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11 Science Questions
for the New Century

Connecting

Quarkss -
with ’the_ COSmOS

e National Research
Council Committee on
Physics of the Universe
report: Connecting
Quarks with the
Cosmos: 11 Science
Questions for the New
Century
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11 Unanswered
uestions - Year 2002

- ecial: New Learning Series on Genetics, page 70
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11 Unanswered Questions

on kW=

7.
3.
9.

- February 2002

What is dark matter?

What is dark energy?

How were the heavy elements from iron to uranium made?
Do neutrinos have mass?

Where do ultrahigh-energy particles come from?

Is a new theory of light and matter needed to explain what happens at
very high energies and temperatures?

Are there new states of matter at ultrahigh temperatures and densities?
Are protons unstable?
What is gravity?

10.Are there additional dimensions?

11

.How did the universe begin?
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Experiment

Production of Rl Beam
ID of Rl's
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KoBRA Lol

e Decay spectroscopy and Total Absorption Spectroscopy
e Decay spectroscopy and fast-timing measurements by using KHALA at RAON
e High-resolution in-beam y-ray experiments at RAON

e |nternal conversion electron spectroscopy
e Spectroscopy of proton, neutron and alpha emitters
e Study on neutron-deficient nuclei using proton-induced fusion evaporation

e 3n fusion-evaporation reactions to study mirror energy differences in T,=-3/2
nuclei

e Rl experiments probing isospin symmetry
e The study of lifetime of isotopes near doubly magic N=Z nuclei 40Ca
e Fusion reaction studies related to stellar evolution

e Systematic measurement of production cross sections using KoBRA
spectrometer
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Decay spectroscopy and fast-

timing measurements by using
KHALA at RAON
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Decay Spectroscopy and Total
Absorption Spectroscopy

—-— Beta PM’s
e
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The study of lifetime of
isotopes near doubly magic
N=Z nuclei 4°Ca

Germanium a) Fully shifted
detector T < tyopping
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~enqe  Optical Model Potentials for Exotic Nuclei

+ Can we trust the Global Optical Model Potentials?
- Phenomenological GOMP v Broad range of lab energy usingAToM-X or STARK
» Microscopic GOMP v’ Using 16180, 20, 22Ne beams, (p,p), (d,d),(a,a)

Optical model potential from chiral effective field theory ~ €lasticscatterings will be measured.
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~ene  Nudear Structuresrelated to rp-process

« Recoil isotope tagging after fusion evaporation reactions can provide spectroscopic properties of
nudei.
v Heavy-ion Fusion-evaporation
v Light particle induced fusion evaporation. ¥ *"*Ar(p,Y)****K: key reactionsaffecting

A A 2 1 ]

mm Proton detector (cross-sections) aﬂl'OPhyS| mition Of QObUlal' dusters
e ——

BAr [2C Mg GE-E  pummEmmw .| YV 54Ge, 88Se,72Kr: rp-process waiting point
7Ca | 2C  pesj  telescope I~
produc . i
s |60 beci PID) Product v 74Se, 78Kr, 84Gr: p-process isotopes
1 1 — interest)
-20; : 0] :325 Beam Target
49 1 12 MO _——
Fe  JmC o —
S3Nj 1 160 "‘OCa ——— I. Dillmann et al. PRC (2010)
I
7Zn { 2Ne  Joca pprocess
isotopes 8
Exanplsof' +86oils from 4 p ..T be
S beam + S target fusion evaporation

881

—— (S AE J
S g e :5:9:9
R R 1"F e -.Eam‘mﬂ o

r-process

Examples of proton-induced reactions i] X — ... decay chains
to produce neutron-deficient nudei
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CENS

Fusion Reaction Mechanism related to Sellar Bvolution

| JC Zamora et al., PLB(2020) (2011) "
10} —AAmm T —
— g ’—’ ® N ‘ b
. % e e "BNip
10! e * TBes™Nilg)
o : o & “Lie™Ni
— a ‘ &1 o b
L > . . 7 | . 4 Y e 2l
10— : : %0 +%2Zn - ol
— - . 2 I o oM, o
N SR . 0 & (S ¢ LTz
S single-channel 1 UFI (o) v "Bes™zu3)
CC —— 7 5B + YAr (this work) B « “Lis"cors
| OEBU + O pyy == = / 5B + **Ni , '1.-‘_". <
0 / B+ 23S . ¢ B Bl
107! / . R X “He"za(7)
16 18 20 22 24 | 0 I 2 3 4 E * HeTAn)
Eppn [MeV] v 0.6 08 1 12 14 16 18

| E
Total fusion exditation function for 8B+ “°Ar. Reduced
Reduced total reaction cross sections

160 + 490Ar fusion cross sections??

v Ne+*Ne, Ne+'¢0 fusion

Simulation

6000

Unrea. beam — - -

cross sectionsto revisit the
result of D. Shapira PRC(1983)
— ve— v Fusion cross sections with

o ange o halo nucleus (°He,’Li, ’Be, °Be)

Texas Active Target (TexAT) design lonization beam profile
for a typical fusion event
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~-ue Nudear structuresrelated to Fprocess

« 32§(d,p) and 3*Y(d p) neutron transfer reactionsfor E,,, spin/ parity and SF
* (d,p) neutron transfer reactionsaround N=20

v 34S: Doubly Magic Nucleus
v ¥Mg: Island of Inversion
e swe o s sl | 280: Doubly Magic Nudleus

-
31Ma | 32%a PNa JaNa INN JENa ITNa
-

- - - A v Many unknown spectroscopic properties
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No Tilting At a 20 Degree Tilt At a 90 Degree Tilt
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o] 1[e} Active Targets for
CENS Nuclear Astrophysics Studies at RAON

v TexAT Active Target TPCdetector Upgrade

- 140(a,p)'F cross sections at CRIB/ NS
e gy NP, 8 :_:'
oy . ¥
10°) o £
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TR Texashctive Target (TexdT) design o
Previous measured data and

calculated total cross sections of 140(a,p) reaction (n p)

v Multi-Sampling lonization (dd) v CENSActive Target TPC(aka AToM-X)

/

MUSICDetector at ANL (

[

1
2023

Conceptual Design of AToM-X

2020 9 :
Chamber (MUSIC) detector -
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o] [e} Targets and Detectors for

v Solid Targets: CH,, CD,
v GasTargets: H,, D,, *He, *He, N,

(d,py)
Conceptual Design of STARK Jr.
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Possible shapes of some deformed nuclei
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‘Hill-Wheeler’ coordinate

' o ft = Fo(1+ azmYom (0, 9))
L |
N /trlaX|aI a0 = fcosy, ag = ﬁﬁSim

prolate

P. Cejnar et al., Rev.
Mod. Phys. 82, 2155
(2010)
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Candidaiczeos of the triaxial ground-state shape
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— AE, (MeV) _ _ g
100 3% A5 = Fan = E,,, E
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g = —0.30 o v band N g
5 S i neutron-rich \ E
= 60 E_ous : =
= - 050 ‘ Isotopes N g
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O 40 F N \ Z
0 = 14054 =
g 194p4 g
20 £ E
= 3 P. Moller et al., Phys.
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Nuclear chart around A = 110

Energy
[keV]

1200
Mo
1000 22+
| Neutron number N 300 X
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l ‘ | Neutron number N
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Axially symmetric Rigid triaxial rotor model v-unstable rotor model
rotor with y-vibration A g+ g+
g+ ' 7t
7+
[ 7+ 6+
+
— g8t o+ g+ ]+ g+
— 57 p— 45; .\
A — 6+ E4) — EQ3) 6+ e
— 33
— o P —— 3"} EQ)- EQ) & >+
y band 4 o+
_ (K =2) + d
2" 2" second 2 sggcr)]g
0% 0" band 0*
gr. band gr. band gr. band

Level spacing in side band

Es(J) _[E(J)-E(J -1 -[E(J 1) - E(J -2)]

)= b - B(2])
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Energy staggering of y-band

E? 00 B — axially sym.
(1)‘3 rigid triaxial

1.5 ; — y-unstable




Experiment

Production of Rl Beam BigRIPS

7 40 2)

Fission
238y (345MeV/u) fragment

B-PY :
’ O -
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Q Fissile Ci O\
nucleus
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B-v spectroscopy using EURICA

@ B-ray emission

Detected at t’
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Observables in decay spectroscopy
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A partial level scheme of 110Mo

ﬂ_
HOND  SA
1782.7 8" 17543 2(75 1796.2 ZEge 6" NeW results
14777 2l 1520l st (59 - Observation of the 6"’, [/* states
H. Watanabe et al,, - [ 11 :
Phys. Lett. B 704 : | _ + In the second band

270 (2011)

- Observation of the third band
(yy-vibration?)

-2 Kinematic moment of inertia

Red lines: new levels and
transitions
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5(])

S(]) of neutron-rich Mo, Ru, and Pd isotopes
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Detector station

RIKEN RI Beam Factory KISS
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136Xe beam)
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Red : This work
Black and blue : From Ref
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195

H. Choi et al., Phys. Rev. C, 102, 034309 (2020)

Table : ($2)'/2 values from this work and calculations

calculation

A This work Experiment
HF SCCM TRS FRDM

194 0.147(10) 0.140(10)  0.14 0.14 0.16 0.153
196 0.157(15) None 0.11 0.12 0.119

« 5(r?) and (p2)/2 are evaluated from IS, assuming
axially deformed rotor
19405
o (B2)1/2 of 1940s is consistent with the recent
experiment and theoretical calculations
* In the systematics, sudden change at A=194
— shape transition to a less deformed configuration
1960
o (B2)1/?2 of 19%Q0s is experimentally determined for the
first time
 Larger than theoretical predictions
— possible broken axial symmetry
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EXOGAM

VAMOS++ Array
spectrometer | _ Experimental Objective
Feasiblity study for MNT for producing N~126
QP 8MeV/u, > Cross section measurement of Pt-like
R L7 ~ 0.3 pnA
’ Sl (E,=553MeV)

Challenges in measurement
1. Particle identification of PLF/TLF Z,A
2. Large spread (6, P) in reaction fragments

2

2 Solution

§ 1. Wide acceptance spectrometer: VAMOS++
O 2. Ge detector-array : EXOGAM Ge clover array
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PRL 115, 172503 (2015) PHYSICAL REVIEW LETTERS 23 OCTOBER 2015

Pathway for the Production of Neutron-Rich Isotopes around the N = 126 Shell Closure

Y. X. Watanabe,l’* Y. H. Kim,z’g”T S. C. Jeong,l’;t Y. Hirayama,1 N. Imai,l’§ H. Ishiyama,l’i H. S. Jung,1 H. Miyatake,1
S. Choi,z’3 J.S. Song,z’3’4 E. Clement,5 G. de France,5 A. Navin,s’|| M. Rejmund,5 C. Schrnitt,5 G. Pollarolo,6 L. Corradi,7

E. Fioretto,7 D. Montanari,8 M. Nii1<u1‘a,9"H D. Suzuki,g’** H. Nishibata,10 and J. Takatsu'®
nstitute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
2Departmem‘ of Physics and Astronomy, Seoul National University, Seoul 08826, Korea
SInstitute for Nuclear and Particle Astrophysics, Seoul National University, Seoul 08826, Korea
*Institute for Basic Science, Daejeon 34047, Korea
SGrand Accélérateur National d’lons Lourds (GANIL), F-14076 Caen Cedex 5, France
6Dipartiment0 di 125 Torino, Italy

SDipartiZZziZ _I :|I'I I LH *‘l H |'|=|'| E_!- Eﬁl Italy

Padova, Italy
“Department of Physics, Osaka University, Osaka 560-0043, Japan
(Received 26 June 2015; published 23 October 2015)

Absolute cross sections for isotopically identified products formed in multinucleon transfer in the
136X e + 198Ppt system at ~8 MeV /nucleon are reported. The isotopic distributions obtained using a large
acceptance spectrometer demonstrated the production of the ‘“hard-to-reach” neutron-rich isotopes for
Z < 78 around the N = 126 shell closure far from stability. The main contribution to the formation of these
exotic nuclei is shown to arise in collisions with a small kinetic energy dissipation. The present
experimental finding corroborates for the first time recent predictions that multinucleon transfer reactions
would be the optimum method to populate and characterize neutron-rich isotopes around N = 126 which
are crucial for understanding both astrophysically relevant processes and the evolution of “magic” numbers
far from stability.

DOI: 10.1103/PhysRevLett.115.172503 PACS numbers: 24.10.-1, 25.70.Hi, 29.30.A]
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2nd arm + EXOGAM [ .

- TLF tagging
e us Isomer
« A, E* measurement\ -~ TL
. 08 e
// \
S L ; 7I\/IeV/u,
N\ ’
’0,6 &, 2.0 pnA
Q ! (Ecy=553MeV)
’ /
\ / N
‘. /,’ @
* s’ &%
<, 58
© / > o
o 63

« Method: well proven from previous experiment!

« EXOGAM = AGATA : resolution{} + efficiency 1+
« Upgraded VAMOS ++ : resolution{*+Count rate{*
« 2nd Arm (SNU) + EXOGAM : Direct TLF tagging

Y. H. Kim et al., EPJA (2017) 53: 162
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