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Where are we from?
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11 Greatest Unanswered Questions
[Physics |

“Physics

Discover Vol.22 No. 02 February 2002

1. What 1s dark matter?
2. What is dark energy?
3. How were the heavy elements from iron to uranium made?
4. Do neutrinos have mass?
5. Where do ultrahigh-energy particles come from?
6. Is a new theory of light and matter needed to explain what
happens at very high energies and temperatures?
7. Are there new states of matter at ultrahigh temperatures and
densities?
8. Are protons unstable?
9. What 1s gravity?
10. Are there additional dimensions?
11. How did the universe begin?




How were heavy elements created in the universe?

William Fowler (1967) r-process peaks (A~80, 130, 195) are associated to
very neutron-rich magic nuclei N = 50, 82, 126

Nobel Prize (1983)

Sneden, J.J. Cowan, Science Vol. 299 (2003%F)
T T T T T 1 Mystery of site: Where

Neutron-star
merger?

Supernovae ?
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Origin of Heavy Elements (Pt, Th, U...)

Supernovae vs Neutron Star Merger

NASA/JPL-Caltech/O.Krause
(Steward observatory)

T);pe IT Supernovae ' Neutron star merger ?
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© ’ S. Wanajo
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- Mechanism of Explosion.. ? - Extremely neutron-rich nuclei
- Lack of Neutrino, Neutron : - Very Rare to have two neutron stars close
Ye <0.5? together.
- Not possible in 15t stars.




Very Neutron-Rich Nuclei

(Far from the gtability..)

capture N+1

Beta-decay
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S-process & r-process
(slow vs rapid)

Sneden et al. (2008)

Langanke Lecture

Elemental
breakdown
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Eu/Fe abundances as a function of [Fe/H] metahclty

C. Sneden, J.J. Cowan, R. Gallino, Annu. Rev. Astro. (2008)

r-process
enhanced star

Significant [Eu/Fe] abundance scatter at low metalicity




Abundance Patterns in Galactic Halo Stars
( The origin of about half of elements > Fe )

Open question: Where does the r process occur ?

. S—process
scaled SS r-process

Relative log &

=
=
~
]
Q
ol
Q
L]
[©]
N
>
o
S
—
~
A
~
~~~
(\®)
&
—_
\9]
~

® CS22892-052 * (CS31082-001
W HD115444 < HD221170
€ BD+17°3248 —— SS r-process abundances

(9002) Ot 2IMEN ‘UIPAUS D) UBMOD ['[

|
70

Atomic number

Heavy elements in oldest stars (Z > 56)
—> Closely match the Solar System (SS) r-process pattern.

- Te (Z=52) data.

fha hxl !
70
Atomic Number Key: We need properties of most neutron-rich nuclei.
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Superheavy elements (RIKEN)
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RIBF & Decay Station

12 EUROBALL Cluster
detectors, i.e. 84 Ge crystals

28GHzECF
(constructic Euroball Cluster detectors
&%r%?rﬁction) - Support structure RIKEN RIBF @ Bem
[Ell Readout electronics (Japan) ¥ RIKEN
RI poduction {ﬁlﬂh used for GSI-RISING Installation completed in 2012 Feb.
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Survey of Nuclear Properties (Decay Spectroscopy)

First E(2+) for even-even nuclei

- Excited states : E(27), ..

- Isomeric states - New magic number ?
- Di ?
-Qg, EC Disappearance?’

B - Shell quenching?
— - Decay curve : T, - Deformation?

— - Beta-delayed neutron/proton

- New isotopes
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Decay curve and T,

98Y 1007 101Y
0.548 § 735 MS 045§

B-: 100.00% B-:100.00%  B-: 100.00%
B-n: 0.32% B-n: 0.92% B-n: 1.94%

S78r S88r S558r 1008r
425 MS 06538 0.269 § 202 MS

Counts / 10 ms

p=+100.00%  B-:100.00%  B-:10000%  B-:100.00%
B-n= 0. B-n: 0.25% B-n: 0.10% B-n: 0.78%

S6Rb S | . JSRb S5Rb
377.5 MS 203 MS 1659 Ms 114 MS 50.3 MS

B-:100.00%  p-:100.00%  B-:100.00% | PB-:10000% | f-:100.00%
B-n: 8.73% B-n: 13.30% B-n: 25.10% B-n: 13.80% B-n: 15.90%

94Kr 95Kr 96Kr 97Kr 98Kr “¢——daughter and granddaugter

212 MS 114 MS 80 MS 63 MS 46 MS ‘../
B-:100.00%  B-:100.00%  B-:10000%  B-:100.00%  B-:100.00% ___..‘___( B & B - braHChes )
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o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ms)

Likelihood method with 10ms bins (0 — 5 sec)
Free parameters for fitting

- Background ... ~0.5 cps

- Neutron emission Probability (Pn)

- Detection efficiency (g) ... 40% - 80%
Consistency check

- Monte Carlo Simulation / beta-delayed gamma




Very Neutron-Rich Nucle1

(Far from the gtability..)

Experimental Chart 9
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Zr and Nb decay faster than expected by FRDM+QRPA (T,, : 1/2~1/3)

SN, PRL 106 (2011
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Upgrade : 2009 = 2012-2013

U-beam intensity
-0.2pnA 2> ~ 10 pnA ... x 50 times

Gamma-ray detector
- 4 Clover detectors
—> 12 Cluster detectors (Det. Eff. ~ 8 % at 1 MeV)
... X 10 times
( = gamma-gamma coincidence ... x 100 times )

Beta counting system
- 16 x 16 pixels x 7 layers = 1792 pixels
- 40x60 pixels x 8 layers = 19200 pixels

... X 10 times




Decay spectroscopy of key nuclel
relevant to r-process nucleosynthesis

High resolution, High efficiency gamma-ray detector!

(x 10 times) Cluster Ge-detectors (gamma-ray detection)

= $—> 5. -238r—4

A
-

Beta-counting system inside \ , - & RIE—A

EURICA

RIE—ADRE

i

WAS3ABI:beta-ray detection S _ 3
Beta-decay half-lives, etc.. N2 4 ” : = 3 RIE— A DEEH!

World highest efficiency detectors World high intensity RI beam
(1 months = 40 minutes ) 1000 times




30 pnA

2380 ... Intensity

32 — 38 pnA
200 - 300 pnA

Production e Fi1
Target s 2

1st stage

separation 2nd stage
Aanalusia IDIMN AtA)

Correlated B-particle
electron @ stopper

Heavy ion

Time stamp
Clock 100 MHz

RI
DsSsD
Beta
DSSD

Uncorrelated B-particle

Time correlation position correlation




Beta-counting system: WAS3AB1 in EUIRCA

(Wide-range Active Silicon-Strip Stopper Array

for Beta and ion detection)
RIKEN/IBS/TU-Munchen

Heavy-ion ... ~6 GeV ~ (Nov./2014)

Beta-ray ... 20 keV ~ 3 MeV

High segmentation ... 60 x 40mm2, Imm strips
Up to 16,000 pixels

Qbeta .... Plastic scintillator or SSSD x 10

Fast timing ... Plastic scintillators

DSSSD (Univ. York)
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Decay Spectroscopy in the vicinity

of double magic 7®Ni
(Z=28, N=50)

 — N > Al B v e F 2 2
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1 l . II B Stable isotope
O Known isotope
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Neutron Number

| History of "8Ni ]
-1997
Identified as new isotope

(3 events)
M.Bernas et al., PLB415 (1997)

- 2005
Beta-decay half-life
(11 e:vents)100

T,,~110,, ms
T.Hosmer et al., PRL94 (2005)




Atomic number

RIBF: Decay Experiment around 7®Ni region

g

?51 311152125;3:"

| Half-lives unknown

o B W
- o : 73M
L1 1 | I | | b I I | | [ I | [ I | | | n

6

2.65 2.7 2.75 2.8 2.85

2.9

A/Q

~ 12 k of 78Ni produced at the RIBF.
Low production yield of 7Ni (7®Ni + neutron)

1

Spokesperson : SN / Niikura

. P-decay flow at freeze-out time of r-process (FRDM+QRI’A)|

E *I Nuclei produced at RIBF |

SR
’ \\\\\T\Z:%

WA 0

42 B

New isotopes
(7 Candidates)

Implantation rate
=20~ 50 pps




78N|

T

78N1 beta-decay half—hfe

o 1100

Hosmer (MSU)

PRL (2006)

m ﬂ Z.Y Xu et al.
M Phys. Rev. Lett. 113 (2014) 032505

=
=

20 ms

I
£
)
+
E 120
:

Counts /
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5001000 1300 2000 2800 3000 3500 4000 e L o e
Time (ms) e

Decay spectra obtained in WAS3ABi.
What about N=51 ("”Ni)? Z=27 ("’Co)?




Beta-decay half-lives beyond 7®Ni

Z.Y.Xu, PRL (2014)
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Shorter T,, beyond Ni = Pronounced in Z = 28, N=50
- 78Ni is double magic nuclei !?




Neutron detection system

I.N.Borzov Phys. Rev. C71 (2005) 065801

1 Ni-isotopes Cu-isotopes 1 Zn-isotopes
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Decay properties around
double magic '32Sn
( Z=50, N=82 )

New 1somers around
- 126,128p( 136.138Gn region

Proton number

B Stable isotope

[ Mass from PT 1 10 Half—lives measured

> Mass from Q
L] onlyT,, known

82 84 86 88 90
Neutron number

J. Hakala et al., Phys. Rev. Lett. 109 (2012) 032501




Decay Spectroscopy around A = 100 ~ 145
U-beam: 8 — 10 pnA
Two EURICA data sets: G.Simpson/A.Jungclaus & H.Watanabe/G.Lorusso ~ Two weeks
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Decay Spectroscopy around A = 100 ~ 145

A.Jungclaus,
PRL99, (2007)

No evidence

for shell quenching . ritp 0
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- No evidence for shell-quenching in 123Pd....




Decay Spectroscopy around A = 100 ~ 145

444

VRSN & Urban, EPJ A 20, 381 (2004)
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Phys. Rev. C 88, 024301
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Decay Spectroscopy around A = 100 ~ 145

G. Simpson, G.Gey, A.Jungclaus ..
Phys. Rev. Lett. 113, 132502 (2014)

T,,=46(7) ns
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Identification of milisecond isomeric states via
detection of conversion electrons

21/2%) T,,»=3.6(2) ms

E3
(15/2)

4. 4 5? J. Taprogge A.Jungclaus et al.
Phys Lett. B 738 (2014) 223,

Counts/4 keV

(11/2°)

Energy (keV)

E
Q
=
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Aty Phys. Rev. Lett. 113 (109 06 23.0(6) ms
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First Excited State: E(2+)

Z.Patel et al.
PRL 113, 0262502 (2014)

1st Excited States of Even-Even Nuclei
— N H I iS] T:_:I
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15 E(2+) are expected from EURICA !
And more ...




B-decay half-lives on r-Process path
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110 Half-lives from Very Neutron-Rich Rb to Sn

. G.Lorusso et al.,
40 new half-lives ! PRL 114, 192501 (2015)
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r-process abundance with new T,
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r-process universality and duration of r-process

Supernovae explosion

Solar system abundance
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AYFRTEABTERB = ¢ Mass number A

Duration of r-process




Abundance log(g
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Universality of r-process elements (Z > 56)
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International collaboration

19 countries: 237 collaborators !
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In four years...
(U-beam int. > 100 pnA!?)

Beta-decay half-life
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Z (number of protons)

B RIBF Results (2009 ~ 2014)
Surveyed at RIBF

2008 2010 2012 2014 2016 200~ 500 pnA of U-beam

Year
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N (number of neutrons)

Several hundreds of new beta-decay half-lives
- Significant contribution in nuclear structure and r-process nucleosynthesis.




Beta-decay flow back to stability
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Beta-decay of isotopes : 127Rh, 128Pd, 129Ag, 130Cd (N=82) = Sn, Te




BRIKEN Project (RIBF)

Monster of 3He Detectors

Table 1: ®He tubes available within the BRIKEN Collaboration.

Owner Pressure Size Number of
(atm) Diameter Eff. Length  Counters
(inch/em)  (inch/mm)

GSI 10 1/254 23.62 / 600 10
JINR 4 1.18 / 3.0 19.69/500 20
ORNL 10 2 / 5.08 24/609.6 67
ORNL 10 1/254 24/609.6 17
RIKEN 5.13 1/254 118.1/300 26
UPC 8 1/254 23.62/600 42

Total 182
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Very high efficiency neutron detector

> Survey of beta-delayed multi-neutron & T1/2



r-Process path toward heavy region

RIKEN News 2015 Sep.
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