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1. Synthesis of heavy elements in the universe

2. Comprehensive mass measurement of short-lived nuclides

review of very basics
why we measure atomic masses

mass as finger print

nuclear structure studies

heavy element synthesis
toward islands of stability

very basics but I didn’t 
know in your age
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Laser spectroscopy of trapped Sr ions
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Laser spectroscopy of trapped short-lived Be ions
Innovation of RF carpet

Comprehensive mass measurements with MRTOF
MNT for n-rich nuclides at KISS
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念青唐古拉峰(7162m) First accent

東北大学西蔵学術登山隊(1986)

RF carpet

HFS of Be-11

Scientific Expedition “for the first time”

MRTOF mass spectrograph



Solar abundance
(log scale)

208Pb

238U232Th

195Pt

138Ba
130Te

88Sr

80Se

56Fe

We have various elements (~83) and their isotopes (~255)

Q1: How do we know?



Optical Spectroscopy

1814, J. von Fraunhofer 
discovered >500 “dark 
lines” in spectrum. 
However, the origin of 
the “lines” were 
determined by Bunsen & 
Kirchhoff 40 years later.

Sun (Light source)

Atmosphere of Sun

Atmosphere of Earth

HNaFeHFeCa+
Mg

Volatile elements in “atmosphere” of Sun are observable

Absorption lines (or Fraunhofer lines) in optical spectrum

Isotopes identification is difficult
Contents in atmosphere and core are identical?

Solar quakes can model internal structure of the Sun

光球
O2O2He



Elemental & Isotopic Analyses of Meteorite

A flake of Allende meteorite 
fell in Mexico in 1969.

A specific meteorite contains materials formed 4.5 G year ago.

Moon stone from Apollo15, 
1971

Moon stones formed 3.2~4.4 G years ago.

Q1: Why not stones or soil on the Earth’s surface ?

Orogeny (mountain-building processes) has 
led to the formation of metal deposits, 
resulting in the uneven distribution of 
elements.

non-volatile elements with isotopic ratios
How accurately confirm it represent the original abundance?
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Solar abundance
(log scale)

208Pb

238U232Th

195Pt

138Ba
130Te

88Sr

80Se

56Fe

s-process

s-process

s-process

r-process-I

r-process-II

r-process-III

r-process-iV?

Nuclides Abundance in the Solar System

Big Bang

Stellar Burning

H：Fe：Pb：Th log-ratio 12 : 7.4 : 2.1 : 0.26
evaluated by
• chondrite meteorite
• solar optical spectroscopy

~83 elements、~255 nuclides

The origins of heavy elements have been major concerns in Nuclear Physics

r-process, s-process,etc
BBFH, Rev. Mod. Phys 1957

It’s done?



600Mt/s of Hydrogen convert 
to He 596Mt at Sun

Stellar Burning

(Thermal) projectile energy is much less than Coulomb barrier
550keV1.35 keV

“Tunnel effect”

p-p chain, triple-α, CNO cycle, Si cycle, etc

𝑄 > 0

𝑄 > 0

𝑄 < 0

A + B → C + 𝑄

Majority of possible reactions for heavier than Fe, Ni

𝑄 < 0

slowly take place via tunnel effect

difficult to take place with thermal kinetic energies

exothermic

endothermic



“Tunnel effect”

𝑄 > 0

What about neutron capture?

proton, alpha, heavy nuclei

neutron

No Coulomb barrier

𝑛𝛾

𝛽!

neutron capture and 
successive β- decay 

produces Z+1 nuclide



S-process for heavy element synthesis

Asymptotic Giant Brach of 0.6~10 solar mass stars

at the end of life, 1,000-1,000,000 years of slow process

source of neutrons

neutron capture & 

not accessible in s-
process

Heavy nuclides can be synthesized up to 208Pb and 209Bi

Q1: Have you tried tracing the path?



64Ni (101 y)

71Ge (11.4 d)

s-process follows stable nuclides via β- decay??

sometime β+ (EC) decay contribute

Q1: What determines β- or β+?

blue box: stable

N=35
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Table of Isotopes



81Kr (2x105 y)
79Se (3x105 y)

107Pd (6x106 y)

s-process can’t access

s-process can’t access

r-process?

p-process?
N=50



s-process can’t access
r-process?

s-process can’t access
p-process?

N=82

100%

99.97%

97.6%

2.4%

6.9%

100%

99.9997%

99.98%

?



s-process can’t access
r-process?

s-process can’t access
p-process?

β+ (EC) decay

28%

72%

100%

40%



s-process can’t access
r-process?

End point of 
s-process

209Bi

N=126

β+ (EC) decay

92.5%

7.5%

4.8%

100%
3%

Q1: At the end of s-process, 
all nuclides go to Bi209



small leak
(small σn)

small leak
(small σn)

138Ba

88Sr

small leak
(small σn)

208Pb

209Bi 209Bi
no leak no leak

Q1: Why can't 
everything be 209Bi?



n-capture cross section becomes minimum at n-magic number

At minimum σn, Abundance max
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Solar abundance
(log scale)

208Pb

238U232Th

195Pt

138Ba
130Te

88Sr

80Se

56Fe

s-process

s-process

s-process

r-process-I

r-process-II

r-process-III

r-process-iV?

Nuclides Abundance in the Solar System

Big Bang

Stellar Burning

H：Fe：Pb：Th log-ratio 12 : 7.4 : 2.1 : 0.26
evaluated by
• chondrite meteorite
• solar optical spectroscopy

~83 elements、~255 nuclides

s-process peaks are at neutron magic numbers (of stable)

r-process, s-process,etc
BBFH, Rev. Mod. Phys 1957

σn of “stable” nuclides, experimentally studied very well



Neutron Number

Black: Exist in Nature

Red: Experimentally synthesized

Yellow: Theoretical prediction
Pr

ot
on

 N
um

be
r

E=mc2

Nh

U, Th

Fe

LEGO Nuclear Chart

The heights indicates the mass
But divided by A and magnify around mass/A =1

Q1: What is the height of pillar?



Poster of a laboratory

binding energy



mass

1u

295u

mass/A

0

1.0

Expand m/A=1.0

0.998

1.009 n: 1.00866
1H: 1.00782

56Fe: 0.99884



What is the Binding Energy(BE)？

62Ni: 8.9746 MeV/A

0 MeV/A

10 MeV/A

BE/A

56Fe: 8.87904 MeV/A

Atom is ~1% lighter than 
the sum of constituents: 

Mass deficit

(𝑀H𝑍 +𝑀N)/𝐴 surface (not flat)

mass deficit (-BN)

Q1: Why m/A min. at Fe56 and BN/A 
max. at Ni62 ?



Mass Deficit

Definition: The mass deficit of a nucleus is the difference between the total mass of its 
individual protons and neutrons (when they are free and not bound in the nucleus) and 
the actual mass of the nucleus.

Mass Excess

Definition: The mass excess of a nucleus is the difference between the actual mass of the 
nucleus and its mass number (A) expressed in atomic mass units (u).

Mass Deficiency and Mass Excess are terms used in the context of nuclear physics.

Mass deficiency refers to the phenomenon where an atomic nucleus is lighter than the sum of 
the masses of its constituent particles (protons and neutrons). This is because the nucleus 
possesses binding energy, and energy and mass are mutually convertible. Mass deficiency is 
explained based on 

E=mc2 (Einstein's mass-energy equivalence).

Mass excess refers to the situation where the actual mass of an atomic nucleus is greater 
than the sum of the masses of the protons and neutrons that make it up. This excess mass 
indicates that the nucleus possesses binding energy.

Chat GPT 2023What is the difference of mass deficit & mass excess?

Chat GPT 2024/7/30

238. 0507869(16) um(238U)= ME(238U)=0.0507869(16) u or ME(238U)=47307.7(1.5) keV
Mass excess is just for convenience.



A=40 isobar (from heavy side view)
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Qβ corresponds to Eβ 
max

N

Z

A=40

Comparison with neighborhood

in isobar : beta stability



S2n

Sn

S2p
Sp

N

Z

separation energies

proton separation energy

two proton separation energy

neutron separation e.

two neutron sep. e.

Separation energy = 
0: Drip line

Sn

S2n

n-drip line

S2p

Sp

p-drip line

Comparison with neighborhood 2



r-process
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Solar abundance
(log scale)
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238U232Th
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88Sr

80Se

56Fe

s-process

s-process

s-process

r-process-I

r-process-II

r-process-III

r-process-iV?

Nuclides in Solar System

Big Bang

Stellar Burning

~83 elements、~255 nuclides

n-drip line
𝑆!, 𝑆"! ≈ 0

𝑆! ≈ 2MeV

88Sr, 138Ba, 208Pb  Stable Nuclides on n-magic
~80Se, ~130Te, ~195Pt   a bit lighter  than n-magic r-process

s-process

projections from n-magic numbers in n-rich short-lived nuclei？

waiting points

W. Fowler et al,1957
(Nobel prize in 1983)

β

α

β

α
β

β

β

fission

fission wall

To have U, Th: r-process should
go over the N=126 waiting point &
not rapidly proceed beyond the fission wall

r-process path
Simulation with a theoretical mass formula

Peaks beyond Fe

H.Koura



equilibrium

Sn (Mass) is essential

r-process (equilibrium model)

β-decay (Z=Z+1)

1)

2)
T1/2 is essential

High Temp. Clearing up Cool down
non-equilibrium, intermediate

Sn,σn
cross sections 

appear

(A=A+1, A-1)
β-Decay (Z=Z+1)
(A=A, A-1, A-2)
β-delayed neutron

Pn

N

Z

N

Z

β-decay (Z=Z+1)

In equilibrium, abundance is given by Sn and Temp. 
(Chemical process with neutron water)

Pn=1Pn=2

β-decay toward stable preserving A,
(If n-emissions occur, shift to A-1, A-2…)

1022/cm2s

chemical potential μ

neutron separation energy Sn

Sn ~ 2 MeV is the r-process path



r-process path and waiting point (neutron-magic)

Sn ≈2 MeV
no experimental data

Sn

Δ2n

Δ!"(𝑁, 𝑍) = 𝑆!"(𝑁, 𝑍) − 𝑆!"(𝑁 + 2, 𝑍)
shell gap energy: good indicator of magi city



Solar abundance
(log scale)

208Pb

238U232Th

195Pt

138Ba
130Te

88Sr

80Se

56Fe

s-process

s-process

s-process

r-process-I

r-process-II

r-process-III

Big Bang

Stellar Burning

Δ𝑆!"
Experimental 

Partly experimental
Extrapolated

waiting points

r-process-iV?

𝑆!, 𝑆"! ≈ 0

𝑆! ≈ 2MeV

new projects

Solar abundances and atomic masses (ΔS2n)

r-process path
n-drip line

β

α

β

fission

fission wall

(AME2020)

Δ𝑆!"(𝑁, 𝑍) = 𝑆!"(𝑁, 𝑍) − 𝑆!"(𝑁 − 1, 𝑍)

𝑆!"(𝑁, 𝑍) = 𝑀(𝑁 − 2, 𝑍) + 2𝑀" −𝑀(𝑁. 𝑍)

𝑆"(𝑁, 𝑍) = 𝑀(𝑁 − 1, 𝑍) + 𝑀" −𝑀(𝑁. 𝑍)

Atomic masses 
➡

neutron separation energy  
➡

2 neutron separation energy

semi empirical shell gap energy
➡

r-process path

n-magic number

Sn≈2MeV in equilibrium model

r-process peaks in equilibrium model

Half-lives 
➡Fission probabilities (Pfis), Fission barrier energies 

➡

waiting points, r-process time scale, etc

fission cycling, r-process endpoints
all nuclear spectroscopic data 

➡constrain mass formulae and nuclear theories
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r-process dynamic calculation
Thomas Rauscher, Essentials for Nucleosynthesis and Thoretical Nuclear Astrophysics, Iop Publishing Ltd, (2020)

n-capture photo dissociation

β-decay, β-delayed neutron

n-induced fission

β-delayed fission

< 𝜎𝑣 > calculation required

σ：Hauser-Feshbach statistical model
Direct-semi-direct reaction (DSD) etc

ｖ： sensitive to resonant state

Mass is essential, but not only mass

https://www2.yukawa.kyoto-u.ac.jp/~rp2019/slides/190523_09_koura.pdf

Sn: rapid decrease observed

https://www2.yukawa.kyoto-u.ac.jp/~rp2019/slides/190523_09_koura.pdf


http://natgeo.nikkeibp.co.jp/atcl/news/17/101800401/?P=2

A big news in 2017

They observe the moment of Au, Pt are born

gravitation wave from n-star merger



Multi-messenger astronomy after n-star merger

Zhu et al. The Astrophysical Journal Letters, 863:L23 (6pp), 2018 August 20 

Optical spectroscopy of remnant of NSM, kilo nova (r-process nova),
wavelength, time profiles agree with predicted r-process !

T1/2 ≈ 60 day
fission of 254Cf ?

We will provide mass and decay properties of the 
progenitors of 254Cf

Wanajo et al. The Astrophysical Journal Letters, 789:L39 (6pp), 2014 July 10 predicted before NSM in 2017

NSM GW170817

absorption of Sr II ?

β-delayed fission?



Cosmochronometry
Using 232Th (T1/2=14.0 Gyr) and 238U (T1/2=4.47 Gyr)

𝑡 = 46.67Gyr[log(Th/Eu)#$#% − log( ⁄Th Eu&'(]
𝑡 = 14.83Gyr[log(U/Eu)#$#% − log( ⁄U Eu&'(]
𝑡 = 21.80Gyr[log(U/Th)#$#% − log( ⁄U Th&'(]

initial ratios are determined from 
r-process model

age of a star can be:

If we use bare theoretical mass formulae, the age can be varied
t > 14 Gyr (greater than the age of universe),
t < 0 Gyr (negative age !)

Universality? of r-process

} metal poor, first stars in halo of MilkyWay

universal

actinide boost

actinide poor

r-process-II

r-process-III

r-process has been considered to be “universal”,

55 < A <75 is universal, but “actinide boost” and “actinide poor” 
stars are found 

in metal poor stars (first stars in halo of our galaxy)

not all r-process go over N=126 waiting point?

some r-process rapidly proceed beyond fission wall?

part of 55<A<75 nuclides are considered to be from 
fission fragments, why they are universal?

We will provide constraints for more accurate mass formulae

We will provide key experimental data



KISS-II Design Report, 2021 Nov. 30 

Pathways to Th, U

spontaneous fission wall

254Cf

We will access these nuclides 
N=162 semi-magic number?



end of part I



part -II
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Theoretical mass predictions are scattered 
very much

Mass:
r-process path
waiting points

T1/2:
r-process time scale
waiting points

Pfission:
fission cycling
r-process termination
final abundance

Experimentally observable data for r-process study

Pdelayed-neutron:
final abundance

Isomeric state:
r-process path
final abundance

Any nuclear data constrain mass 
formulae and  nuclear theories



Masses to be measured

Mass Known(δm/m<10-6): 2300

Experimentally Synthesized：≈3300

Synthesized but Mass unknown：≈1000

note: many known masses 
were measured indirectly

decay, reaction (660)

mass spectrometry 

+4

0

-4

log(T1/2)

log (T1/2)

T1/2:  10 ms - 100 ms most abundant

cf. AME2016

we need to measure nuclides T1/2 of 10 ms ~ 100 ms

not discovered ~ 6000



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

reaction)

In-flight spectrometer

Storage Ring
Penning Trap

MRTOF (multi-reflection 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
IMP CSRe

RIKEN RI-Ring
ISOLDE, JYFL...

RIKEN-KEK, Giessen, ISOLDE ..

indirect direct



Time of Flight Mass Measurement
徒競走（Time∝√Mass）

if kinetic energy is constant

Not much difference in 100m race

Use of  a Track extends the distance

go back and forth in a swimming pool

For atoms (ions), go 
back and forth between 

a pair of (electric) 
mirrors.



MRTOF Mass Spectrograph
Po

te
nt

ia
l (

V)

Open entrance to inject

Close entrance before 
coming back

go back and forth for 
≈200 times

Open exit at pre-
defined timing

Detect ions’ ToF

Ion Trap Ion Mirror
TOF 

detector

(Multi Reflection Time of Flight…)

Ion Mirror

k=k+α

k=k-α

A=205@223laps
A=204@223laps

205Fr+
204Fr+ 205Rn+

204Rn+

205At+

garbages @ different laps

𝑚! =
𝑇𝑜𝐹!
𝑇𝑜𝐹"

#
𝑚"

 fast (~10 ms)
 high precision (MRP~1M)
 high accuracy
 high efficacy



Example of high efficient measurement

xn

pxn

αxn

αpxn

Products of multiple reaction channels
were measured in a single ToF spectrum

Excitation functions of multiple 
reaction channels were measured by 

a single energy scan

!"#La +$! V → (!#%Hg) →



Why we use MRTOF？

High efficacy

Short-lived, Heavy nuclides

High precision, High accuracy

Multiple spices at once
（no scan, no pre-purification）

T1/2 = 10 ms, A>200 no loss in precision

219Ra++

(T1/2 = 10 ms)
N = 150 laps

rate ~ 0.04 cps
red-χ2: 0.9

Mass resolving power （Rm= 1,000,000)
Excellent referencing methods

accuracy

pr
ec
isi
on

High precision・low accuracy

4 meas. -> 2x10-7

Q1: What is the best?



GARIS

KISS
BigRIPS

+SLOWRI

Comprehensive Mass measurements at RIBF with MRTOF

@345, 400 MeV/u
238U 150 pnA (1012 pps)

48Ca  500 pnA (3x1012 pps)

RIBF provides world highest number of nuclides
from Hydrogen  to Nihonium

Measure masses of all available possible nuclides 

GARIS: SHE, fusion products

BigRIPS: fragmentation/fission lower than U

KISS:  n-rich nuclides via MNT

slogan:



Other Mass spectrometers at RIKEN RIBF (BigRIPS)
Cover article of

Bρ-ToF at SHARAQ

Isochronous storage ring: R3



BigRI
PS

200 MeV/u

150 cm   He 200 mbar

30 cm   He 100 mbar

30 cm   He 1 mbar

GARI
S

5 MeV/u

KISS
30 keV Pin Hole

Ion Traps

MRTOF

GARIS

KISS BigRIPS
+SLOWRI

Comprehensive Mass measurements at RIBF with MRTOF

1. Thermalize in He gas
2. Extraction by RF-carpet
3. Trap in Ion-Traps
4. Mass measurements with 

MRTOF

@345, 400 MeV/u
238U 150 pnA (1012 pps)

48Ca  500 pnA (3x1012 pps)



Big Gas Cell —- traditional type 

200 mmφ
nozzle  0.7mmΦ

He 100Torr x 2m

〜2MeV/u
(0~10MeV/u)

0.7φ nozzle

0.28mm Interval
co-centric ring 

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

Ion Barrier by 
RF gradient fields

Energetic ions can be stopped in He gas as ions, extracted by DC+ inhomogeneous RF fields

fast, efficient, and universal conversions energetic RI to trapped RI ions in ion traps

How to paint skeleton?

Electric force lines always 
terminated at cathode, even 
if it is a mesh !



P. Schury et al,PRC104,L021304(2021)
Y. Ito to PRL 120, 102501 (2018)
P. Schury et al, in preparation

Y. Ito et al, in preparation

M. Rosenbusch et al, PRC 97, 064306 (2018)

P. Schury et al, PRC95(2017)011305R

T. Niwase et al, PRC104(2021)044617

H. Choi et al, PRC202,034309(2020)

P.M. Walker et al, PRL125,192505(2020)

M.Mukai et al, PRC102,054307(2020)

Y.X. Watanabe et al, PRC101,041305R(2020)

Y.Hirayama et al, PRC98,014321(2018)
Y.Hirayama et al, PRC96,014307(2017)

H. Watanabe et al, PLB 814,136088(2021)

S. Kimura et al, IJMS 430, 134-142 (2018)

S. Kimura et al, in preparation

S. Iimura et al,  PRL 130, 012501(2023)

W. Xian et al, PRC109,035804(2023)

A. Takamine et al, in preparation

D. Hou et al, to PRC108,054312(2023)

Decay spectroscopy
Laser spectroscopy
Mass spectrometry

Y.X. Watanabe et al, PRC104,024330(2021)
M. Ahmed et al, PRC103,054312(2021)

T. Niwase et al, in preparation 

Ca

T. Niwase et al, PRL130,132502(2023)

M. Rosenbusch et al, in preparation

M.Mukai et al, PRC105,034331(2022)

S. Kimura et al,PRC submitted

Discovery of new n-rich uranium 
isotope
First direct mass measurements of 
Superheavy element, Db
Disappearance of N=34 magic 
number for Ti, Sc
N=Z, Sn100~Zr80 (even-even)

KISS
BigRIPS

+SLOWRI

GARIS

@KISS

@GARIS

@BigRIPS-SLOWRI

KEK Wako Nuclear Science Center
~recent highlights~

Summer 2024, in preparation 

S. Kimura et al, Nature, in preparation



104Sb2+
101In2+ 104Sn2+101Cd2+

101Ag2+

103Sn2+

103In2+

RIBF211, MRTOF part (7 June, day 4)   Sb104, Sn103,104

39K1+

Reference ions for drift correction
41K1+



Disappearance of N=34 magic number for Ti. V isotopes
S. Iimura, M. Rosenbusch et al, PRL130,012501(2023)

Δ!" = {𝑚(𝑁) −𝑚(𝑁 − 2)} − {𝑚(𝑁 + 2) −𝑚(𝑁)}
(2-neutron shell gap energy: double differentiation between N, N±2 isotopes)
A good index for n-magic number: Δ2n

accurate reference

gray scale: precision of Δ2n

accurate MRTOF data

inaccurate Bρ-ToF data

𝑇𝑜𝐹"
𝑇𝑜𝐹#

= 0.999871654(31)

no magic for T, V as Sc, Cr

A previous study showed that a new magic number of N=34, found in Ca 
isotopes, was present in Ti and V isotopes, even though it was absent in Sc.
The high precision and accuracy of the mass measurement in this study proved 
that there is no magic number nature in Ti and V isotopes.

Comparison of this work with AME2020



Mass Measurement of Superheavy elements @ GARIS-II MRTOF

RIKEN’s nihonium

Dubna’s nihonium

flagship exp.

no link to known nuclides

known nuclides

Ca48 needed

V51+Pb208

258

Our Works

• Proposed even before Nh granted.

• PAC provided “S”-grade with 40 days MT

• Setup has been ready for exp., however, difficult to obtain Ca48.

Ca48+Am243

Aim: confirm Z of “hot fusion” SHNs
via precision mass measurements.

Dev. of a self-purification system with CANDLE project (ββ)



official report from 
IUPAC+IUPAP JWG



GARIS-II @ RIKEN RIng Cyclotron Facility MRTOF-MS

targetprimary beam beam dump reaction products

Cryo gas cell
RF carpet

Ion Trap

αToF Detector

!#$Am +#% Ca →!%% 113 + 3𝑛

Experimental Setup at GARIS-II

RF-Carpet(traveling wave)

Recoil Ions

Db, Md, Es…

Linear RFQ ion trap

Flat RFQ ion trap

Bunched Ion Beam

Db++, Db+++, Md++,
Exit hole（φ0.32mm)

CoCentric Electrodes
（pitch:0.16mm)

(the  structure and the location have been changed for several times)

fusion reactions, e.g.,



Mass Measurement of Superheavy elements @ GARIS-II MRTOF

RIKEN’s nihonium

Dubna’s nihonium

flagship exp.

no link to known nuclides

known nuclides

Ca48 needed

V51+Pb208

ToF Singles Spectrum for Db isotopes

258

Our Works

• Setup has been ready for exp., however, 
difficult to obtain Ca48.

• First SHE mass Db in NP2020-LINAC07

• a-ToF detector R&D exp. for Ra isotopes

574 laps 575 laps

Ca48+Am243

P. Schury et al,PRC104,L021304(2021) & one in preparation

T. Niwase et al,NIMA 953(2020)163198

T. Niwase et al, PRC104(2021)044617
independent T1/2 determination of 206,207g,mRa and branching ratios

Dev. of a self-purification system with CANDLE project



TEst 

Off-line studies with Fission Source (252Cf, 248Cm)

>300 Nuclide’s Mass were measured (a few 1st masses, several 
improved masses).
High accuracy with isobars and molecular ions in the same A/q.
beta-ToF detector allows T1/2 determination and confirms short-lived 
nuclides (not molecular bg).
New atomic physics studies with variety of elements, nuclear spins at 
very constant yields.
Health check of the gas cell and total system

S. Kimura et al, submitting to PRC

Nuclides at GARIS-II MRTOF
ToF of new mass for Ce155

Decay spectra with
 beta-ToF detector



no MF

MF for
151,152,153,154

MF for 153

153Nd2+

153Pm2+

153Sm2+

153Pr2+

153Ce2+

153X2+ 152X2+ 151X2+154X2+

550 laps 551 laps 552 laps549 laps



In-MRTOF deflector

How to eliminate garbage ions?

A deflector in the flight tube of MRTOF 
with sophisticate pulse train kicks out 
unwanted mass/q ions
Multiple (~5) sets of A/q numbers can 
be selected

M. Rosenbusch et al, NIMA1047, 167824 (2023)



136Xe beam

Lasers Ar gas

Gas cell system
• Target (198Pt)
• MNT reaction
• Gas cell (Ar gas, neutralization)
• Laser resonance ionization
      (Z selection)

Decay Spectrometers

Extraction chamber

• High voltage (~20 kV)

MNT 
products

laser@B2F

E3

E2

Y.H. et al. NIMB353(2015)4
                 NIMB376(2016)52

MNT reaction: 136Xe beam + 198Pt target 

KISS: First and unique ISOL facility for online precision spectroscopy with MNT 

f10 cm

3 cm

136Xe 198Pt

Ar gas
50 kPa

136Xe beam

198Pt target

gas inlet

gas outlet : f1mm

stopping region
for reaction products

0 5 cm

Laminar flow

filament

Laser

MRTOF-Mass Spectrograph

1.  MNT fragments thermalize and neutralize in Ar
2.  Element selection via resonant laser ionization
3.  Mass separation via magnetic separator
4.  precision spectroscopy with pure nuclide（β, g, mass）

64

Miyatake, Jeong et al



Not yet reached N=126, though
・Laser Spectroscopy（Charge radii, moments）

・βγ spectroscopy for “difficult” refractory elements (T1/2, Decay mode)

・Mass Spectroscopy with MRTOF

Low primary beam intensity (10 pnA)
Low gas cell efficiency ( 0.1%)

Steady Scientific Results have been obtained 
65



Discovery of a new U isotope at KISS MRTOF via mass spectrometry

Decay & Laser spectroscopy of
neutron-rich refractory elements

N=126

Z=82

mass frontier

new nuclide discovered by 
mass measurement

238U (30 pnA) on 198Pt target
@ KISS Ar gas cell,

Laser was set to uranium

expected KISS-II frontier

66

6 hours -> 10 s 241U2+

133Cs+ :reference

ToF spectrum

T. Niwase, Y. Watanabe et al, PRL130,132502(2023)



Solar abundance
(log scale)

208Pb

238U232Th

195Pt

138Ba
130Te

88Sr

80Se

56Fe

s-process

s-process

s-process

r-process-I

r-process-II

r-process-III

Big Bang

Stellar Burning

Δ𝑆!"
Experimental 

Partly experimental
Extrapolated

waiting points

r-process-iV?

𝑆1, 𝑆21 ≈ 0

𝑆! ≈ 2MeV

new projects

How to access N=126, origin of Th U, end of r-process?

r-process path

n-drip line

β

α

β

fission

fission wall

(AME2020)
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Multi Nucleon Transfer Reaction
Fusion reactions with n-rich RI-beams



Multi-Nucleon Transfer  (5~10 MeV/u)

U N

Z

Fragmentation
 of uranium r-process path

β-decay

U N

Z

r-process path

β-decay

MNT

Fusion(~5 MeV/u) Fragmentation/Spallation(~100 MeV/u)

U N

Z

Fragmentation
 of uranium r-process path

β-decay

Fusion reaction

“Addition” “Subtraction”

“Addition”＋”Subtraction”

RIBF(RIKEN)
FRIB(USA), FAIR(Germany）etc

”Add” neutrons
”Subtract” protons

south-east of uranium

How to access progenitors of uranium and end of r-process ?

KISS, KISS-II
NEXT, N=126 factory,

STAR, HIAF-MNT?

68

RIB



KISS-II “MNT reaction products, measure multiple species at once”

Separate TLF of MNT 
and Primary beam RF He gas cell for all 

elements

Single mass or
Multiple masses

Spectroscopy with high pure nuclide or
multiple nuclides with TAG by MRTOF

Primary beam separator： High intensity beam
RF ion guide He gas cell： Efficient collection of all elements
MRTOF：Multiple species, Tag for spectroscopy

primary beam total efficiency #nuclides / unit time total gain
KISS 10 pnA 0.1% 1 1

KISS-2 1000 pnA >1% >10 >10000

primary separator RF gas catcher MRTOF

1) Gas Filled Solenoid

2) BigGasCell

3) MRTOF-1 4) Mass Range Separator (new-type 
ISOL)

5) GCCB+Ion Trap

6) MRTOF-2

7)αβγ spectrometer

Primary beam separation

Decay spectroscopy

Rough mass separationMass mea.

Mass mea.

Target Beam Stopper

total budget:  $15M in 5 (setup) + 5 (exp.) years , failed 69KISS-1.5: $5M in 5 years, starting 2024 by Watanabe JSPS



 Multi-Nucleon Transfer reaction towards SHN

W. Greiner and V. Zagrevaev, Nucl. Phys. A 834, 323c (2010) , retouch by M.W.

Survival probabilities are orders of mag. low

Heavy fragments go forward

V.I. Zagrevaev and W. Greiner, Phys. Rev. C83, 044618 (2011). 

!&',!&%Db

KISS2

Md

Radiochemical or Successive α-decay
are not applicable to β-decaying, long-lived nuclides



Fission barrier increases approaching to IoS



normal (forward) 
position

inclined (54°) 
position

Gas Cell MRTOF

Gas Cell

MRTOF

target

primary beam

V.I. Zagrebaev, W. Greiner,  PRC83, 044618(2011)

Two Configurations of BigGARIS with MRTOF Mass Spectrograph

SHE direction (NE)
“Forward”

n-rich direction (E, SE)
“Large angle horn”

Part of the “Horn”, εcollection ~5% feasible

±10° accepts, εcollection ~50% feasible

Cm target 1 mg/cm^2, U beam 3 puA, εcollection xεmeasure ~6% ：

10 pb (267,268Db)  produces  1 event/2 days

W. Greiner and V. Zagrevaev, Nucl. Phys. A 834, 323c 
(2010) 

KISS 1.7 ?



n-rich actinide is “blue ocean,”
>200 nuclides are waiting to discover

IoS
red ocean

“Boldly go where no man has gone before”  ©Star Trek

珠穆朗玛峰(8192m)

念青唐古拉峰(7162m)

Tenzing Norgay and Edmund Hillary, 1953

Wada, Maruyama, Naganuma 1986

https://en.wikipedia.org/wiki/Tenzing_Norgay
https://en.wikipedia.org/wiki/Edmund_Hillary

