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Many observables need to be measured

@l to tackle the challenges outlined in
SCL previous presentation

Nuclear structure at extreme N/Z ratios or high A? ==y 126
e Changes in the nuclear shell structure (not so magic numbers) B A
« New modes of collectivity S v A L
» Shell structure of the heaviest elements /,{
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The limits of nuclear existence?
 Delineation of the nucleon drip lines

» Halo systems and nucleon skins

» Exotic decay modes (2p radioactivity)

2 8 -~ w .



S Preliminaries (1) INTVERSITS

Goal: Establish physical properties of rare isotopes
and their interactions to gain predictive power

Experiments: Measure observables

Observables: May or may not need interpretation to
relate to physical properties
e e.g., half-life and mass connect directly to
physical properties
* e.g., cross sections for reaction processes
usually need interpretation to connect to physical
properties (model dependencies are introduced)



S Preliminaries (2) INTVERSITS

Theories and models can relate observables to
physical properties — often, experiments are motivated
by theoretical predictions that need validation

But: Theories and models have their own realm of
applicability that everybody involved in the
experiment/data analysis/interpretation should be
aware of!

Predictions or systematics come with a warning: Might
lead to expectations that can influence the
Implementation of an experiment and ultimately limit
the scope of discovery
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S Preliminaries (3)
v Advancing Knowledge.
Transforming Lives.

Nuclear physics experiments are complex and experiments
with rare isotopes pose additional challenges

» Rare isotopes are typically available for experiment as
beams of ions

 Many of the established and well-tested techniques are not
applicable and new approaches have to be developed



MICHIGAN STATE

Production of exotic nuclel MICHCAR S IAIE

Advancing Knowle: dg

Trancfarmina | ivac

Random removal of protons and neutrons from heavy projectile in

peripheral collisions
hot participant zone m _’.

‘TranSfer reaCtiOnS @ w projectile fragment
] . projectile / / \

eFusion-evaporation target l
eission Cooling by evaporation.

*Fragmentation m — 0@ @ —

projectile fragment

e Target fragmentation (TRIUMF, ISOLDE, SPIRAL, HRIBF)

* Projectile fragmentation (NSCL, GSI, RIKEN, GANIL)



S Limits of existence —the neutron and  [ISEANHAE
proton d“p“nes Advancing Knowledge.

Transforming Lives.

» Limits of existence — neutron dripline

* The dripline is a benchmark that all nuclear models can be
measured against

* Nuclear structure is qualitatively different (halo structures and
skins)

» Sensitive to aspects of the nuclear force (see theory lectures)

North on the nuclear chart: The limit of mass and charge
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Location of the driplines Rt

Advancing Knowledge.
Transforming Lives.

Experimental task: How to find a needle in a haystack
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b I n d ? Advancing Knowledge.

Transforming Lives.

@ How many neutrons can a proton MICHIGAN STATE

The limit of nuclear existence is characterized by
the nucleon driplines

« B. Jonson: "The driplines are the limits of the nuclear landscape
where additional protons or neutrons can no longer be kept in the

nucleus - they literally drip out.” m

 P.G. Hansen & J. A. Tostevin: "(the dripline is) where the
nucleon separation energy goes to zero."



Advancing Knowledge.
Transforming Lives.

O Where is the neutron dripline? MICHIGAN STATE
o - @ NI

Predictive power, anybody?

I
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Dripline history and a plan ... MICHIGAN STATE
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336Ca|37Ca 3907 B 420&1 4305 44Cq 45Ca47Ca Ca (Z_ZO’ N_28)
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Proof of existence? Detect and identify it!  [ISTENGAE

UNIVERSITY

Advancing Knowledge.
Transforming Lives.

S 48Ca beam + "a\W target
ﬂ separator optimized on 2°F 170
Energy loss: dE ~Z2 I“E""1
The ion’s “time of flight” :2
IS proportional to 130
- A/Z x flight path/magnetic rigidity. | 120
< 110
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time of flight (ns)



%_ Search for new isotopes — how? MICHIGAN STATE

’ )?* Advancing Knowledge.
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UNIVERSITY

S800 analysis beam line

Momentum
measurement

K500
cyclotron A1900

fragment
separator %

Slits start
detectors

K1200

cyclotron
<

Achromatic degrader

Production target

T. Baumann et al., Nature 449, 1022 (2007)



40|\/|g and morel MICHIGAN STATE
@ UNIVERSITY
NGCT, 3} nature T. Baumann et al., Nature 449, 1022 (2007) A Kies i
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3 events of “°Mg
23 events of 42A|
1 event 43Al

Data taking: 7.6 days at 5 x10** particles/second
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4OMg and more!

MICHIGAN STATE

UNIVERSITY
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NSCL Transforming Lives.
T. Baumann et al., Nature 449, 1022 (2007)
43C) | 44Cl | 45C) | 46CI | 47C) | 8¢l | 4eCl 51C) 300 R LI B B S B S S B R
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Newly discovered

Time of flight

Data taking: 7.6 days at 5 x10!! particles/second
3 events of “°Mg
23 events of 42Al
1 event “3Al

The existence of 4243Al indicates that the
neutron dripline might be much further
out than predicted by most of the
present theoretical models, certainly out
of reach at present generation facilities.
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36S on Ta
at 78 MeV/u
(GANIL)

Report absence
of 280 in the
systematics of
produced N=20
Isotones
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NSCL
Fragmentation of 238U at GSI In-flight fission of %38U at RIKEN

9@ Discovery of new isotopes around the pISIENGAE

o7t 123pd L2oPd
ssf
ssf
345
835
82}

81y

80F

: 2.6
%Rb

T. Ohnishi et al., J. Phys. Soc. Jpn.
77,083201 (2008).

79F

78}

H. Alvarez-Pol et al., PRC 82 041602(R) (2010).
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@ Masses

Advancing Knowledge.

NSCL Transforming Lives.
Indirect reactions: decays:
« Decay measurements and A(a,b)B B.sdsd

Kinematics in two-body reactions o =wm,+ M- M-M, 0,=M;~ M,

Direct

« Conventional mass spectrometry Mass separator

! (spectrograph,
e Cern PS, Chalk River spectrometer)
e Time-of-flight
e spectrometer (SPEG, TOFI, Dispersion

8800) D = Axm /Am

e Multi-turn (cyclotrons,
storage rings)

* Frequency measurements
* Penning traps
e Storage rings

Adapted from D. Lunney



A. Estrade, in preparation (NSCL)

TOF mass measurements
- — Spectrographs at NSCL

“zn ool 2w red Sm>500keV
®Ga Ga blue Sm<10keV
2500
N IN
2000 S 69
74Cu CO
®Fe
1500 ey
T2p ¢
Ni
61 e
1000 Cr =
500
40 45

Bp=ym/q (dx/dt)
Measure Bp and TOF (i Pt

MICHIGAN STATE
UNIVERSITY

Advancing Knowledge.
Transforming Lives.

TOF mass measurements on
neutron-rich isotopes
goal: om = 0.2 MeV for A~70

- dm/m=2 x10° TOF S'[Op

58m flight path

-

A1900+S800 at NSCL

« Measure many masses
simultaneously

e Mass accuracy: Am/m ~ 106

 Beam rate: particles/min
(e.g 10000 particles total for
om ~ 200 keV for A~100)




o>

@ Mass measurements in the ESR storage ring at GS| jSyEENEILu

?_ UNIVERSITY

Nocl F. Bosch, Lect. Notes Phys. 651, 137 (2004) A Knonlcee
—__ SCHOTTKY MASS SPECTROMETRY___________________________ ISOCHRONOUS MASS SPECTROMETRY
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Cooled Fragments vV ‘_'0 Yt:y Hot Fragments
v
Tio>1s A1 A(m/q)  Av (1 _i) T,,>10 us

£~ "% miq TV ¥

v, relative change in path length by turn relative to change in Bp
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N |. Schottky mass spectrometry rY————

- Transforming Lives.
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@ Mass measurements in the storage ring at GS|  pleE®WNru:

Z,
W
)
=

» Schottky spectrometry in storage
ring (GSI), e.g. 8Pt
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T. Radon et al., PRL 78, 4701 (1997)
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e Mass measurement of short-lived 44V,
48Mn, 41Ti and 4°Cr (X-ray burst models)

1000 '
Fa) i=0

0F  N=Z+i =1
‘ |—-3

ol \
Q 1
U 4
: il |
T g 1] |
3
3 500 540 550 560
©
g
% moo .
S Ib) a3 5
Q@ 41 AL 47 g
= Sc Cr .
100 b 39 -
Ca \ 45 E
. 49 ]
v Mn
4 46 1
0F “Ti 4
Sc 37 51F 3
50 K e.
'| i Fe | I i
526 527 528 529 530 531 532 533 534 535

revolution time / ns

Accuracy of om= 100-500 keV was

achieved (lifetimes ~ 100 ms)

J. Stadlmann et al., PLB 586, 27 (2004)

UNIVERSITY

- Mass measurements in the storage ring at GSI  [¥eaoNS -
@"’* Il. Isochronous mass spectrometry

Advancing Knowledge.
Transforming Lives.

(mfq), *° .
! Injection

TOF-Detector

ViV

(m/q), Septum

Hot Fragments



Mass measurements with
Penning traps

Mass measurement via deter-
mination of cyclotron frequency

1 q
f =—.1.B
q/m C 2rm
end ca
g B from characteristic motion of stored

\ lons

PENNING trap

« Strong homogeneous magnetic
field of known strength B provides
radial confinement

ring

electrode » Weak electric 3D quadrupole field

T provides axial confinement

lon source
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S Mass measurements with
> Penning traps

Motion of an ion is the superposition of three characteristic
harmonic motions:
»axial motion (frequency f,)
»magnetron motion (frequency f_) :
. : E th lot
»modified cyclotron motion (frequency f,) XC':ﬁotignce,/\,?tﬁ on

multipolar RF (Goal:
excite the cyclotron
motion to resonance)

Typical frequencies l
g =e, m =100 u,
B=6T Transform radial to
axial energy (gradient
= f=1kHz dB/dz) and eject ions
f, =1 MHz l

Measure time of flight
magnetron (-) reduced cyclotron (+) (TOF) - the shorter

TOF, the closer is the
excitation frequency

The frequencies of the radial motions obey the relation to the resonance

Adapted from K. Blaum 27[@
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@ Mass measurements with MICHIGAN STATE

Penning traps e
24 |
Eject thermalized ’w; 23l {
lons from buncher =
l -53 22 +
=
Capture ions in s 2r
! ®
Penning trap £ 20|
c
o 19} 38 2+
l © - " Ca
Perform RF excitation 18L )
10 50 5 10

|

Eject ions and
measure TOF

v.. - 7595522 (Hz)

ME=-22058.53(28) keV
om=280 eV

G. Bollen et al., PRL 96, 152501 (2006)
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S Masses — what are they good for? UNTVERSITS

Advancing Knowledge.
Transforming Lives.

 Structure information
» Shell closures and deformation from separation
energies (dm/m < 10°°)
» Astrophysics (Nucleosynthesis)
e rprocess (dm/m < 10>, dm < 10 keV)
e rp process (dm/m ~ 107)
e Fundamental interactions and symmetries (dm/m<10-8)
« CVC
« CKM



Masses — what are they good for?

UNIVERSITY

CO n S t r al n t h 90 ry Advancing Knowledge.
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~~ T
C\LIJ 6 Groote et al., 1976 7]
S B .
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et i ]
w 5 -
o 0 = Comay et al\_
= N\ 1988 -
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N (Z=237)
Needed for r-process



Masses — what are they good for? UNTVERSITS
Nuclear astrophysics i e

‘e
6

Z,
W
)
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1
10 | = ETFSIQ (shell quenching)

I [ | | | I | | | |

R'ETOCESS abundaﬂces —— ETFSIH1 (no shell quenching)
A e

0 i solar

107¢

| xa h
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> E
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10-4 ol R N Y A1 ' R
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Difference due to shell quenching for neutron-rich
nuclel, or a problem with astrophysical model?




S Masses —what are they good for?
Fundamental interactions/symmetries oo

Physics beyond the Standard Model
(required precision: as good as possible, at least: 5m/m<10-8)

e Conserved vector current (CVC) hypothesis
« Unitarity of the Cabbibo-Kobayashi-Maskawa
(CKM) matrix
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Half-lives



Bulk activity measurements

Al e | A= Age |
A
g.\ :
N .
. \\ ....°"9-luuc
Time

MICHIGAN STATE
UNIVERSITY

Advancing Knowledge.
Transforming Lives.

A=In2/t,,

t=t,=4 X 1y,

Implant activity in active stopper
material for time t,. Cease

Implantation and observe decay for

time t,.

Adapted from P. F. Mantica



@

) Advancing Knowledge.
1 Transforming Lives.

Z,
W
)
=

300

Production rate: 0.5 54Sc/s
54S
C

\ T,, = 360460 ms

“Ti

250

200

180 |

100 |

Counts/160 ms

90 |

0 1000 2000 3000 4000 5000 600C

Time (ms)

Reduced background from in-flight tracking and
identification of individual isotopes in the beam on a
particle-by-particle basis

Adapted from P. F. Mantica Janssens, Broda, Mantica et a/,, PLB546, 55 (2002)



Beta counting systems TV ER ST
Example: BCS at NSCL

FIN =Sl _SSHl 5250

prawing not D20 SSSD SSSD SSSD

to scale.

Permits the correlation of fragment implants
and subsequent beta decays on an event-by-
event basis

Implant detector: 1 each MSL type BB1-1000

4 cm X 4 cm active area

1 mm thick

40 1-mm strips in x and y
Calorimeter: 6 each MSL type W

5 cm active area

1 mm thick

16 strips in one dimension

Adapted from P. F. Mantica



NSCL ¥+

Top view AR

LU

0.17 MeV"”J
0.37 MeV

0.21 MeV

Energy in ke

101Sn B-decay et ont

Advancing Knowledge.
Transforming Lives.

FRS@GSI
1125 (1 GeV/u) + Be (4 g/cm?)

4 DSSD, 0.5 mm pitch
4n segmented Beta Calorimeter

E,, = 2.93 MeV

E

g = 1.28 MeV

EEEEEEEEEEEEEEEEEEEr,

Y

T
\
1\.‘\\IIIIIIIIIIllIII'[:H_I_]_I_I_JJ?/

(IIEEEEEEEEEEEEE!

EEEEEEEEENENENL EEEEEEEF

LO,OO MeV i
™2.26 MeV

!

~0.16 MeV

........................... et i

0 100 200 300 400 500 @00 VOO &00 900 1000 1 5 10

A. Stolz (2003)
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140pr = 140Ce B-decay in the ESR@GSI i v

Transforming Lives.

S Caught in the act: MICHIGAN STATE

140p 58+

B 6 particles

. 5 particles
B 4 particles Qgc= 3388 keV

B 3 particles —_—

icl
B 2 particles 140 o 58+

1 particle

187.2 18I?.4 187.6 187.8
Frequency [kHz] - 61000.0

. Bosch et al. Int. J. Mass Spectr. 251 (2006) 212
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; 109Xe - 105Te - 101Sn g-decay chain
- Digital DAQ (HRIBF@ORNL)

Transforming Lives.

g

7

Fusion evaporaticie= :
51Fe (%N, 3n) 10 Y

High efficiency
microchannel

plate counter

98Ni beam

E=220-225MeV

0.15mg/cm2
Al degrader

N
()]
o

/

54Fe targ
470ugl/c
thickness : 5 ns/ch) Double Sided Strip

Detector
Paly 19°Xe implant ... ms ... (40x4Qx0.066)mm

Amplitude (23 keV/

S.N. Liddick et al., PRL 97, 082501 (2006)

105Te _>101 Sn . 0
i T1/2=620i70 ns Xe - Te

T1/2=13i2m5

Xe=>105Te->»1015n

implanted ions and 1.7*107 decays Log(Time (ns)) Adapted from S. N. Liddick

Counts/ch

identify 100 events among 4.4 108 4 6 8



@ S Doubly magic nucleus accelerates  |[ISHEANEAR
»@g synthesis of heavy elements

Transforming Lives.

Particle identification in rare-isotope beam Model calculation for synthesis of heavy elements
from NSCL at Michigan State University during the r-process in supernova explosions
1.E+02 =—=Qbserved Solar Abundances B

=—=Model Calculation: Half-Lives from
Moeller, et al. 97

,5 1.E+01 - =——=Same but with present 78Ni Result| |
<

S

S 1.E+00

K=}

c

>

o]

< 1.E-01 | k

1.E-02 . ‘ ‘
70 120 170 220
Mass (A)

Models produce_ excess of heavy elements with
Measured half-life of 78Ni with 11 events new shorter °Ni half-life

This is the most neutron rich of the 10
possible classical doubly-magic nuclei

in nature. - the synthesis of heavy elements in nature
proceeds faster than previously assumed
. +100 ... astep in the quest to find the origin of the
Result: 110 -60 ms heavy elements in the cosmos

P. Hosmer et al. PRL 94, 112501 (2005)
Adapted from H. Schatz



Chart1

		63		63		63

		64		64		64

		65		65		65

		66		66		66

		67		67		67

		68		68		68

		69		69		69

		70		70		70

		71		71		71

		72		72		72

		73		73		73

		74		74		74

		75		75		75

		76		76		76

		77		77		77

		78		78		78

		79		79		79

		80		80		80

		81		81		81

		82		82		82

		83		83		83

		84		84		84

		85		85		85

		86		86		86

		87		87		87

		88		88		88

		89		89		89

		90		90		90

		91		91		91

		92		92		92

		93		93		93

		94		94		94

		95		95		95

		96		96		96

		97		97		97

		98		98		98

		99		99		99

		100		100		100

		101		101		101

		102		102		102

		103		103		103

		104		104		104

		105		105		105

		106		106		106

		107		107		107

		108		108		108

		109		109		109

		110		110		110

		111		111		111

		112		112		112

		113		113		113

		114		114		114

		115		115		115

		116		116		116

		117		117		117

		118		118		118

		119		119		119

		120		120		120

		121		121		121

		122		122		122

		123		123		123

		124		124		124

		125		125		125

		126		126		126

		127		127		127

		128		128		128

		129		129		129

		130		130		130

		131		131		131

		132		132		132

		133		133		133

		134		134		134

		135		135		135

		136		136		136

		137		137		137

		138		138		138

		139		139		139

		140		140		140

		141		141		141

		142		142		142

		143		143		143

		144		144		144

		145		145		145

		146		146		146

		147		147		147

		148		148		148

		149		149		149

		150		150		150

		151		151		151

		152		152		152

		153		153		153

		154		154		154

		155		155		155

		156		156		156

		157		157		157

		158		158		158

		159		159		159

		160		160		160

		161		161		161

		162		162		162

		163		163		163

		164		164		164

		165		165		165

		166		166		166

		167		167		167

		168		168		168

		169		169		169

		170		170		170

		171		171		171

		172		172		172

		173		173		173

		174		174		174

		175		175		175

		176		176		176

		177		177		177

		178		178		178

		179		179		179

		180		180		180

		181		181		181

		182		182		182

		183		183		183

		184		184		184

		185		185		185

		186		186		186

		187		187		187

		188		188		188

		189		189		189

		190		190		190

		191		191		191

		192		192		192

		193		193		193

		194		194		194

		195		195		195

		196		196		196

		197		197		197

		198		198		198

		199		199		199

		200		200		200

		201		201		201

		202		202		202

		203		203		203

		204		204		204

		205		205		205

		206		206		206

		207		207		207

		208		208		208

		209		209		209

		232		232		232

		235		235		235

		238		238		238

				244		244



Observed Solar Abundances

Model Calculation: Half-Lives from Moeller, et al. 97

Same but with present 78Ni Result
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Observed Solar Abundances

Model Calculation: Half-Lives from Moeller, et al. 97
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		75		5.33E+00				75		1.28E-06				75		5.86E-09				75		4.96E-05				75		8.44E-09
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		97		8.70E-02				97		7.11E-02				97		9.52E-02				97		4.67E-02				97		9.52E-02

		98		9.30E-02				98		2.41E-01				98		3.41E-01				98		1.42E-01				98		3.41E-01

		99		1.72E-01				99		5.78E-02				99		7.63E-02				99		3.87E-02				99		7.63E-02

		100		2.42E-01				100		1.91E-01				100		2.57E-01				100		1.20E-01				100		2.57E-01

		101		2.66E-01				101		2.73E-01				101		3.66E-01				101		1.72E-01				101		3.66E-01

		102		3.27E-01				102		3.79E-01				102		5.30E-01				102		2.25E-01				102		5.30E-01

		103		2.89E-01				103		3.94E-02				103		4.02E-02				103		4.02E-02				103		4.02E-02

		104		3.48E-01				104		1.97E-01				104		2.46E-01				104		1.40E-01				104		2.46E-01

		105		2.69E-01				105		2.91E-01				105		4.02E-01				105		1.78E-01				105		4.02E-01

		106		1.93E-01				106		1.33E-01				106		1.48E-01				106		1.11E-01				106		1.48E-01

		107		2.39E-01				107		1.27E-01				107		1.51E-01				107		1.03E-01				107		1.51E-01

		108		1.45E-01				108		2.22E-01				108		2.43E-01				108		1.84E-01				108		2.43E-01

		109		1.96E-01				109		2.15E-01				109		2.84E-01				109		1.37E-01				109		2.84E-01

		110		1.63E-01				110		2.97E-01				110		4.13E-01				110		1.74E-01				110		4.13E-01

		111		1.65E-01				111		2.53E-01				111		2.81E-01				111		1.88E-01				111		2.81E-01

		112		1.96E-01				112		1.97E-01				112		2.52E-01				112		1.27E-01				112		2.52E-01

		113		1.39E-01				113		3.58E-02				113		5.44E-02				113		1.85E-02				113		5.44E-02

		114		1.40E-01				114		6.03E-03				114		7.04E-03				114		4.46E-03				114		7.04E-03

		115		1.21E-01				115		1.04E-02				115		1.43E-02				115		6.36E-03				115		1.43E-02

		116		1.21E-01				116		2.67E-02				116		4.04E-02				116		1.44E-02				116		4.04E-02

		117		1.28E-01				117		1.85E-02				117		2.75E-02				117		1.06E-02				117		2.75E-02

		118		1.37E-01				118		4.16E-02				118		6.21E-02				118		2.37E-02				118		6.21E-02

		119		6.50E-02				119		4.30E-03				119		3.97E-03				119		5.32E-03				119		3.97E-03

		120		0.078				120		1.20E-02				120		1.15E-02				120		1.29E-02				120		1.15E-02

		121		0.113				121		1.97E-02				121		1.89E-02				121		1.94E-02				121		1.89E-02

		122		0.154				122		1.79E-02				122		1.72E-02				122		1.73E-02				122		1.72E-02

		123		0.132				123		3.07E-02				123		3.04E-02				123		2.89E-02				123		3.04E-02

		124		1.99E-01				124		6.92E-02				124		7.27E-02				124		6.17E-02				124		7.27E-02

		125		0.267				125		1.62E-01				125		1.76E-01				125		1.39E-01				125		1.76E-01

		126		0.525				126		3.95E-01				126		4.31E-01				126		3.31E-01				126		4.31E-01

		127		8.51E-01				127		9.88E-01				127		1.09E+00				127		8.03E-01				127		1.09E+00

		128		1.53E+00				128		1.66E+00				128		1.90E+00				128		1.25E+00				128		1.90E+00

		129		1.24E+00				129		6.99E-01				129		8.53E-01				129		4.73E-01				129		8.53E-01

		130		1.63E+00				130		1.88E+00				130		2.52E+00				130		1.11E+00				130		2.53E+00

		131		9.54E-01				131		1.97E+00				131		2.67E+00				131		1.18E+00				131		2.68E+00

		132		8.00E-01				132		6.29E-01				132		7.81E-01				132		4.40E-01				132		7.82E-01

		133		3.15E-01				133		3.52E-01				133		4.56E-01				133		2.25E-01				133		4.57E-01

		134		4.49E-01				134		1.42E+00				134		1.91E+00				134		8.72E-01				134		1.91E+00

		135		0.298				135		5.23E-02				135		6.45E-02				135		3.44E-02				135		6.46E-02

		136		3.73E-01				136		6.15E-01				136		6.76E-01				136		4.33E-01				136		6.77E-01

		137		0.283				137		4.99E-01				137		5.40E-01				137		3.55E-01				137		5.41E-01

		138		0.225				138		2.13E-01				138		2.48E-01				138		1.43E-01				138		2.49E-01

		139		1.10E-01				139		7.28E-03				139		7.72E-03				139		5.25E-03				139		7.73E-03

		140		8.90E-02				140		1.41E-02				140		1.53E-02				140		9.94E-03				140		1.54E-02

		141		7.60E-02				141		8.48E-03				141		1.21E-02				141		4.75E-03				141		1.21E-02

		142		1.13E-01				142		2.33E-02				142		3.04E-02				142		1.43E-02				142		3.04E-02

		143		6.50E-02				143		4.32E-02				143		5.32E-02				143		2.77E-02				143		5.33E-02

		144		9.34E-02				144		5.33E-02				144		6.41E-02				144		3.50E-02				144		6.42E-02

		145		4.88E-02				145		3.04E-02				145		3.37E-02				145		2.11E-02				145		3.37E-02

		146		5.28E-02				146		5.85E-02				146		6.69E-02				146		3.96E-02				146		6.70E-02

		147		3.10E-02				147		6.16E-02				147		6.91E-02				147		4.21E-02				147		6.92E-02

		148		4.40E-02				148		7.22E-02				148		8.08E-02				148		4.95E-02				148		8.09E-02

		149		3.10E-02				149		2.46E-02				149		3.02E-02				149		1.58E-02				149		3.02E-02

		150		4.70E-02				150		3.64E-02				150		4.37E-02				150		2.37E-02				150		4.38E-02

		151		4.20E-02				151		2.41E-02				151		2.84E-02				151		1.58E-02				151		2.84E-02

		152		5.30E-02				152		1.66E-02				152		1.96E-02				152		1.09E-02				152		1.96E-02

		153		4.80E-02				153		1.68E-02				153		1.94E-02				153		1.12E-02				153		1.94E-02

		154		5.90E-02				154		6.73E-02				154		7.71E-02				154		4.50E-02				154		7.73E-02

		155		4.50E-02				155		4.43E-02				155		5.01E-02				155		2.97E-02				155		5.01E-02

		156		5.50E-02				156		6.56E-02				156		7.61E-02				156		4.32E-02				156		7.62E-02

		157		4.60E-02				157		5.07E-02				157		6.01E-02				157		3.29E-02				157		6.01E-02

		158		5.80E-02				158		8.05E-02				158		9.45E-02				158		5.23E-02				158		9.47E-02

		159		6.00E-02				159		6.44E-02				159		7.46E-02				159		4.21E-02				159		7.47E-02

		160		7.20E-02				160		4.34E-02				160		5.08E-02				160		2.82E-02				160		5.09E-02

		161		7.50E-02				161		4.30E-02				161		5.18E-02				161		2.73E-02				161		5.19E-02

		162		1.01E-01				162		4.67E-02				162		5.64E-02				162		2.96E-02				162		5.64E-02

		163		9.30E-02				163		2.54E-02				163		3.01E-02				163		1.63E-02				163		3.02E-02

		164		9.10E-02				164		4.98E-02				164		5.94E-02				164		3.17E-02				164		5.95E-02

		165		8.30E-02				165		3.81E-02				165		4.52E-02				165		2.42E-02				165		4.52E-02

		166		7.20E-02				166		7.98E-02				166		9.50E-02				166		5.06E-02				166		9.51E-02

		167		5.30E-02				167		2.12E-02				167		2.61E-02				167		1.31E-02				167		2.61E-02

		168		4.70E-02				168		3.13E-02				168		3.80E-02				168		1.96E-02				168		3.81E-02

		169		3.10E-02				169		2.53E-02				169		3.04E-02				169		1.59E-02				169		3.04E-02

		170		3.70E-02				170		2.59E-02				170		3.18E-02				170		1.60E-02				170		3.18E-02

		171		2.92E-02				171		4.75E-02				171		5.71E-02				171		2.97E-02				171		5.72E-02

		172		3.56E-02				172		6.53E-02				172		7.86E-02				172		4.08E-02				172		7.87E-02

		173		3.11E-02				173		3.93E-02				173		4.78E-02				173		2.44E-02				173		4.78E-02

		174		3.67E-02				174		2.88E-02				174		3.52E-02				174		1.77E-02				174		3.52E-02

		175		3.09E-02				175		2.05E-02				175		2.51E-02				175		1.27E-02				175		2.51E-02

		176		3.00E-02				176		7.20E-03				176		8.88E-03				176		4.41E-03				176		8.88E-03

		177		2.41E-02				177		1.14E-03				177		1.46E-03				177		6.84E-04				177		1.46E-03

		178		2.15E-02				178		7.79E-04				178		1.29E-03				178		3.71E-04				178		1.29E-03

		179		1.46E-02				179		1.98E-03				179		2.66E-03				179		1.14E-03				179		2.66E-03

		180		1.97E-02				180		6.52E-03				180		8.00E-03				180		4.01E-03				180		8.00E-03

		181		1.33E-02				181		1.41E-02				181		1.71E-02				181		8.71E-03				181		1.71E-02

		182		2.22E-02				182		1.70E-02				182		2.07E-02				182		1.05E-02				182		2.07E-02

		183		6.70E-03				183		1.74E-02				183		2.12E-02				183		1.08E-02				183		2.12E-02

		184		1.35E-02				184		5.42E-02				184		6.63E-02				184		3.32E-02				184		6.64E-02

		185		1.27E-02				185		2.48E-02				185		3.07E-02				185		1.51E-02				185		3.07E-02

		186		2.81E-02				186		1.33E-01				186		1.65E-01				186		8.07E-02				186		1.65E-01

		187		3.73E-02				187		7.22E-02				187		9.02E-02				187		4.32E-02				187		9.03E-02

		188		7.40E-02				188		1.06E-01				188		1.33E-01				188		6.27E-02				188		1.33E-01

		189		1.05E-01				189		1.48E-01				189		1.91E-01				189		8.61E-02				189		1.91E-01

		190		1.68E-01				190		2.47E-01				190		3.20E-01				190		1.42E-01				190		3.20E-01

		191		2.41E-01				191		1.34E-01				191		1.76E-01				191		7.57E-02				191		1.76E-01

		192		2.93E-01				192		2.04E-01				192		2.82E-01				192		1.11E-01				192		2.81E-01

		193		4.08E-01				193		6.28E-01				193		8.92E-01				193		3.31E-01				193		8.91E-01

		194		4.31E-01				194		8.78E-01				194		1.27E+00				194		4.55E-01				194		1.27E+00

		195		4.57E-01				195		5.18E-01				195		7.86E-01				195		2.56E-01				195		7.85E-01

		196		3.12E-01				196		9.43E-01				196		1.49E+00				196		4.48E-01				196		1.49E+00

		197		1.76E-01				197		1.44E-01				197		2.35E-01				197		6.69E-02				197		2.34E-01

		198		9.86E-02				198		1.31E-01				198		2.15E-01				198		6.02E-02				198		2.14E-01

		199		4.34E-02				199		2.52E-01				199		4.26E-01				199		1.13E-01				199		4.24E-01

		200		2.98E-02				200		5.42E-02				200		9.16E-02				200		2.42E-02				200		9.13E-02

		201		2.65E-02				201		6.00E-04				201		1.02E-03				201		2.66E-04				201		1.02E-03

		202		2.56E-02				202		1.01E-03				202		1.72E-03				202		4.49E-04				202		1.72E-03

		203		1.55E-02				203		7.85E-04				203		1.34E-03				203		3.48E-04				203		1.33E-03

		204		2.13E-02				204		1.82E-03				204		3.10E-03				204		8.07E-04				204		3.09E-03

		205		3.75E-02				205		1.47E-03				205		2.50E-03				205		6.52E-04				205		2.49E-03

		206		2.40E-01				206		3.45E-02				206		6.00E-02				206		1.50E-02				206		5.98E-02

		207		2.54E-01				207		2.59E-02				207		4.53E-02				207		1.12E-02				207		4.51E-02

		208		1.58E-01				208		2.23E-02				208		3.86E-02				208		9.72E-03				208		3.84E-02

		209		1.13E-01				209		2.14E-02				209		3.76E-02				209		9.25E-03				209		3.75E-02

		232		0.042				232		9.08E-03				232		1.63E-02				232		3.85E-03				232		1.62E-02

		235		5.73E-03				235		6.24E-03				235		1.13E-02				235		2.63E-03				235		1.12E-02

		238		0.0181				238		6.09E-03				238		1.10E-02				238		2.56E-03				238		1.10E-02

								244		2.86E-03				244		5.20E-03				244		1.20E-03				244		5.18E-03
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Observed Solar Abundances

Model Calculation: Half-Lives from Moeller, et al. 97

Same but with present 78Ni Result
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Model Calculation: Half-Lives from Moeller, et al. 97
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S 10 years and a new facility later ... at
RIBF in RIKEN Advancing Knowledge.

Transforming Lives.

Particle identification in rare-isotope beam Significantly reduced uncertainty in the half-
from RIBF at RIKEN life of 78Ni and new results for more neutron-
T rich N=50 isotones
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Advancing Knowledge.
Transforming Lives.

* Implementation of experiments can influence the discovery
potential

» Experimenters need to be explicit about assumptions and model
dependencies

« Examples of techniques to explore ground-state properties of
exotic nuclei

» Existence of a rare isotope — one of the most basic
benchmarks for theory, very challenging experiments

* Nuclear masses — important for many thing, including nuclear
structure, astrophysics and fundamental symmetries

» Ground-state halflives — have a challengingly large range that
requires experiments to adapt, important for nuclear
structure, astrophysics and fundamental symmetries
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