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“Constructing an Ultimate Nuclear Model”

“Try to Clarify the Origin of Elements”

The Mission of RIBF

“Explore new Industrial Applications”



What is Ultimate Nuclear Model?

• A nuclear model that describes all 
properties of all atomic nuclei.

We are very much behind the goal.
Not sure whether it is possible or not.

“An atomic nucleus is an elephant”
Jacek Dobaczewski

no way to describe an atomic nucleus with a few parameters



“Taxonomy”

1st things to do:
Accumulate more knowledge on atomic nuclei

1 ppb

1 ppm

N=28

N=50

N=82
Z=28

Z=50

Z=82

質量既知核（測定精度）

N=126

半減期既知核

質量直接測定可能核

半減期測定可能核

MRTOF@SLOWRI

STOPPER@BigRIPS

T1/2 Known   

Mass Known (Accuracy) ≈2000 (<1000 direct, accurate)

≈2600 

<500 

<<1000 

RIBF will provide >4000
分類学



Mass Prediction by different nuclear models

Sn Isotopes

Good agreement for 
measured nuclei, while 
large discrepancies for 
unknown nuclei.

No exp. are needed if “Ultimate 
Nuclear Model” exists.



Mass predictions for Cs isotopes

K. Blaum, Phys. Rep. 



“Try to Clarify the Origin of Elements”



Explosive n-capture 
process

reaction of unstable nuclei Equilibrium
Mass、Life、Branching r., ..

質量が決定的要素
N

Z

“Try to Clarify the Origin of Elements”

σn
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static properties

Radii, Spin, Moments, ...

Decay studies
pure, thin source

optical spectroscopy

Mass measurements
ion traps }Slow or Trapped

RI
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Precision Mass Measurements with Penning Trap 
Mass Spectrometer

≈6 facilities （20years of history）
≈500 Nuclides
relatively close to stability

ISOLDE (ISOL)  runs out　（elements, life-time）
JYFL (IGISOL)  3000 hours/y　（relatively close to stability）



Precision Mass Measurements with Penning Trap 
Mass Spectrometer

≈6 facilities （20years of history）
≈500 Nuclides
relatively close to stability



ISOL
High Yield, but difficult for 

Refractory elements, 
Chemically active elements

thick target

ion source

stop in target, diffusion, evaporation

ionization in IS
≈50 keV
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ISOLDE (SC, Fact Sheet)

EMIS

comprehensive study of RI 
since ‘60s

≈700 RI

Isobaric contaminations

ISOLDE, OSIRIS, TRISTAN,
TISOL ....

note: laser ion source 
just supports 

ionization process, 
not in target



First Beak Through:  IGISOL @JYFL
J. Arje, K. Valli: NIM 179(1981)533.

ISOL for All Elements, Fast Extraction

Problems:
1) Poor Emittance (Gas Collision)
2) Low Yield  (Thin Effective Target)

SPIG @INS
RF sextupole ion beam guide for IGISOL

Buffer gas cooling  & Bunching

H. Xu, M. Wada, I. Katayama et al: NIM A222(1993)274.
S. Fujitaka, M. Wada, I.Katayama et al: NIMB126(1997)386.

Large Cell?  Slow Extraction!

Electric Field in Cell!

Ion Guide ISOL

RF Ion Guide



Brief History of Development

• RF Trap (W. Paul, 1953)

• Electric Curtain (Masuda, 
1972)

• IGISOL (J. Arje, 1981)

• SPIG (1993)

• Cyclotron Ion Guide(1997)

• RF-ionguide (1997)

• Off-line experiments (1998~)

• On-line experiments (2000~)

~ Rome was not build in a day ~

...

...

RF-ION-GUIDE

mean potential

RF Voltage

Ring Electrode

He Cell

Barrier for wall collision RF field

Accelerate* to exit DC field

No Gas Flow is Required
Fast Extraction
Small Exit Hole
Small Pumps

Electron Supress

M. Wada: IGISOL-5, Dubna, 1997

Proposal



200 mmφ

RF-Carpet Ion GuideTM

nozzle  0.7mmΦ
He 100Torr x 2m

～2MeV/u
(0~10MeV/u)
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Edc
Eeff

~RF gradient Field:
            Barrier

€ 

E eff in gas
max =

mµ 2Vrf
2

er0
3

€ 

2r0 ≈ electrode distance

€ 

F = − e2

4m
1

(Ω2 +1/ τ v
2 )
∇E rf

2 (r)

€ 

(E(r,t) = E rf (r)cos(Ωt),  τ v : relax time)

M.Wada et al, NIM B204 (2003) 570.

0.7φノズル

0.28mm Interval
co-centric ring 

electrodes

Proposed in 1997。Proof of Principle in 2000。100MeV/u Li8 in 2003。
used for Be spectroscopy in 2005-09。standard technology in worldwide



Va
c

Vdc

AC-DC Dependence of Yield

alpha decay

Overall Efficiency:  ~5% max
(Ion guide Efficiency:  ~33% max)
Yield of 8Li:           24 kcps max

Yield and efficiency of slow Li-8 ions

~100 A MeV  8Li ions from RIPS
 8Li:  delayed alpha decay
          reliable measurements
          very light ion

M. Wada et al, NIM B204(2003)570
M. Wada, NIM A532(2004) 40
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rm

HFS constant A (MHz)

Nuclear Mag. Moment (n.m)

by beta-NMR

S1/2-P3/2 Opt. Transition 
(MHz)

Be7 Be9 Be10 Be11

-742.77228(43) -625.0088370529(11) - -2677.302988(72)
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(-)1.6816(8)

957347372.4(1.6) 957396618.7(0.6) 957413945.1(0.9) 957 428 188.9(2.9)

Charge & Magnetization Radii of Be Isotopes
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A

A: Mass Number
neutron halo

of 11Be

Our Works

*  W. Geithner et al,
 PRL 83(1999)3792
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F=1

F=0

F=2
mF=+2
mF=-‐2

mF=-‐1

mF=+1

σ+

mF=0

laser

microwave

A.	  Takamine	  et	  al.,	  to	  be	  submitted

22P3/2

22S1/2

HFS	  Spectroscopy	  of	  11Be+	  (T1/2=13.8s)	  
11Be+  (I=1/2)

Fitted	  to	  Breit-‐Rabi	  formula	  :
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Next Gen. Ion Guide Gas Cell

- Fully covered RF carpets (planer & cylindrical)
- Cryogenic cooling by thermal isolation

MSU: Ion surfing (traveling wave)
KVI: big cryogenic gas cell for FAIR LEB

1. contaminants from impurity in gas
2. space charge effect at high intensity



HE
≧100MeV/u

IGISOL
JYFL LIS+IGISOL

Leuven

RF IGISOL
INS

Gas Cell  Genealogy

SLOWRI prototype
RIPS RIKEN

LEBIT 
MSU

FAIR-LEB
GSI

RF IGISOL
Sendai

no RF

GARIS+RF IGISOL
RIKEN

FRIB
MSU

PALIS
RIKEN

CARIBOU
ANL

RF funnel

RF funnel
Cyclotron

RF carpet

GARIS+IGISOL
INS - RIKEN

ATLAS
ANL

Res. Ionization

SHIP TRAP
GSI

SLOWRI2.0
RIBF RIKEN

ME
≈10MeV/u

LE
≈1 MeV/u

Re-Acceleration

future plans

more selectivity

more yield

Cf fission source



Super Conducting 
Ring Cyclotron

Target

RF Ion Guide
Gas Cell

RF-Carpet

High Energy RI-Beam

Heavy ion beam
400 MeV/u

>200 MeV/u

~1 eV

30 keV

Universal Slow RI-beam Facility
SLOWRI

Ion Trap

Laser Spectroscopy

Mass Measurement

ISOL

Degrader

RI-Beam Factory

all elements
high pure
low emittance
0-30 KeV

“super-ISOLDE” ≈ SLOWRI@RIBF

A/Z

A
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2 weeks/y for SLOWRI ??
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Mass
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Decay
etc
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simultaneously produced from 

a single ion beam

When other one plays with 78Ni,
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F2

Target

1) Stop & Neutralize in Ar (1 bar)
2) Extract by Gas Flow
3) Re-Ionize at Exit and SPIG
not universal, not very fast but

A/Z, Z, A separation

F1

PALIS
PArasitic slow RI-beam with gas catcher Laser Ion Source
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Development	  of	  the	  prototype	  PALIS	  system	  (2010-‐2012)	  

SextuPole	  Ion	  Beam	  Guide	  (260mm)	  
(10	  -‐	  10	  -‐4mbar)

Quadruple	  mass	  separator	  (10-‐5mbar)

TMP	  300L/s TMP	  300L/s
Channeltron
	  	  	  	  	  	  	  	  	  	  (10-‐6mbar)1000mm

Ioniza2on	  inside	  gas	  cell	  and	  its	  extrac2on	  to	  the	  high	  vacuum

We	  also	  ionized	  for	  Co,	  Ni,	  Ti,	  Sn,	  Pd,	  Nb.

Ioniza2on	  inside	  gas	  jet
normalized

1mm	  exit	  hole

Lasers

Lasers

	  	  	  	  	  	  Gas	  cell
(argon	  ~1	  atm)

PALIS	  laser	  system	  (old	  setup)
New	  laser	  setup	  will	  be	  built	  soon	  in	  2012.

Excimer	  
laser	  (Lpx240)
	  	  	  200Hz/150mJ/p

Dye	  laser

YLF	  Laser
1kHz

TiSa	  laser	  collaborated	  with
H.	  Tomita,	  C.	  Sakamoto,	  
T.	  Takatsuka,	  T.	  Noto	  (Nagoya	  Univ.)

S.H.G

Recently	  we	  also	  
tested	  for	  Nb.

T.Sonoda



HE
≧100MeV/u

IGISOL
JYFL LIS+IGISOL

Leuven

RF IGISOL
INS

Gas Cell  Genealogy

SLOWRI
RIPS RIKEN

LEBIT 
MSU

FAIR-LEB
GSI

RF IGISOL
Sendai

no RF

GARIS+RF IGISOL
RIKEN

FRIB
MSU

PALIS
RIKEN

CARIBOU
ANL

RF funnel

RF funnel
Cyclotron

RF carpet

GARIS+IGISOL
INS - RIKEN

ATLAS
ANL

Res. Ionization

SHIP TRAP
GSI

SLOWRI
RIBF RIKEN

ME
≈10MeV/u

LE
≈1 MeV/u

Re-Acceleration

future plans

more selectivity

more yield
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PALIS at F2 chamber (plan B)

195

R 200

Ar Gas Cell

diff. pump.

ceramic

rail

spherical def.

TMPscrew pumps

beam(2200h)

beam(1500H)

F2 chamber

The 30m BTL can be inclined by 1.2 degree

Blue parts move 20cm
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D2 current RI Intensity
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Day Zero exp.
exp. during commissioning
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λ1=410	  nm

λ2=449	  nm

5s25p	  	  J=1/2

In	  (Z=49,	  N=66,	  I=9/2)

5s26s	  J=1/2

F=4

5
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5
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b a c

A=1685	  MHz

3/2
A=2282	  MHz

2213	  cm-‐1

d

d

29858425

A=242	  MHz

In: very large hfs. 131In: double magic - p
easy to interpret



other RIS candidates

• V, Sc, Co, Ag, Sb, etc Sc, Ti, V

Co, Cu, Zn



Day One, Two exp.
• Direct Mass Measurements with MRTOF-MS

• Collinear Spectroscopy 

• Decay Spectroscopy
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Mass measurements at SLOWRI using MRTOF

132Sn



Mass Measurements of Short-lived Nuclei
Q-value (decay or 

reaction)

In-flight spectrometer

Storage Ring
Penning Trap

MRTOF (多重反射型TOF)

Ultra Fast
Low Precision

Fast
Low Precision

Isochronous

Electron Cooling

Very Slow
High Precision

Slow
Ultra precision

Fast
High Precision

New method

Universal
Ambiguity from levels

TOFI, SPEG ..

GSI ESR
RIKEN RI-Ring

ISOLDE, JYFL...

RIKEN, Giessen ..

indirect direct



Relative Mass Uncertainty and Half-life

MRTOF(expected)

Astro

sub-shell
shell

halo

weak-
interaction

objects

(PenningTrap)

(RING [E-cool])

(Ring [Isochronous])

(Inflight)

Sh
or
te
r -
> L
ow
er

few ms
≈10-7 Precision



Penning Trap Mass Spectrometer vs.  MRTOF Mass Spectrograph

Isochronous

For short-lived heavy nuclei,
MRTOF overtakes PTMS

Chemical 
molecules, too

Mass Resolving Power

500 ms Excitation time
Rm ≈560,000

253No2+

92 T Magnet is
needed for Penning Trap

Rm≈141,000

mass precision is 
given by MRP and 

statistics

δm/m≈0.05ppm

mirror1 mirror2trap



TOF→Mass:  References are indispensable
Molecular Ions provide references in large mass range

Methanol	  	  Water	  1:1	  +HCOOH	  0.1%

Electro Spray Ion Source＋Small RF carpet ESI attached to MRTOF for measurements



TOF1=13,548.665(3)us
C6H7N+

m1=93.057300 u

TOF2=13,549.581(3)us
[C7H8+H]+

m2=93.069876 u

expm2=93.06990(4) u
δm/m=0.38 ppm
(m2-expm2)/m2= 0.21 ppm

C
ou

nt
s

Time-of-Flight  13,537.008 (!s)

N = 410 laps
fitting

100

101

102

103

104

105

106

11.0 11.5 12.0 12.5 13.0 13.5 14.0 14.5 15.0

TOF3=13,551.1158(4) us
[2(C2H6O)+H]+

m3=95.068480 u

Mass Determination Test with Molecules

3 isobaric molecules (A=93). 
Using two for references and 

deduce one.
精度(precision) 0.38 ppm
確度(accuracy) 0.21 ppm

A=103
N=392 laps

A=126
N=354 laps

A=74
N=462 laps

A=74
N=462 laps

N=410 laps
for A=93

Rt≈137,000

preliminary

20Hz 9000s



33.52us

N

time
 focus

exit open

TOF spectra at N laps

N=0

N=1

N=2

A=97 A=97

A=99

A=95

ejection from trap

fo
r A

=
97

A=97

A=91

Time Focus & TOF spectra at different laps



Decay Spectroscopy

EURICA+Tape Transport Pure Low-Energy RI-beams←

Level Schemes

PAC

Delayed Neutron

coincidence 

Magnet+ Isomeric states

radiochemical method 

ε: 10~28%, 
high granularity



radio chemically detects
daughter or ground daughters

pure RI-beam allows simple exp.
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GeGe
As

Ge

Se Se Se

Kr
Br

Se

Kr
Br
Kr Kr Kr

Sr
Rb

Kr

Sr Sr Sr
Y
Zr Zr Zr

Mo
Nb

Zr

MoMoMo

Ru

MoMo

RuRuRuRuRu

Pd
Rh

Ru

Pd Pd Pd

Cd
Ag

Pd

Cd
Ag

Pd

CdCdCd

Sn
In

Cd

Sn Sn

Cd

Sn Sn Sn Sn Sn

Te
Sb

Sn

Te
Sb

Sn

Te Te Te

Xe
I
Xe Xe Xe

Ba

Xe Xe

Ba
Cs

Xe

Ba Ba Ba

Ce

BaBa

Ce
La
Ce
Pr
NdNd

Sm

NdNd Nd

Sm Sm Sm

N
=

8
2

Z=50

Delayed Neutron Multiplicity (Max)

Shift of 2nd Peak

(evaluated from AME2003)



Mass　known:≈2000               ≈3000　 1.5 X
Opt. Spectroscopy  ≈600            >1200　  2 X

MRTOF

RF-Carpet

Z

N

All Elements

Expected Nuclides
@ SLOWRI  ≈ 3000

Pure, 
Efficient

Slow-RI

RF Ion guide

few ms measurements
Rm≈200,000

PALIS

Parasitic RIB

Mass 
Known

δm/m≈10-7 
H H

HeHe

Li Li

Be

B B

C C

N N

O O O

F

NeNeNe
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MgMgMg
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Si Si Si
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Yb

Tm

Er

Yb YbYbYbYb

Lu

Yb

Hf Hf Hf Hf Hf

W

Ta

W

Re

W
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Ir
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Hg

Au

Pt
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Hg
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Pb Pb Pb

Bi

U

Ni

Sn
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Optically 
Measured

Expands
Knowledge

Ca ion

Ion Trap

Laser Cooling

“RI of All Elements”

“World Record”

“Rapid & Accurate”

“RIB for Everyday”



Criticisms

1. Main user frequently changes Bρ

2. Parasitic beam has never used at RRC

3. RIS limits Nuclides as ISOLDE

4. RF Gas Cell should be located freely 
accessible room, then 1.5 days between Main 
exp can be provided for SLOWRI

slide#12, diffusion in target is the issue !

slide#35,36, fixed several days in many cases!

sharing primary beam always causes loss, while secondary beams 
are always available without losses

It is good if €1M more investment is allowed





Two type gas cell for SLOWRI

RF-carpet Gas Cell PALIS Gas Cell ISOL

elements ≈all ≈70% elements <50%

nominal 
extraction time

≈10 ms ≈0.1~1 s ≈1s

total efficiency ≈10 % ≈1 %

availability < 2 weeks/year ≈everyday

pros & cons

very complementary

daily exp. using PALIS, 
particular nuclei using RF gas cell with main beam



Innovation of electric curtain with standing & 
traveling wave, in 1972

• Innovation of  rf hopper, curtain
• transport aerosol, organic cell ions in air



2 or 3 Step Resonance Ionization


