleus nucleus

Isotope shift

Change in the 
nuclear mass

Change in the nuclear 
charge distribution

Nuclear shape from IS measurement

6

동위원소의 원자 전자 에너지 준위의 변화

중성자 개수가 다른 원자핵 

- 핵구조의 변화 

- 전기 포텐셜 에너지의 변화 

- 원자 에너지 준위의 변화
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동위원소 
원자스펙트럼 변화

Isotope shift (IS)

e-

Z,A

e-

Z,A’

Nuclei with different neutron number
→ Change in the nuclear structure 
→ Change in the electric potential
→ Change in the atomic energy levels

𝛿𝜈𝐴,𝐴′ = 𝜈𝐴′ − 𝜈𝐴

𝛿𝜈𝐴,𝐴′ = Mass shift + Field shift

𝛿𝜈𝐴,𝐴′ = 𝐶𝑀 ⋅
𝐴′ − 𝐴
𝐴𝐴′ + 𝐶𝐹 ⋅ 𝛿 𝑟2 + ⋯

The shift of electronic energy levels between different 
isotopes (A,A’) of the same element (Z)

nucleus nucleus

Isotope shift

Change in the 
nuclear mass

Change in the nuclear 
charge distribution

Nuclear shape from IS measurement

6

원자핵 질량의 변화 원자핵의 전하분포의 변화
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레이저 스펙트로스코피

Laser spectroscopy

5d66s2, 5D4

𝜆1 = 247.758 nm

Laser spectroscopy of even Os

Os(Z=76,A)

𝜈0 = 1210019.84 GHz

5d66s6p, 3F4

Isotope shift

• Measure ionization rate as a function of laser 
frequency

• Change in the position of the resonance 
spectrum → Isotope shift

Isotope shift
~1 GHz

Os(Z=76,A’)

7

Os 동위원소의 레이저 스펙트로스코피

동위원소 변화 
~ 1 GHz
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레이저 스펙트로스코피Laser spectroscopy

5d66s2, 5D4

𝜆1 = 247.758 nm

Laser spectroscopy of even Os

Os(Z=76,A)

𝜈0 = 1210019.84 GHz

5d66s6p, 3F4

Isotope shift

• Measure ionization rate as a function of laser 
frequency

• Change in the position of the resonance 
spectrum → Isotope shift

Isotope shift
~1 GHz

Os(Z=76,A’)

7

• 레이저 파장(주파
수)에 따른 이온화
되는 동위원소의 
개수 측정


• 공명 파장(주파수)
의 측정

레이저 주파수

동위원소 변화

이
온
화
되
는
 원

소
의
 개

수
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일본 RIKEN 연구소의 
KISS 시설

KEK Isotope Separation System (KISS)

RIKEN RI Beam Factory

Reaction 
products Lasers

KISS Detector station

KEK Isotope Separation System 
(KISS)

RRC (producing 
136Xe beam)

8
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개념도

•초미세구조의 레이저 스펙트로그래피
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이온화 공명 곡선

Resonance spectra analysis

• The laser resonance spectra were simultaneously fitted

• Voigt function : Gaussian ⓧ Lorentzian 

• First time measurement of Isotope Shift (IS) of 194,196Os for the transition 247.7585 nm 

• 𝛿𝜈192,194 = 𝜈194 − 𝜈192 = −0.65(65) GHz with 𝜈192 = −0.33(22) GHz from Ref

• 𝛿𝜈192,196 = 𝜈196 − 𝜈192 = −3.36(99) GHz 13
Y. Hirayama et al. J. Phys. B 50, 215203 (2017)

Decay 196Os

레이저 주파수

이
온
화
되
는
 원

소
의
 개

수
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원자핵의 모양
Results & Discussion

A This work Experiment
calculation

HF SCCM TRS FRDM

194 0.147(10) 0.140(10) 0.14 0.14 0.16 0.153

196 0.157(15) None 0.11 0.12 0.119

Table : 𝛽22 1/2 values from this work and calculations

• 𝛿 𝑟2 and 𝛽22 1/2 are evaluated from IS, assuming 
axially deformed rotor

• 𝛽22 1/2 of 194Os is consistent with the recent 
experiment and theoretical calculations

• In the systematics, sudden change at A=194
→ shape transition to a less deformed configuration

• 𝛽22 1/2 of 196Os is experimentally determined for the 
first time 

• Larger than theoretical predictions 
→ possible broken axial symmetry

Red : This work

Black and blue : From Ref
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• 𝛿 𝑟2 and 𝛽22 1/2 are evaluated from IS, assuming 
axially deformed rotor

• 𝛽22 1/2 of 194Os is consistent with the recent 
experiment and theoretical calculations

• In the systematics, sudden change at A=194
→ shape transition to a less deformed configuration

• 𝛽22 1/2 of 196Os is experimentally determined for the 
first time 

• Larger than theoretical predictions 
→ possible broken axial symmetry

Red : This work

Black and blue : From Ref

14

194Os

196Os

H. Choi et al., Phys. Rev. C, 102, 034309 (2020)
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중성자 과잉  
희귀동위원소 생성

Fragmentation

238U (1GeV/u)+1H Fission235U +n

cartoon taken from lecture of Filip G. Kondev

Taïeb et al., NPA 724 (2003) 413 

Ricciardi et al, PRC 73 (2006) 014607

 Bernas et al., NPA 765 (2006) 197 

Bernas et al., NPA 725 (2003) 213 

Armbruster et al., PRL 93 (2004) 212701

•기존 방법에 의한 희귀동위원소 생성 

•넓지만 한정된 범위의 희귀동위원소 생성
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N=126 빈공간

Reiner Krucken, Contemporary Physics Vol. 52, No. 2(2011) 101–120

Fragmentation

238U (1GeV/u)+1H

Blank Spot

•통상의 방법으로 만들기 어려운 영역 ➔ 부족한 연구 결과 

•MNT 반응을 이용하여 N=126 부근의 중성자 과잉 동위원소 생성 가능

Fission235U +n
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프랑스 GANIL 실험

136Xe
8MeV/u, 
0.3 pnA
(ECM=553MeV)Scaled X0.5 40° PLF

Fo
ca

l p
la

ne
 

198Pt

Full
 PID




Of P
LF

 

TLF
55°

EXOGAM

ArrayVAMOS++ 

spectrometer

Challenges in measurement

1. Particle identification of PLF/TLF Z,A

2. Large spread (θ, P) in reaction fragments

Solution

1. Wide acceptance spectrometer: VAMOS++ 

2. Ge detector-array : EXOGAM Ge clover array

Experimental Objective

Feasiblity study for MNT for producing N~126 
-> Cross section measurement of Pt-like
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Pathway for the Production of Neutron-Rich Isotopes around the N ¼ 126 Shell Closure

Y. X. Watanabe,1,* Y. H. Kim,2,3,† S. C. Jeong,1,‡ Y. Hirayama,1 N. Imai,1,§ H. Ishiyama,1,‡ H. S. Jung,1 H. Miyatake,1
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Absolute cross sections for isotopically identified products formed in multinucleon transfer in the
136Xeþ 198Pt system at ∼8 MeV=nucleon are reported. The isotopic distributions obtained using a large
acceptance spectrometer demonstrated the production of the “hard-to-reach” neutron-rich isotopes for
Z < 78 around the N ¼ 126 shell closure far from stability. The main contribution to the formation of these
exotic nuclei is shown to arise in collisions with a small kinetic energy dissipation. The present
experimental finding corroborates for the first time recent predictions that multinucleon transfer reactions
would be the optimum method to populate and characterize neutron-rich isotopes around N ¼ 126 which
are crucial for understanding both astrophysically relevant processes and the evolution of “magic” numbers
far from stability.

DOI: 10.1103/PhysRevLett.115.172503 PACS numbers: 24.10.-i, 25.70.Hi, 29.30.Aj

Nuclei far from the valley of stability provide new vistas
for searching and understanding the simple and regular
patterns that are found in the structure of complex nuclei.
The extremes of the nuclear landscape not only allow us to
examine specific aspects of the nuclear interaction but
also provide important inputs for the understanding of
astrophysically important processes. Approximately half
of the nuclei in nature heavier than iron are considered to
be synthesized by the rapid neutron capture process
(r process), which proceeds under the stellar environment
of high neutron densities and high temperatures [1]. The
remnants on the r-process path decay to the valley of the β
stability and the observed solar r-abundance distribution
shows a peak around the mass number (A) 195, which is
considered to originate from the waiting point nuclei with
the “magic” neutron number N ¼ 126. The properties of
these nuclei, unknown so far, are necessary to explore
the evolution of magic numbers far from the valley of β
stability [2]. The experimental information on the neutron-
rich nuclei around N ¼ 126 is extremely scarce for Z ≤ 80
due to limited methods for their production.
Conventionally, fusion, fission, and fragmentation are

used for the production of neutron-rich isotopes [3]. For the
specific case of the production of neutron-rich nuclei near
N ¼ 126 and beyond, (i) the lack of relevant stable beams
and targets precludes using fusion for the production of

isotopes with Z < 82, (ii) the production cross section
would be extremely small through very asymmetric fission,
and (iii) the fragmentation of Pb suffers from rapidly
decreasing cross sections for N ¼ 126 for Z < 82. The
fragmentation of a heavier projectile like U also results in a
strong decrease in cross sections with proton removal. An
alternative path of producing neutron-rich nuclei far from
stability via multiple transfer processes using next gener-
ation radioactive beam facilities was discussed in Ref. [4].
More recently, it has been predicted that using stable
beams, the same mechanism can be employed to populate
this unexplored area around N ¼ 126 [5]. The proposed
method takes advantage of the exchange of a large number
of nucleons between two heavy ions at energies around the
Coulomb barrier in collisions ranging from peripheral [6] to
close collisions [7]. A lot of expectation for achieving the
goal rides on the reliability of these predictions, which have
not been verified yet or even truly addressed due to
challenges in the associated measurements involving a
direct isotopic identification at low energies of these heavy
reaction products over a wide energy and angular range.
Because of the expected stabilizing effect of closed

neutron shells in both nuclei, the collisions of 136Xe with
208Pb have been proposed [5]. The use of 136Xe beams is
advantageous over lighter projectiles as its N=Z ratio
(N=Z ¼ 1.52) is large and similar to that of the target
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희귀동위원소 생성방법 확립
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N=126 동위원소 생성

5.8 X 104

MNT 반응에서 충분한 개수의 동위원소 생성 가능 확인 

➔다음 단계 : N=126 동위원소들의 핵구조 연구
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프랑스 GANIL 실험 2
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2nd arm + EXOGAM

➔ TLF tagging

• µs Isomer 

• A, E* measurement

 

• Method:  well proven from previous experiment!

• EXOGAM ➔ AGATA : resolution⇧ + efficiency ⇧

• Upgraded VAMOS ++ : resolution⇧+Count rate⇧

• 2nd Arm (SNU) + EXOGAM : Direct TLF tagging

Y. H. Kim et al., EPJA (2017) 53: 162 
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요약 및 정리 1
•RAON 1단계 완공 

•저에너지 실험용 빔 공급 입박 

•RAON+KoBRA를�활용하는�연구�주제는�지속적으로�발굴�중�

•LoI 11건�+ 추가적인�실험�아이디어�구상 

•실험에�필요한�장비,�검출기�등의�연구�개발�

•현재�구상/설계�진행 

•핵구조,�핵반응�연구에�필요한�종합적인�연구�가능 

•안정동위원소를�활용한�Commissioning 

•RAON 및�KoBRA의�성능�확인,�개선 

•각종�실험장비,�검출기�등의�성능�확인 

•다양한�실험방법에�관한�연구/개발,�경험�축적 

•희귀동위원소�빔을�활용한�연구�준비
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요약 및 정리 2

•서울대학교 그룹의 연구 활동 

•해외 중이온가속기를 이용한 연구 

•EURICA @ RIBF 

•Laser Ionization Spectroscopy @ KISS 

•Multi-Nucleon Transfer @ GANIL 

•중이온가속기 활용 연구 인력 양성 

•8명의 박사 졸업: 송정석, 추경호, 김선지, 김융희, 황종원, 

하정수, 배성한, 채현우, 최현석 

•지속적인 인력 양성 필요
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