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KEK Isotope Separation System (KISS)
for the study of nuclear properties from astrophysical interest



Physics motivation



Waiting point for 
the 3rd peak

Identification of astrophysical site for r-process 
and study the origin of uranium

A
to

m
ic

 n
u

m
b

e
r

Neutron number

H. Grawe et al., Rep. Prog. Phys. 70 (2007), 1525-1582.

Type II Supernova Neutron star merger

Nuclear spectroscopy 

Half life : • Actual r-process path

• Duration time passing through waiting point

Mass      : • Astrophysical n – T condition 

− spectroscopy, laser spectroscopy : precise predictions



KUTY

N=126
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Atomic number :  Z

R-process abundance pattern :
T1/2 x (0.1 – 1.0), Different mass models

Mass number : A

Importance of T1/2 and mass

M.R. Mumpower et al., Prog. Part. Nucl. Phys. 86 (2016) 86.
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208Pb, 207Tl

206Hg, 205Au, 204Pt, 203Ir

202Os, 201Re, 200W.. W.P. nuclei

Neutrons

N = 126
Protons

Z < 82

1stF
GT

2ndF

Mass measurements and -decay spectroscopy (level schemes including spin-parity)
feedback to theoretical models to predict them of waiting point nuclei

Competition between allowed Gamow-Taller  (GT) 
and 1st forbidden (FF) beta-decay transitions

Neutron number N
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F. Endo and H. Koura, PRC99(2019)034303

T1/2 ∝ 1/𝐸5

Large Q for FF → competition with GT



200W126
203Ir126

Z.M. Niu et al., Phys. Rev. C 99, 064307 (2019).

Machine learning based on the Bayesian neural network

Half-lives predictions

Nuclear models (How about are the accuracies?)

Astrophysical calculation

Experimental data

Machine learning : masses of the N=126 isotones ??



KISS
KEK Isotope Separation System

Production (MNT reactions) 
Separation (KISS) 
of the nuclei around N = 126



Nishina bldg.

(low energy facility) RRC
RILAC2

KISS

RIKEN RIBF (RI Beam Factory)

136Xe and 238U beams @ E = 10.75 MeV/A

Multi-nucleon transfer reactions

E2E3
RIBF bldg.

(High energy facility)

KEK Isotope Separation System Y.X. Watanabe et al., PRL 115 (2015) 172503.

MNT Fragmentation
208Pb+9Be@GSI
(1 GeV/A)



KEK Isotope Separation System (KISS)

Doughnut-shaped gas cell

Argon gas laminar flow

Primary
beam
136Xe/238U

Rotation target 
198Pt/Ir/W/U

MNT 
TLFs

Kapton
window

Water cooled 
beam dumper

In-gas-cell 
laser ionization
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Y.Hirayama et al. NIMB 412(2017)11 Y.Hirayama et al. NIMB353(2015)4

E

Electric
deflector

Detectors for 
-decay spectroscopy E3

E2

Gas cell system
Argon gas cell
Atomic number Z selection
→ Laser Resonance Ionization

 (LRI)

Mass separator
Mass number A selection
m/m = 900

MNT
TLFs

Multi-Segmented 
Proportional gas counter
(MSPGC) for -rays

4 Super-Clover Ge detectors 
(SCGe) for -rays

Tape transport system

beam
ON OFF

MRTOF-MS

10 cm

136Xe
198Pt

Ar gas

75 kPa

3 cm

Stopping distribution of MNT products

Refractory elements (Z = 73-78)
By 136Xe beam + 198Pt target

Angles ~ 60o

Energy : 0-1 MeV/A



Aluminized Mylar tape

KISS detector system : 2DT-MSPGC
Beta-ray counter：
High-efficiency and low-background gas counter
(Multi-segmented proportional gas counter : MSPGC)

=40%@Q=1MeV, BG rate : 0.1 cps

MSPGC

KISS beam

tape

-ray

-ray

BG

BG

BG

Top view of gas counter

32 channels : 16 telescopes
BeCu anode wire

M. Mukai et al., NIM A884 (2018) 1.

, M=2 Internal conversion 
electron M=1

Characteristic
X-ray M=1199g,199mPt decay schemes

M=1
MSPGC-
Ge coin

M=2
MSPGC-
Ge coin

392 keV

543 keV



KISS detector system : 3DT-MSPGC

=30%@Q=1MeV
BG rate : 0.03 cps
→ S/N > 2.5

90Sr Source

Background

For the nuclear spectroscopy of rare isotopes
  lower background rate

3D tracking gas counter (3DT-MSPGC)
High resistive carbon wires (100 k/200 mm)
→position resolution 3.5mm (FWHM)

Y. Hirayama et al. NIM A997, 165152 (2021)



Multi-Reflection Time of Flight Mass Spectrograph 
(MRTOF-MS)

Rm=m/m = 1.2 M

reference

20 detected ions 
→ m ~100 keV/c2@A=200

MR-TOF : Rm=500,000
20 ions sufficient

→ m/m = 1/(Rm √20)
 ~ 5x10−

𝑚𝑥 = 
𝑇𝑂𝐹

𝑥

𝑇𝑂𝐹
𝑟𝑒𝑓

 𝑚𝑟𝑒𝑓
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Nuclear spectroscopy around  N = 126 at KISS


Q KnownStableElement Charge radius known

N

Os

Re

W

Ta

Hf

Lu

Yb

Ir

Pt

Au

120 122 124 126

Lifetime known

201Re

202Os

203Ir

200W

199Ta

204Pt

198Hf

197Lu

196Yb

118116112 114110108

205Au

182W 184W 186W

193Ir

198Pt

Mass known

198Pt, nat.Pt, nat.Ir, nat.W targets

- spectroscopy Laser spectroscopyMass measurements

199gPt, 199mPt : Y.H. et al, PRC 96 (2017) 014307
194,196Os : H. Choi et al, PRC 102 (2020) 034309
196-198Ir : M. Mukai et al, PRC 102 (2020) 054307

197,198Os : Y.H. et al., PRC 98 (2018) 014321
195mOs : Y.X. Watanabe et al., PRC 101 (2020) 041305(R)
187mTa : P. Walker et al., PRL 125 (2020) 192505
195gOs : M. Ahmed et al., PRC 103 (2021) 054312
192gRe : H. Watanabe et al., PLB 814 (2021) 136088
186mTa : Y.X. Watanabe et al., PRC 104 (2021) 024330

187gTa : M. Mukai et al, PRC 105 (2022) 034331

200-201Pt: Y.H. et al., PRC 106 (2022) 034326
189gW : M. Mukai et al., in preparation



Experimental results

- spectroscopy



Isomer production by MNT reactions : 199gPt and 199mPt 

392 keV

392 keV
IT

543 keV
-delayed 

ベータ線の
Growth curveMNT reactions can produce isomers with nice probability

→ Studies of isomeric states by detecting characteristic X-rays
internal conversion electrons in 3DT-MSPGC

Yield(gs) : Yield(Isomer) ～ 3: 2
Isomer ratio = 40(5) %(i13/2+),(h11/2−)  states : Isomer



195Os (t1/2=6.5(11)min) : unknown -decay scheme

t1/2=6.5(4) min
-rays
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18 -ray transitions of 195Ir : consistent with 
previous work (n,)

6 new -ray transitions were found.73.6 keV, K1 (Ir)

-rays

Time (s)

Gated on 169 keV t1/2= 47(6) s
-> New isomer !

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

E (keV) 



Level scheme of 195Os

Previously reported  transitions : (n,), not -decay
H. Xiaolong and K. Mengxiao, Nuclear Data Sheets 121, 395  (2014) 

Newly observed  transitions Transition intensities : I(  + c.e )

T1/2 = 6.5(4) min.
Q = 2180(6) keV
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3/2−

oblate

T1/2 = 47(3) s

148.8(2)

111.0(1)

428 keV 

168.8(2)279.0(2) 

(13/2+)
prolate

M. Ahmed, doctor work , Univ. of Tsukuba (2019)
Y.X. Watanabe et al., PRC101(2020)041305(R)
M. Ahmed et al., PRC 103 (2021) 054312



- spectroscopy of 198Os (t1/2= unknown)

t1/2=125(28) s

Time (s)

New

198Os
t1/2=?

0+

Y.H. et al. PRC98(2018)014321

Os isotopes

New
198

Revised
197

198Pt stable

507 keV

407 keV 0+

0+

2+

198Ir
t1/2=8(1) s

(0, 1)−

Q= 4.09 MeV

Q= 1.98 MeV

I = 9(3)%
logft=5.88(15)

I = 91(3)%
logft=5.32(6)

I ≤ 20(5)%
logft ≥5.69(16)

I ≤ 80(5)%
logft ≥5.29(10)

230.6 keV

t1/2=125(28) s
Laser : Ir

Laser : Os

I = 1−

by laser spectroscopy at KISS
M. Mukai et al.,
PRC102 (2020) 054307



187mTa High K-isomer (P. Walker)
K=25/2−

High-K isomer

ESR@GSI T1/2 ~ 22 s

P. Walker et al., PRL 125(2020)192505

prolate

189Ta : oblate??

187mTa

187gTa

187mTa@-
Beam ON

187mTa@MRTOF
Beam OFF
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KISS T1/2 =7.3(9) s



β−γ spectroscopy of 187gTa
M. Mukai et al., Phys. Rev. C 105, 034331 (2022).

6 β-delayed transitions were observed

first forbidden

(7/2+)

𝜸-ray energy spectrum

in coincidence with MSPGC (M=2)

Systematics of Ta isotope half-lives

c.f. T1/2 = 138(36) s for 187Ta73+ at ESR GSI

M.W. Reed et al., Phys. Rev. Lett. 105, 172501 (2010).

Growth-decay curve

of 𝜷-delayed 𝜸-ray counts

T1/2 = 283(10) s

T1/2=283(10) s



Experimental results

Mass measurement



Discovery of 241U and precise mass measurements

238U
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MRTOF counts

Lifetime frontierMass frontier
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MRTOF-MS spectra

For the first time

in 40 years.
A/q=241/2

A/q=241/2

Mass difference from AME2020

m < 100 keV/c2

T. Niwase et al., PRL 130 (2023) 132502



KISS upgrade plan
and

R&D work



・ Primary beam separator ： Intense primary beam and primary beam rejection

・ Cryogenic He gas catcher：Efficient ion accumulation and extraction

・ New separator + MRTOF-MS ：Transport multiple nuclides for precise mass measurements 

and particle identifications for spectroscopy

Primary bema intensity Extraction efficiency Efficacy Total gain

KISS 10 pnA <0.1% 1 1

KISS-II 1000 pnA >1% > 10 > 10 000

Primary beam separator Cryogenic He GC MRTOF-MS

KISS-II
Concept : 「No separation」 for efficient nuclear spectroscopy of multiple nuclides 

KISS-II design report : https://arxiv.org/abs/2209.12649v2

Separation of 

primary beam and 

MNT products

Ion extraction

w/o laser ionization

Selecting and 

transporting 

single or 

multiple mass 

numbers

Cryogenic He GC

MRTOF-MS

Variable mass range

separator

MRTOF-MS

𝜶𝜷𝜸 decay 

spectroscopy

U target Beam 

dump
Gas-filled superconducting 

solenoid filter

https://arxiv.org/abs/2209.12649v2


KUTY model prediction
White line              :  T1/2>20ms
Red dotted line     :  T1/2>30ms
White dotted line :  T1/2>100ms

Expected yields of nuclei at KISS-II

70 new isotopes

238U (9.0A MeV, 1 pμA) + 198Pt (13 mg/cm2)

N = 126 region

126

𝐌𝐚𝐬𝐬 𝐧𝐮𝐦𝐛𝐞𝐫

𝐥𝐨𝐠𝟏𝟎 𝐑𝐚𝐭𝐞 /𝐝𝐚𝐲

𝐌𝐚𝐬𝐬 𝐟𝐫𝐨𝐧𝐭𝐢𝐞𝐫

𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥𝐥𝐲 𝐤𝐧𝐨𝐰𝐧 𝐟𝐫𝐨𝐧𝐭𝐢𝐞𝐫

𝐘𝐢𝐞𝐥𝐝 𝐥𝐢𝐦𝐢𝐭 (𝐑𝐚𝐭𝐞 > 𝟏 𝐤/𝐝𝐚𝐲)

238U

(Bk)

(Cm)

(Am)

(Pu)

(Np)

(U)

(Pa)

(Th)

(Ac)

(Ra)

(Fr)

(Rn)

(At)

(Po)

(Bi)

Fission probability of 90% was assumed.

238U (9.4A MeV, 1 pμA) + 238U (13 mg/cm2)

Actinide region

110 new isotopes



Primary beam intensity Extraction efficiency Efficacy Total gain

KISS 10 pnA <0.1% 1 1

KISS-1.5
50 pnA

Doughnut-shaped He GC
>1%

RF He gas cell
> 10

MRTOF
> 500

KISS-II
1000 pnA

Solenoid magnet
>1%

RF He gas cell
> 10

MRTOF
> 10 000

Near future plan : KISS-1.5

Doughnut-shaped
helium gas cell
+ 238U target

Tentative layout
Under consideration

MNT products

Kapton window ()

DC

RFTW

KISS

KISS1.5

Transport :
~5 different  A

Transport to the existing
-detectors and MRTOF-MS

Collinear laser ionization 
spectroscopy 
N=126, actinide nuclei

KISS-II design report : https://arxiv.org/abs/2209.12649



Installation of KISS was completed. 

Lifetime measurements and - spectroscopy

Laser spectroscopy for g-factor and charge radius

 Mass measurement by using MRTOF-MS

To characterize 3rd peak of abundance pattern and 
explore the origin of U and Th from nuclear physics perspective,

nuclear spectroscopy in the vicinity of N=126
and actinide region is essential.

Summary

Proceed further nuclear spectroscopy of nuclei 
around N=126 and  around 238U (n-rich actinide)

KISS1.5/2

R&D of doughnut-shaped helium gas cell

Strong collaboration with theorists (nuclear physics and astrophysics) 
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