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Mass spectrometry of short-lived
nuclides (for origins of heavy elements)

Michiharu Wada, KEK, Japan

|.  Synthesis of heavy elements in the universe

very basics but | didn’t
know in your age

review of very basics
why we measure atomic masses

2. Comprehensive mass measurement of short-lived nuclides
mass as finger print

nuclear structure studies

heavy element synthesis

toward islands of stability



Michiharu Wada: Personnel background

@ Tohoku University 1979~1991

Laser spectroscopy of trapped Sr ions
Alpine expedition to Tibet, China (1986)

o INS, Univ. Tokyo 1991~1999

R&D for E-arena, JHP
Innovation of RF-ion guide

o RIKEN 1999~2015

Laser spectroscopy of trapped short-lived Be ions

Innovation of RF carpet
R&D of SLOWRI @ RIBF

® KEK 2015~Mar2024 retired

Comprehensive mass measurements with MRTOF
MNT for n-rich nuclides at KISS

w« Scientific Expedition “for the first time”
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We have various elements (~83) and their isotopes (~255)
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QI: How do we know? 10° |
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Optical Spectroscopy

Atmosphere of Earth

Atmosphere of Sun

N
* JGEK

Sun (Light source)

Absorption lines (or Fraunhofer lines) in optical spectrum

« Volatile elements in “atmosphere” of Sun are observable

o |sotopes identification is difficult

& Contents in atmosphere and core are identical?
1814, J. von Fraunhofer
> Solar quakes can model internal structure of the Sun discovered >500 “dark
lines” in spectrum.

However, the origin of
the “lines” were
determined by Bunsen &
Kirchhoff 40 years later.



Elemental & Isotopic Analyses of Meteorite

o A specific meteorite contains materials formed 4.5 G year ago.

o Moon stones formed 3.2~4.4 G years ago.

« non-volatile elements with isotopic ratios
e How accurately confirm it represent the original abundance? §

N
-

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

A flake of Allende meteorite
fell in Mexico in 1969.

Moon stone from Apollo15,
1971



Nuclides Abundance in the Solar System ~83 elements. ~255 nuclides

H: Fe: Pb: Th 12:7.4:2.1:0.26

evaluated by
« chondrite meteorite
- solar optical spectroscopy

log-ratio

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

He -BURNING

It’s done

LOGARITHM OF RELATIVE ABUNDANCE (Si=I0%)
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The origins of heavy elements have-heen major concerns in Nuclear Physics
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Stellar Burning

4'H — *He + neutrinos

(Thermal) projectile energy is much less than Coulomb barrier
.35 keV 550keV H=Hydrogen

He=Helium

26.7MeV

£ “Tunnel effect”
- COULOMB
Q<0
| ': A PROJECTILE
E 596 million
. o S/ ‘ lons
— &Y g ;;4: A/A/xzfj/L yI 994 ////[////// P v B -
HE Q DISTANCE r
= CLASSICAL TURNING
a POINT Q( (E)
‘ e 6 o o o
e 600Mt/s of Hydrogen convert
>
A+B->C+0 to He 596Mt at Sun
r? - p-p chain, triple-a, CNO cycle, Si cycle, etc
NUCLLEA
RADUS Ry, exothermic Q >0 slowly take place via tunnel effect

Majority of possible reactions for heavier than Fe, Ni

endothermic Q < 0 difficult to take place with thermal kinetic energies



What about neutron capture!
No Coulomb barrier
heutron capture and

successive - decay
“Tunnel effect” produces Z+1 nuclide

COuULOMB
BARRIEK

proton, alpha, heavy nuclei
i PROL{CT&

f neutron
< 0 b
z ' DISTANCE r
o CLASSICAL TURNING
- POINT R, (E)

i e 6 o o

Q>0
0 - ’
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S-process for heavy element synthesis

source of neutrons Asymptotic Giant Brach of 0.6~10 solar mass stars
e + IHe = 0 +n
at the end of life, 1,000-1,000,000 years of slow process

%%Ne -~ 3He — %gMg + N . .
not accessible in s-

AZ ________ process

Sb

Sn

llllll

beta decay ()

—@) neutron capture

heutron capture &

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

QI: Have you tried tracing the path?



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

Q/: What determines 8- or 6%?

N=35

llllllllll

blue box: stable

sometime 6+ (EC) decay contribute

64Ni (101 y)



Sp____ 15400

Sn___.. 7500
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Evaluator:

Q4410

B. Singh

Table of Isotopes



S-process can’t access

IIIII

p-process

107pd (6x10° y)

-process can’t access
r-process?
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S-process can’t access
p-process?
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S-process can’t access
r-process?




S-process can’t access
p-process?

6+ (EC) decay
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-process can’t access
r-process?



End point of 2093
s-process

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

N=126

S-process can’t access

M r-process?
6+ (EC) decay




I I I I everything be 29°Bi?
small leak ’
(small on) I ' I

138 B a H]
small leak >

(small on) I I I I
dN

208 - I |

% = 0 and 04N = const. ?%aéll”g%l)( ZOQBiu “°Bi LI

no leak no leak




n-capture cross section becomes minimum at n-magic number
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Nuclides Abundance in the Solar System ~83 elements. ~255 nuclides
. H: Fe: Pb: Th log-ratio 12:7.4:2.1:0.26

evaluated by r-process, s-process,etc

H
« chondrite meteorite ot~ BBFH, Rev. Mod. Phys 1957
- solar optical spectroscopy

LOGARITHM OF RELATIVE ABUNDANCE (Si=I0%)
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on of “stable” nuclides, experimentally studied very well



| prec

i

ica

e

|
3
¥

: Yéllow: Theoret

Exist

Black

LEGO Nuclear Chart

the height of pillar?

IS

What i

Ql



= hFH T Z 5 5

L]
952 235
ANUDL4
@x2 @x%x92
Oox2 Ox143

BRFRZEBBFERETFOESHTTETL
FIPIREAUDL 4 [F 2 DDBEFE 2
DOREFH 518D . D5 235 (& 92 {@
DBFE 143 EOHFEFH SE>TVE
T BFERFOREENENORFZ
TERRETBENSD. ZDINSYAN
N3 ERFERDMBENTRIORTFRANEE
{ELTVEET,

SHERNIS

=10 3 %5 - Ghk

RFRoREHE

5

B D SHIIFRER

1IN

B
O - WHdOONDO

L Il .

EEEA LD LTAREKIE LD
REGRFEANEHSZELE
BETZORICEBEDIRRE

[—s

\ o
Ky L234 ‘gq? I (o . U
N gu [HEIR] EFURTHIBICIET IV

I7 (a). X=% (B). HY=

amR (v) ©3WHEBDET. a iRl
RZa-h/ EFRO&SIC. FFEHS5AY
~Usse O o LRFHET 2. FiEF2)0
e samy RUHTRRCTSRBIBED
s RTFESH 2 DO ETH IR
UHEAU Y LEFREaiE
=ERTAR BUFET. fHEEETEO&S
o 1C. BFMADRETHBTICE

B HAE

LT BRIETI . ZDH. BFE

R=a1— MU/ ZRHUE T EEREFEFEDD T AN BFHNZ
FIHS5, RFESH 1 DEAFT T RUHICBFEZBREFUET.
BHHERUCERORTFRZBEEL THILEOTVEIT.INHRR
DEICHZEHLET . COXE y REFUET,

012346567 8810112131
ST

S EIBRE

O mpnakre
| BONTVD A [CPEFHBIFESFICTFE

BFRICBEBLBHEIFET I ENDL DT
WETIRRET TEL /FFRIP I HYVEIG
ERLTYHIC ERICRUREFRZIZHHN
TIHAEFRF Y BBRIEHEFHRFZO
HICLHHL THEF T OREE>TVET .
FFNO—BUHHUPEFHRELIE
HOTLEWNBEBIFICFELET .

- U U €
> SR d Y BHIE=E3 z
i 3 E4F (3 Eh43
D CE g ia&H., E0 DBy =2 d =
= 3 DEEZH. FEEERT
PEEL a R 3 =/, (K38 mal l;
¢ QIR 9 ofz + D423 A7 DA L
B Z = =1 I5 3 d 3 g %X
PCHDR I3 S EFHDRESE 3 =
AR Dd 3 ad 3 Dd S B DR %

YIUDL
FOXFIL
RAIL

NSIYL

FWI UL
FIFEY

EYYL
Ft/Y
IUR .

2X
AVIVL
AR=IL

9 REB(RI v HFIT—)

RFROREICBBFREPEFROINS Y ZDAY]
THENELBIC BT - PUEFHFCHFHSD.

OYvoL

==l

JIWIAZIL FORFOL
1y bhUDL EUTFY

ZROVFYL %7
WEID L Ny
JUTEY T\

RE
e

AYFIEDL
YUDL
IEDIL
nOIES=IN
Y2F0YYL

HRUZDL
1909 L

B
AUIDL

IVIRTY
g9l

FOoL?IF
=1/

EUE7

il
g
S
0
it
1}

=i
~UDL 234

- LY
TNEREMEFUET . SHSNTNDOE o2 = N
2.8,20,28.50.82.126 TF, FWR=L X =EEEE ! ‘
BIZIE DIV LIEBTH 20 m e
TITDSEENTT ZDD B
KSYADENBE L] #
FHFHBL T, | 2 Sl — - =3
REBEFES 2 PEFRFY Uk T
MDD AusLE ) FhUDL 27~32 R N T T
BrexenoRe e = -
g 3 Sl ZAYIYL
=78 ~Ts =1 — | AUSL TN ,
/ TROES) ‘ == = — Y )
9 I V> i
SIRILF—
g = PILS=HL 9
?;%i%u—ﬁ) = FRUDL R I B2 K, BERFRIEHRCTRET
oA . 24y EFEmR T D& S BN ICRERDEE
AT ’ = ) 56 WERNTOE T, T DBID ICHEES
- PNTVBHSTT.ADRLTRRE
P BORE 5o TVNBT ENS REDBEHI
(—BEL) .
RO% REEM .
¢ — R
GILETS l{:ﬁﬁv%ﬁukﬁ?&
UFIL KFERDFEF%
. RUsL FLEX
T AUSL6, UFSL 11, RER
§UU9A11M‘mT§1Zw
uFrone @) Ausne RR19%F
thitF/\O—
NI ¥
BFNPERMEBR—ATT .
BD&LS ICRVETRRLET. B8, RUBICTIERANRIBLBOTLES... ELSOHBATT. #4 : (AR : BliEE6LWET. BETTR EJ (R &, HELEW R #6 [REH] - HELBLRFHOT EERBREVVWET, REL. 95URBEDSS CEMAMHIIROER LD BR

2,3 [BF] [PEF] : RFHREEFUESD 2 BROMTFTHRTVEY. ISABFEROONET, BEERT
BLOHFHEFTYT, BREIRFZEBFTROEFTNTNT, ZOBFEYAFABAEFSESEZHMFOH 2000 5

#1 [EER] : EETROZERIBSTHEOBUHSDDCLVDTIH, —RIC [\ EVNILIOE] BEEE ’ D1EVSIBEETTY,

ERIITTR] ENBDET.

#5 [N\AEYNII]: ;{WDEmE?%‘»UlII/T— c A= N BYRIVT, (TR EFREMREC S ST

Poster of a laboratory

<RBOAREBEEOE, TORTEREKELTVET,

#7 [REIRVF—] : BFEREFH/S/(STREL, BEUVRFRICHE S LEELEDNDIRVF—ERBETR

binding energy
BEIRILF—

NUD L4

BAYIDTHRFAER

P ITWARXS

BUBSORBBEORRERLTVET,

113 &R

R
/ GTROEE)

it 72
(&3 (3E CR)




Mass
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What is the Binding Energy(BE)? Bz n=M,Z + M,N — Mz n

BE/A tMez

52Ni: 8.9746 MeV/A

56Fe: 8.87904 MeV/A

Ql:

10 MeV/A .
max. at Nié2 ?
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Mass deficit

Why m/A min. at Fe56 and BN/A

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




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

Mass Deficiency and Mass Excess are terms used 1n 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 1s because the nucleus

possesses binding energy, and energy and mass are mutually convertible. Mass deficiency 1s
explained based on

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

Mass excess refers—to-the-situation where the actual mass of asatomic nucleus is greater
than the sum of the masses of the pretons and ncutronsthat make it up. This excess mass
indicates thatthreucleus possesses binding energy. —

Chat GPT 2024/7/30
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 1s the difference between the actual mass of the
nucleus and 1ts mass number (A) expressed 1n atomic mass units (u).

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



Comparison with neighborhood L I Kzk

in isobar : beta stability
Qp- = M(A,Z) — M(A,Z + 1)

Neutron Number

Z
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Comparison with neighborhood 2 separation energies
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r-process



Big Bang

Atomic number Z

Nuclides in Solar System

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

S-Process

>%Fe
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e fission

~83 elements. ~255 nuclides

Peaks beyond Fe

88Gr, 138B3a, 208Pb Stable Nuclides on n-magic

~80Ge ~130Te ~195pt 3 bit lighter than n-magic

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

l Solar abundance
(log scale)
| 138Ba §-process
/ / 195pt  r-process-il
- 208ph §-Process
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232Th 238U
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r-process (equilibrium model)

Clearing up

1) (Il, "Y) JEIN (”}’7 Il) equilibrium non-equilibrium, intermediate B-Decay (Z=Z+1)

High Temp.

A=A+1, A-1
Y(Z,A+1) N Su(Z,A+1) —/ S( +1, ) (A:A, A-1, A-Z)
Y(z,A) PP TR n, On B-delayed neutron
Sn (Mass) is essential cross sections p
n
appear
2)" B-decay (£=2+1) PP
T2 Is essential .
X
Z _— —_
Pn:g Pn:i\\\

> N

b [ -
B
-

> N In euilibrium, abundance is given by Sn and Temp.

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

-G«Ib 2 =t

-~ (n, 7) > (”y : n) (Chemical process with neutron water)
AN B-decay (£=2+1) exp el chemical potential p
kT

neutron separation energy Sn

Sn ~ 2 MeV is the r-process path



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

Sn
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Atomic number Z

Solar abundances and atomic masses (A4S2n)

Atomic masses &J neutron separation energy & r-process path
S.(N,Z) = M(N —1,7) + M,, — MauF2MeV in equilibrium mo
2 neutron separation energy
e Son(N,Z) = M(N — 2,Z) + 2M,, — M(N.Z)
semi empirical shell gap energy & n-magic number
AS,. (N, Z) = Syn(N,Z) — Sy, (N — 1,Z) r-process peaks in equilibrium model

Solar abundance
so5e  [-Process-I (log scale)
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constrain mass formulae and nuclear theories
Neutron number N



r-process dynamic calculation

Thomas Rauscher, Essentials for Nucleosynthesis and Thoretical Nuclear Astrophysics, lop Publishing Ltd, (2020)

dy n-capture photo dissociation
ZN _ (n,y) (n,y) (y,n) (v,n)
dt - pNAYn (GV)Z,N_1 YZ,N—l - pNAYn (0'17)2,1\] YZ,N + AZ,N+1YZ,N+1 - AZ,N YZ,N
B.k B.k
+ 2 AZ—£N+1+knYZ—1,N+1+kn — )‘Z,Nn YZ,N B-decay, B-delayed neutron
ko0 k=0
f,Z, N,k fk _ .
+ pN,Y, z Z (0‘17);, v Yz Nt — PNAY, Z (Gv);,NnYZJV n-induced fission
Z'N'" kn20 kn=0
+ Z z Agg}fﬁ,N,knYZ”N’ — Z ﬂg;g’knyz‘lv, B-delayed fission
Z'N' kn=20 k,=0
| | | | | | | | | | | | | | | | I
- e (n,y) cross sections of Sn isotopes
10’ “o at 30 keV

< ov > calculation required

T TTTT]
/
(!
Lol

Cross section (mb)
o
)
T TTTTT]
Lol

g DSDA'EECHZ
f ot (HF72 3 TIEFR+%)
o. Hauser-Feshbach statistical model

Direct-semi-direct reaction (DSD) etc

—1 B |
V . sensitive to resonant state 10 = = Lsb \\ \‘\‘\. :
[ =\ 7
B auscher et al. g -
10—2 = I o /I T~ 4 =
Mass is essential, but not only mass ; R T
Y 125 130 1 135
A 132Sn

Sn: rapid decrease observed S.Chiba, H. Koura, T. Hayakawa, T, Kawano et al., PRC77 015809 (2008)

o B —H (7 51 E (Imodified WS pot (Koura, Yamada, 2000)) & D
https://www?2.yukawa.kyoto-u.ac.jp/~rp2019/slides/190523 09 koura.pdf



https://www2.yukawa.kyoto-u.ac.jp/~rp2019/slides/190523_09_koura.pdf
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Multi-messenger astronomy after n-star merger
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Optical spectroscopy of remnant of NSM, kilo nova (r-process nova),

wavelength, time profiles agree with predicted r-process !
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B-delayed fission?
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We will provide mass and decay properties of the
progenitors of 234Cf

Zhu et al. The Astrophysical Journal Letters, 863:1.23 (6pp), 2018 August 20

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



Cosmochronometry

- 13.7 Billion

ESO Press Photo 23a/07 (10 May 2007)

Using 232Th (T12=14.0 Gyr) and 238U (T12=4.47 Gyr)

age of a star can be:

p
t = 46.67Gyr[log(Th/Eu)ike — log(Th/Eu,,
t = 14.83Gyr[log(U/Ew)inid — 1Og(U/Euobs]
t = 21.80Gyr(log(U/Th)injy — log(U/Th,, ]

HE 1523-0901

initial ratios are determined from

Years - 13.2 Billion Years oda r-process mOde’

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 !)

The Cosmic Clock

(Artist's Impression)

We will provide constraints for more accurate mass formulae

Universality? of r-process

© © - . N
o 3} o 3] o
M PRSP PRSP EPUEPEN R |

$

-1.0

-151

Logarithmic abundance relative to Ba (loge - logeg,)

2.0

25

Se

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)

I-process-Iil

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

. some r-process rapidly proceed beyond fission wall?

——&— Solar r-process

i . part of 55<A<75 nuclides are considered to be from
T HDSSS Y metal poor, first stars in halo of MilkyWay fission fragments, why they are universal?

*  CS22892-0052 *
actinide poor
S

L B L L B S S B S S S B S B B S S S N S B S R B A |

35 40 45 50 55 60 65 70 75 80 85 90
Atomic number

We will provide key experimental data

Nature 574, 497-500 (2019)



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

KISS-II Design Report, 2021 Nov. 30
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Atomic number Z

Solar abundances and atomic masses (A4S2n)

Atomic masses &J neutron separation energy & r-process path
S.(N,Z) = M(N —1,7) + M,, — MauF2MeV in equilibrium mo
2 neutron separation energy
e Son(N,Z) = M(N — 2,Z) + 2M,, — M(N.Z)
semi empirical shell gap energy & n-magic number
AS,. (N, Z) = Syn(N,Z) — Sy, (N — 1,Z) r-process peaks in equilibrium model

Solar abundance
so5e  [-Process-I (log scale)

/ %Sr S-Process .o r-process-II
l{!&nf;'zz‘Trl

138Ba  §-Process

Experimental

195p¢ I"DI'OCESS'IH Partly experimental
Extrapolated AME2020
208ph  §-Process ( )

e fission wall

Shell gap energy(AS2n) Solar Abundance (log)
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constrain mass formulae and nuclear theories
Neutron number N



Theoretical mass predictions are scattered

Mass differnce from FRDM2012 (MeV/c?)

very much

10

Z=285

: L
T T T T T T T 1

I [—FRDM95 xW\
- |—HFB14
. |—DZ \\
—10 KTUYO05
|« exp.
45l i b oo,

130 140 150 160 170
Neutron number

Experimentally observable data for r-process study

Mass:
r-process path

waiting points

T1/2:
r-process time scale
waiting points

Pfission!
fission cycling
r-process termination
final abundance

Pdelayed-neutronI

final abundance

Isomeric state:

r-process path
final abundance

Any nuclear data constrain mass
formulae and nuclear theories




cf. AME2016

Masses to be measured

note: many known masses
were measured indirectly

Experimentally Synthesized: =3300

decay, reaction (660)

-6) - SN
Mass Known(dm/m<10-°): 2300 : mass spectrometry

Synthesized but Mass unknown: =1000

not discovered ~ 6000

T12: 10 ms - 100 ms most abundant

siScisd eeeaa e R et o \

log(Tiz) |t

= +4 s

= 200 -

= 0 150 _

E 100 F

= 4 ]

50 _

0 g 6 4 2 0 2 -4 6

we need to measure nuclides Ti/2 of 10 ms ~ 100 ms log (T1r2)



Mass Measurements of Short-lived

Q-value (decay or

reaction)
0#2s

L 6

57Co . indirect : direct
Q, =8400 & .
. 52) 6041 .

Penning Trap

Universal IS 9215
o N 67 .
Ambiguity from levels [3ZNi
...... Cap electrode _
Ring electrode 1
Slow

Ultra precision

Electric field _

New method

. - Maanetic field

MRTOF (multi-reflection TOF)
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Extraction



Time of Flight Mass Measurement

fERE (Timex\Mass)

energy is constant

Not much difference in 100m race

L e o seeastad vl ahghehieA
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g

AT | A For atoms (ions), go
back and forth between
_ e~ T a pair of (electric)

o oo mirrors.
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go back and forth in a swimming pool



MRTOF Mass Spectrograph

(Multi Reflection Time of Flight...)

(1)—=_

2)™\_ \f

TOF

lon Trap Ion Mirror detector

lon Mirror Open entrance to inject

Close entrance before
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garbages @ different laps
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A=205@223laps

55600 55800

fast (~10 ms)

high precision (MRP~1M)
high accuracy

high efficacy



o Example of high efficient measurement

La +51V - (19°Hg) -

Compound nuclide
Observed nuclides

Xn

183Hg

184Hg

185Hg

186Hg

187Hg

188Hg

189Hg

190Hg

pxn

182Au

183Au

184Au

185Au

186Au

187Au

188Au

189Au

axn

181Pt

182Pt

183Pt

184Pt

185 Pt

1 86Pt

187Pt

188Pt

apxn

180|r

181|r

182|r

183|r

184|r

185|r

186|r

187|r

A=187

#323

laps

A=186

#324 laps

A=185
#325 laps

A=184
#326 laps

Products of multiple reaction channels
were measured in a single ToF spectrum
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\108 8~ _

Excitation functions of multiple
reaction channels were measured by
a single energy scan

10857.5 10857.7 10857.9



Why we use MRTOF?

~High efficacy

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

< Short-lived, Heavy nuclides

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

~High precision, High accuracy

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

N
()]

|219Rg++ N = 150 laps |
20 {(T12 = 10 ms) rate ~ 0.04 cps |
_ | red-x2: 0.9|
@ om/m =4.1x10""7
S 15 -
< 4 meas. -> 2x10”7
12
C
3 10 -
O
5 -
0 oe et T - ® ®
150  -100  -50 0 50 100 150

ToF - 5471753 (ns)

High precision * low accuracy

precision

accuracy

QI: What is the best?



Comprehensive Mass measurements at RIBF with MRTOF

GARIS =
/ ey ) Gold
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New Facility

+SLOWRI

RIBF Accelepator Building

@345, 400 MeV/u ‘ =, ot
238U 150 pnA (’0’2 pps) 2 8 ~————3= number of neutrons
KISS 48Ca 500 pnA (3x10'2 pps)
BigRIPS GARIS: SHE, fusion products
+SLOWRI BigRIPS: fragmentation/fission lower than U

KISS: n-rich nuclides via MNT

RIBF provides world highest number of nuclides
from Hydrogen to Nihonium

slogan:
Measure masses of all avaHable possible nuclides



Bp-ToF at SHARAQ
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Other Mass spectrometers at RIKEN RIBF (BigRIPS)

Cover article of RIKEN Accel. Prog. Rep. 56 (2023)
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Fig. 2. Experimental detector setup in the OEDO-SHARAQ
system for the direct mass measurements.
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Fig. 1. Mass precision and nuclear half-life regions covered
R by the three mass measurement methods.
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Fig. 3. Conceptual design and method for measuring the mass of short-lived rare nuclei using R3.
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Big Gas Cell —- traditional type

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

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

nozzle 0.7mmo
200 mma He 100Torr x 2m

TR ITETT | = ——— —= ==
B A T R Emumes - — , . ' o s
V\2 MeV/ u '|E .:I _‘ | ‘.' | ': ! ' | ) . } 1 g - 3 : H 2 ) 7 . *
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How to paint skeleton?

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

RF gradient fields




KEK Wako Nuclear Science Center

~recent highlights~
« Discovery of new n-rich uranium P. Schury et al,PRC104,1021304(202 1){¥)
iIsotope @kKiss
v« First direct mass measurements of
Superheavy element, Db @GARIS
« Disappearance of N=34 magic
number for Ti, Sc @BigRIPS-SLOWRI

Y. Ito to PRL 120, 102501 (2018(%)
P. Schury et al, in preparation(f¥)

Y. Ito et al, in preparation(¥)

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

P. Schury et al, PRC95(2017)01 1305R({%)

\
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T. Niwase et al, in preparation
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RIBF211, MRTOF part (7 June, day 4) Sb104, Sn103,104

% MPANT - MCS6A - O X
File Window Region Options Action ?

BEk|" | 203 5| 2| EX|=g0| T 25

b|l||)|X| F1|F2|F3|F4| F5|F6|F7|F8| F9|F1gF11|F1g

EEECREE
E

e

11 J1Sn104 473 79.57641

12 §15b104 1345801

ks o | $7)

ON A
J_1045n@631_45 =4 hi\F11_MRTOF\230627\HVscan\HVscan_DTH_00(4) y=0 =N =
Time: 21398.414 - = -

Sweeps: 855937 10° g
Starts: 855,901 =
Al - 1 101Cd24 1012+ 10452+
Total: 283,267 1 02 ﬂ n
ROI: 39,985
. 103|n2+
Rate: 17| 101A oh i
— A2 ] 101 g
Total: 861,136
ROI: 816,401
' Rate: 17| 1[]l]
Total: 0 | ‘ I I ‘ | ‘
ROI: 0 B
Rate: 0 . ] [ | (I T |
1GE FIFD: ' 301250 301500 301750 302000 302250 302500 302750 303000 303250 303500
[ : TotalSum: 12,766 Cursor: 302174 (14,379,974 nsec)
Counts: 1
Tfpga: 58 | Gross: 8 MNet: 8 Mean: 0
Thoard: 57 | ROI# 0012302740 - 302768 Centroid: 302751.88
Data Lost: .
USE Port: 17 —
Data length (bytes): 8| .3+ _MRTOR\230627\HVscan\HVscan_DTH_00(5) y= o | @ | =
105. o . . . . . : — ; — T total L
i Reference jpns for drift correction  .¢j0ad name P— mtime time
, :) 21398.3 6/7/2024 10:35 AM
10 cph 1777.43
# Roilons counts  cph roi_sch
10" |1 |1M0103 |7 |1.177664 |301345 j
Iz I1c¢103 |7 1.177664 _|301349 '
j |3 Iumos Ieo 10.09425 _|3m419 '
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1 |301508 '
TotalSum: 265,338 Cursor: 1340 (12,454 637 nsec) |4 I‘S“‘O-" |4374 |735-37‘5 et
Counts: 25,560 |301 762 T
Gross: 0 Met: 0 Mean: 0 I5 Ilpd‘IOl |4 0.672951 -
ROI# 0001 301345 - 301373 Centroid: 0.00 ,7 :
< I6 |1Ag1o1 |29 4878892 301811 ;
Acquisition: ON recording h:3\F11_MRTOF\240604MT\J_1045Sn@691_45_1st (35 Mb) |7- IW W 470.8971 |301876 '
|301964 '
I8 |1In101 IAZO I70.65981 =]
|302454 |
|9 |1Cd104 Iz |0336475 —,7
302544 | &
|10 |1In104 |4 |0.672951 m :

I



Disappearance of N=34 magic number for Ti. V isotopes

(% S. limura, M. Rosenbusch et al, PRL130,012501(2023)
% A

*

N A good index for n-magic number: A2n

% (2-neutron shell gap energy: double differentiation between N, N2 isotopes)

i _

iy Ayn = m(N) —m(N —2); —{m(N + 2) —m(N)}

g

N e

1 80 —
I BN —
+ N = 34 isotones 70E- R ;Zi" = 0.999871654(31) C2FO2* //
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% 5 30E-
=1 i3 59V O
—_— 10—
e —
N 0
q 1 -2000 -1500 -1000  -500 0 500 1000 1500 2000
1+ no magic for T, V as Sc, Cr TOF - 15,052,352 ns [ns]
:: O |IteratUI'e Va|ue5 200 ESSSC 56T| 58Ti 55V 56V 57V 58V 59V 560!' 57Cr SBCr SQCr 57Mn 58Mn 59Mn
1 @ 'I’nm,(N — 2) — 2mexp_(N) +mm,(N + 2) .
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0 l l i i i } } s o ° o oo ® —§ oo
Ca S¢ Ti V Cr Mn Fe : .t :
2 100
Proton number g
I'g 200 | o
3 :
300 ¢ inaccurate Bp-ToF data
A previous study showed that a new magic number of N=34, found in Ca a0 | accurate MRTOF data
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 =00 ¢ (e ) AME2020  This work
that there is no magic number nature in Ti and V isotopes. N
Comparison of this work with AME2020




Mass Measurement of Superheavy elements @ GARIS-Il MRTOF
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@ Direct Mass Meas. by KEK-RIKEN
() Direct Mass Meas. by GSI
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278 Experimentally Synthesized Nuclides
(Mass Number A)

RIKEN’s nihonium

\

flagship exp.
A goal of the project
Ca48+Am243

11sMc
114F1

Ca48 needed

11809
11718

v |

E

a | I

<%
nCn g a

g Proton (Atomic) Number Z

V51+Pb208 ~ mRg AL I
Our Works 110DS‘ ] { '4 ’4 B . .
1osMt 266 270 /ﬁ Dubna’s nihonium
HSA
108" 1® a a._ | P . .
Bh 261 262 266 = Aim: confirm Z of “hot fusion® SHNs
1oeS£ awal || 4l A via PI'ECISIOH mass measurements.
Db 262 268
SHE ﬁ 10590 (@ [ [ 9] |
O e 74 74 A AN _ _
wolr 2325 @ @ 258 \
ro2NO '4(0} o 9,4 v clees Spontaneous Fission
101Md o4 P . ) _
100, 5o Fm no link to known nuclides
9oES
140 160 170  Neutron Number N

* Proposed even before Nh granted.
* PAC provided “S”-grade with 40 days MT

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

Dev. of a self-purification system with CANDLE project (66)



DE GRUYTER Pure Appl. Chem. 2016; 88(1-2): 139-153

official report from
IUPAC+IUPAP JWG

IUPAC Technical Report

Paul ). Karol®*, Robert C. Barber, Bradley M. Sherrill, Emanuele Vardaci
and Toshimitsu Yamazaki

Discovery of the elements with atomic
numbers Z = 113, 115 and 117
(IUPAC Technical Report)

150 == P, ] Karoletal.: Discovery of the elements with atomic numbers Z =113, 115 and 117 DE GRUYTER

(in time and position) alpha decays that have a vanishingly small probability to be random coincidences.
When corresponding chains are observed in cross reactions of (X,2n), (X,3n) and (X,4n) reactions and/or in
the decays of heavier elements made at more than one laboratory, the assignments are made beyond a rea-
sonable doubt.

The new elements identified in the claims considered here have distinct features from their assigned
Z =114 and Z =116 neighbors [5]. The nature of the alpha energy spectra observed in the decays of nuclides
with atomic numbers 113, 115, and 117 differ from their even-Z neighbors and show a wider energy spread cor-
responding to decay to excited states. This is further evidence that new atomic number has been produced
in these studies and disfavor charged-particle emission in the evaporation process or electron capture in the
decay chains. As a result a large group of super heavy nuclides are now on an island without connection to

the main

eninsula of known nuclei where reliable identification of Z, N becomes more and more difficult.

Firmly connecting this island to the nuclear mainland should remain a priority. We encourage development

of direct physical methods to determine Z. Particularly promising are the prospects for X-ray measurements
and identification as was now attempted [22].

In light of the utility of applying the sum energy check for odd nuclei alpha energies and check of con-
sistency of lifetimes, research groups are encouraged to publish or make readily available the decay data for
individual events and not just report averages or mean lifetimes. In addition, research groups are encouraged
to make readily available all the raw data (alpha energies, lifetimes, etc.), no matter how well or poorly they
fit to a claimed level scheme.

Should the recommendations of the JWP prove, through future experiments, to be subject to reversal,

there should be no issue with authorizing revisions as this has occurred in the past, viz with nobelium.



Experimental Setup at GARIS-Il (the structure and the location have been changed for several times)

GARIS-Il @ RIKEN Ring Cyclotron Facility MRTOF-MS
""" £ -
RF carpet
Cryo gas cell
lon Trap
primary beam target beam dump reaction products
fusion reactions, e.g., J—

243
Am +%% Ca »2%%% 113 + 3n
Db*+, Db*+, Md*+,

E — RF-Carpet(traveling waye)
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Mass Measurement of Superheavy elements @ GARIS-Il MRTOF

@ Direct Mass Meas. by KEK-RIKEN
Direct Mass Meas. by GSI

278 Experimentally Synthesized Nuclides
(Mass Number A)
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140 150 160 170  Neutron Number N
ToF Singles Spectrum for Db isotopes . Setup has been ready for exp., however,
g 257Db2+ 258Dp2+ 12C101Het difficult to obtain Ca48.
28 events 22 events

10 |— (17 correlated) (13 correlated) Dev. of a self-purification system with CANDLE project

= 574 laps 575 laps . .
o [ +<— ¢+ First SHE mass Db in NP2020-LINACO7
2L P. Schury et al,PRC104,L021304(2021) & one in preparation
3 i  a-ToF detector R&D exp. for Ra isotopes

= T. Niwase et al, NIMA 953(2020) 163198
- . | T. Niwase et al, PRC104(2021)044617

17111
Time-of-flight [us]

17110 17110.5

17111.5 17112

independent Ti/2 determination of 295207¢mRa and branching ratios



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

S. Kimura et al, submitting to PRC

ToF of new mass for Cel55

70— 3 .
Nuclides at GARIS-Il MRTGO§ J2 - sce T Decay spectra with
B - . PR, E 2 r ) beta-ToF detector
oF g E_ 10° 0 l [\ M ’ x :
5 L & eI 3 i
-é - = © ﬁ + ‘E :ﬂ
= 50 N : § 102 __§ % & &, § % fm Fit: decay curve + const. BG
g B 2 3 3 = § Z £ 3 C Lw ti2 = 0.967(40) s
§ = E ‘g e o ,22 % o 3 250[— i lit=1.02(5) s
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|
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3Fit: decay curve + const. BG —
>300 Nuclide’s Mass were measured (a few st masses, several z_sg_ﬁl’:léféf’r?sms H
improved masses). P
. High accuracy with isobars and molecular ions in the same Alq. ﬂ 1 J
. beta-ToF detector allows T1/2 determination and confirms short-lived ) e ﬁw

nuclides (not molecular bg). oL ML I L L)
- New atomic physics studies with variety of elements, nuclear spins at e

very constant yields.

Health check of the gas cell and total system
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How to eliminate garbage ions?

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

IN-MRTOF deflector

IR R R EREERRE R R R , -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

i alkali ion source

floated gate valve ‘! injection endcap mirror electrodes ejection endcap
S— / \
central

|| W . e |_| detector
1 steermg ’__r %lft section IINEEE
flat ion trap DD (] — InjM1 ... .. InjM8 ——

L ey — EME . . £l [>
T F IWDDD.}..T@ + e

linear PT : in-MRTOF deflector (IMD)  IMD (top view)
einzel lens static

41 drift tube pulsed mirror electrodes
. ions from gas ceIIEE s
...... e e e
and cooling energy adaption < = >
_8I6Kr+ 86Se+ | 3min measurement time |
g 10 w/o CGIMS
oA deflector in the flight tube of MRTOF P 1Y AW o
with sophisticate pulse train kicks out 2 ol ‘ | | P o
. 2 0.1}
unwanted mass/q ions S a | l “ I ‘ |H |
. ~ 0.01 : . . . :
o Multiple (~5) sets of A/g numbers can o ser LT
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g . 86 B+ 12C37Cl;6AS+ H2CHCl
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KISS: First and unique ISOL facility for online precision spectroscopy with MINT
Miyatake, Jeong et al

MNT fragments thermalize and neutralize in Ar
Element selection via resonant laser ionization Decay Spectrometers
Mass separation via magnetic separator

precision spectroscopy with pure nuclide (B, y, mass)

B wNRe

MNT reaction: 136Xe beam + 98Pt target

Ar gas
50 kRa:

| |
0 10 20 30 40 50
(mm)

-80
-100

@ 136X @

Extraction chamber

gas inlet e High voltage (~20 kV)

o/
Iaser@ B2F

Laminar flow

filament

98Pt target

Gas cell system

« Target (198Pt)

 MNT reaction

» Gas cell (Ar gas, neutralization)
« Laser resonance ionization

(Z selection)

6Xe beam

slose

stopping region
for reaction products

136X e beam -

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

.
as outlet : pImm O 5cm



Nuclear spectroscopy at KISS

198pt, natpt, nat\W targets
Il Steble o Known
@ p-yspectroscopy at KISS @ Mass at KISS

(O Laser spectroscopy at KISS
Element

Au
Pt I I m -198Pt @

MU I I N 1 B 7

108 110 112 114 116 118 120 122 124 126

Not yet reached N=126, though s Low primary beam intensity (10 pnA)
Low gas cell efficiency ( 0.1%)

- Laser Spectroscopy (Charge radii, moments)

- By spectroscopy for “difficult” refractory elements (T1/2, Decay mode)

- Mass Spectroscopy with MRTOF

Steady Scientific Results have been obtained

65




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

expected KISS-Il frontier
Decay & Laser spectroscopy of N=126 \/
neutron-rich refractory elements /
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How to access N=126, origin of Th U, end of r-process?

» Multi Nucleon Transfer Reaction
» Fusion reactions with n-rich RlI-beams

g’f>5e l‘-lll‘OCESS-l

/ ey SDIOCESS 557 T-process-II

Solar abundance

(log scale)

™ ) Ba S-Process ] A.g(%c;'z{mental
195pt  [-process-Il - EZ::;'goﬁzfgimenta'
AME2020
{ 208ply  §-DIOCESS ( )
o M \H} 7 fission wall
Har Bm‘ 232Th 238
_ el oy, I-process-iv?
Big Bang e = \ - ROy £ o <y,
e '-‘__“.‘ », 5 l <5 - .-»:.—2. ,;-‘( I ‘
5, U “m'l'
2 b N X\ h
S T ' SIS 2Mev
- = “r-pRacess path

,/

o
-

\-———‘ﬁ*

n d;'_i# |I\n(E\
p ~

waiting poi e new p rOj ects SSan = 0
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How to access progenitors of uranium and end of r-process ?

Fusion(~5 MeV/u) Fragmentation/Spallation(~100 MeV/u)
“Addition” “Subtraction” T
Fusion reaction
U N
RIB K
*. B-decay
Fragmentation ‘.
T of uranium r-process path
U N
h.
Fragmentation '..6-decay RIBF(RIKEN)
g i .
of uranium .. -process path FRIB(USA), FAIR(Germany) etc
Multi-Nucleon Transfer (5~10 MeV/u)
“Addition” + "Subtraction” »Add” neutrons
MNT ”Subtract” protons
U N south-east of uranium
h.
*. B-decay

r-process path

KISS, KISS-II
NEXT, N=126 factory,
STAR, HIAF-MNT?
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KISS-1I

“MNT reaction products, measure multiple species at once”

e Primary beam separator: High intensity beam

e RF ion guide He gas cell: Efficient collection of all elements
e 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

M Rough mass separation ’

3) MRTOF-1

5) GCCB+lon Trap
4) Mass Range Separator (new-type

oy
r - - '- l"m
. | @ T

i)
: I/ 4 Mass mea.
- | :;/ | 6) MRTOF-2

L
A<

ISOL)

Single mass or
Multiple masses

BigGasCell

B

-

1) Gas [Filled Sglenoid

v ‘
7)aPy spectrometer @
Beam Stopp+r

Target Decay spectroscopy
Separate TLF of MNT Spectroscopy with high pure nuclide or
and Primary beam RF He gas Ce” fOr a” mUItlple nUCIides Wlth TAG by MRTOF

elements

‘total budget: $15M in 5 (setup) + 5 (exp.) years failei! KISS-1.5: $5M in 5 years, starting 2024 by Watanabe JSPS
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w Multi-Nucleon Transfer reaction towards SHN

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

- 23817, 248
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W. Greiner and V. Zagrevaev, Nucl. Phys. A 834, 323¢ (2010) , retouch by M.W. z
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Fission barrier increases approaching to 10S

Fission-barrier height
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Two Configurations of BigGARIS with MRTOF Mass Spectrograph

H atheta-MeVpu
primary beam . =
Ea Entries 5000000
Mean x 50.95
7 Mean y 1.18
Std Dev x 6.395
Std Devy
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Gas Cell
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V.l. Zagrebaev, W. Greiner, PRC83, 044618(201 1)

Cm target 1 mg/cm”2, U beam 3 puA, Ecollection XEmeasure ~6%

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

W. Géer and V. Zagrevaev, Nucl. Phys. A 834, 323c
(2010)
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n-rich actinide is “blue ocean,”
>200 nuclides are waiting to discover

BRFRERTLIE(8192m)

Tenzing Norgay and Edmund Hillary, 1953
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