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The Origin of the Solar System Elements
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Gravitational \Waves discovery

Neutron star mergers! LIGO observatory in USA

The light was also observed

This is very exciting for our field!!!



. —
The nuclear physics @& @

Rapid neutron Unstable Beta decay to
capture neutron-heavy nucleus new element

Neutron is converted to proton via beta decay. Number of protons defines the element.
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FHow were heavy elements made 2/

rapid neutron capture: r-process
Beta decay
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This is the Saha equation, which is true when (n,g)=(g,n) equilibrium holds:

One neutron separation energy: /
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The nuclear physics
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Rapid neutron Unstable Beta decay to
capture k neutron-heavy nucleusj new element

Neutron is converted to proton via beta decay. Number of protons defines the element.
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RI Beam Factory at RIKEN

3 injectors + cascade of 4 cyclotrons
= several to 345 MeV/nucleon

A variety of primary beams

World highest-intensity RI beams
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Production of Rl beam at RIBF
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Nuclear binding energy

M(4He)=2-mp+2-mn+2-me
- Binding Energy
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RI Beam Factory at RIKEN

3 injectors + cascade of 4 cyclotrons
= several to 345 MeV/nucleon

A variety of primary beams
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Mass measurements planned at Rare-RI Ring
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ELEMENTAL ABUNDANCE
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Different Astrophysical conditions 54 .
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Shell quenching at N=82 & Z<507?
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Deformation below Z=507
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Deformation below Z=507 .
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RI with short half-lives and low production yield
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Critical Mismatch!!

DC beam vs. pulsed beam N\, ===
How to solve? AC DC

The Rare-RI Ring (R3)
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Phys. Scr. T166 (2015) 014039

pulse mode
operation
4
| | |-

synchrotron perlodlc bunched pulses  storage ring
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% |nJect|on ___________

cyclotron random particles storage ring/

Figure 1. Schematic drawing of the beam structures of the
synchrotron- and cyclotron-based storage ring.
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Nucleus of interest itself triggers its injection to the ring!
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Enhancement of particle
selection for R3
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L oin. / Veto
. Rate/Delay < 100 Hz
F3 Plastic \/ m——s : Trigger
| (Kicker / DAQ)
£\
R

Linear
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< 20 Hz (typical)

Fig. 1. Conceptual circuit diagram for particle selection and
abundance tuning. Frequency of the output signal is ad-
justable.

Y. Abe et al., RIKEN Acc. Prog. Rep. 52 (2019)
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Mass measurement principle

124Ag

125Cd 123pq

395 400 405 410
Revolution Time [ns]

T0, T1 meas.
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New R3 mass measurement result
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The Origin of the Solar System Elements
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M2gn | 0.97% | stable
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16gn | 14.54% | stable Decay
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dance (t40) duct |
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Isotope Decay

abun- | half-life K mode pro-
dance (t1/2) duct

M2gn | 0.97% | stable
M4gn | 0.66% | stable
115gn |  0.34% | stable
116gn | 14.54% | stable
M7gn | 7.68% | stable
118gn | 24.22% | stable
19gn | 8.59% | stable
120gn | 32.58% | stable
1229n | 4.63% |stable
124gn | 5.79% | stable
126gn | trace | 2.3x10%y | B~ L

Isotope Decay

abun- | half-life K mode | pro-
dance (t1/2) duct

1215 | 57.21% | stable
123gh | 42.79% | stable
125gh | syn 2.7582y | B~ 1257¢
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Challenge #2
Minimizing energy loss on beamline
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F5 position detector (PPAC)
(dispersive plane)

p1 meas.

T0, T1 meas.

Forward MCP Positive electrode  Teflon spacer g
: SE conversion foil s

S. Suzuki, NIMA 965 (2020)
o = 38ps, eff = 95%, dE/E<10°




Large area position-sensitive DL-E-MCP

Thin foil - low energy loss
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Comparison with PPAC resolution
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Challenge #3
Matching emittance at ring injection
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Horizontal motion (X,A) After

Before Redesign the injection optics for Rare-RI Ring

Efficiency: x14 times

____________ Total R3 eff. 2%
q . F3 SO ILC1 ILC2 RMD-4 ELC

100 -
-o-Exp. New Optics \

|| -«-Exp. Standard Optics

14 times
==Simulation Injection increase!!
into ring

- Beam emittance at Kicker

10

>
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Vertical motion (Y,B)

Transmission Efficiency [ %]

0.1

—

| Rare-RI Ring Eigen emittance

X,Y [em]

A,B [mrad]
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Large area position- sensmve DL-E-MCP

New klcker magnets conflguratlon

 _ O, Kicker magnets

DL-E-MCP could be placed inside the kicker
magnet to monitor emittance
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Challenge #4
Determination of revolution time
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F5 position detector (PPAC)
(dispersive plane)

p1 meas.

T0, T1 meas.

Forward MCP Positive electrode  Teflon spacer g
: SE conversion foil s

S. Suzuki, NIMA 965 (2020)
o = 38ps, eff = 95%, dE/E<10°
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_ ToFso—gLc _ ToFso-ELC

T = —
V s #N + 2 #N'
%, F3 T o,
Wiy g (s ¥ 3rd TOF detector
\,“& (plastic scintillation counter)

TOF measurement
for velocity

1st TOF detector
(plastic scintillation counter)

stop & start
2nd TOF detector

(present TOF detector)

TOF measurement]|*.
for circulation time
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Rough determination of revolutlon tlme -> deduce turn number

— FFT
a.5| = Fit (Gaus+Lorentz) I
R3 10000 E
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D. Nagae et al., NIMA 2020
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(almost) Perfect Isochronicity!
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Challenge #5
Ejection from the ring



Kicker limitation at ejection

B ToF Spectrum  ---Kicker Signal ~—Kicker Signal +100ns
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Upgrade of the kicker magnets

Previous config.

a b

C a b c d
i1 i1 i1
HINEEIREER
LJ LJ LJ

b, ¢ for injection
a, d for ejection
Substaptlal kicker field for particles For injection For ejection
. Previous waveform . B} —t
for injec./ejec. ) “«» -

» New .

100ns : 400ns
(+/-1%) . (+/-1.5%)

100ns
(+/-10%)
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R3 in-ring detectors

Septa Position-sensitive
for extraction Schottky pick-up ?

Resonant
Schottky pick-up

DL-E-MCP
Position-sensitive

Left side read

W\
N\

Septa . -
for injection )g o e st
Aluminum fol ! 0 e

| et

1 dipole .
Delta-ray monitor

) Timing detector
10 quadrupoles Omika et al., NIMB 2020

Timing detector
(C-foil + MCP)
Nagae et al.

7 = NIMA 2020 /
Y Selected RI
(from BigRIPS)
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Monitoring F5 position is necessary for verifying the isochonicity*

380.80
: @] (b)

=380.76 [t .t

L B e e e - s o =1.4(1) ps

380.68
380.64 -

Revolution time [ns

380.60 : v bbb bbb d Do b b e b e b b b L
-0.4 -0.2 0 0.2 04 O 20 40 60 80 100

dp/p [%] Counts [1/bin]

* Revolution time is independent of momentum
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Self-trigger injection method /\ \\
- N

Cyclotron \ Storage ring Ve

In-flight separator

Fast-kicker system

Trigger signal Y (Kicker
magnets)
R3
Injecting RI

FO F3BigRIPS

(Septum

Proposed by I. Meshkov et al., NIMA523 (2004)
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Storage of single-ion (@MSO1 '

Repetition time of injection : 0.5s

Time —

173. 81 173 82 173 83 173 84 173 85
Resonance frequency [MHz]

1 Resonant Schottky pick-up

Resonance frequency : 173MHz (TMy+1o)

gﬁzl:ﬂr;anffahf; gMHz 161kQ - Succeeded in detecting the single 78Kr36+ jon
' imp " lsh - Frequency resolution: ~1.3x106 (FWHM)

Quality factor Qq : 1880

Ceramic tube size : 290mm®, 15mm

thickness
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In November 2018: 7476Ni isotopes were measured
77Ni is planned to be measured in 2021
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ENTRIES L e

3

S

wiwf

. -1
26 Lol by lu b b b basaa besaa laa

23 235 24 245 25 2588 26 265 27 278 28
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Near 78Ni
(Z=28, N=50)

Production yields measured (1460)

New isotopes (2007-2018)

238 in-flight fission (119)
124¥e PF. (10)

78Kr P.F. (3)

79zn P.F. (8)
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