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Figure from M. Huyse

The limits of nuclear existence?
• Delineation of the nucleon drip lines
• Halo systems and nucleon skins
• Exotic decay modes (2p radioactivity)

Nuclear structure at extreme N/Z ratios or high A?
• Changes in the nuclear shell structure (not so magic numbers)
• New modes of collectivity
• Shell structure of the heaviest elements

Many observables need to be measured 
to tackle the challenges outlined in 

previous presentation



Preliminaries (1)

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.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)



Preliminaries (2)

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



Preliminaries (3)

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



Production of exotic nuclei

•Transfer reactions

•Fusion-evaporation

•Fission

•Fragmentation

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

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



Limits of existence – the neutron and 
proton driplines

• 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 



Location of the driplines

Experimental task: How to find a needle in a haystack



How many neutrons can a proton 
bind?

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.“

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



Where is the neutron dripline?

Predictive power, anybody?

?



Dripline history and a plan …

1990: Guillemaud-Mueller et al., Z. Phys. A 332, 189
1997: Tarasov et al., Phys. Lett. B 409, 64
1999: Sakurai et al., Phys. Lett. B 448, 180
2002: Notani et al., Phys. Lett. B 542, 49

Lukyanov et al., J. Phys. G 28, L41

48Ca (Z=20, N=28)

Target

Production of 40Mg from 48Ca: 
Net loss of 8 protons with no
neutrons removed!



Proof of existence? Detect and identify it!

The ion’s “time of flight”
is proportional to 
A/Z x flight path/magnetic rigidity

Energy loss: dE ~Z2              

48Ca beam + natW target
separator optimized on 29F



Search for new isotopes – how?

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

natW(48Ca,29F) 140 MeV/u



40Mg and more!

Data taking: 7.6 days at 5 x1011 particles/second
3 events of 40Mg
23 events of 42Al
1 event 43Al

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



40Mg and more!

Data taking: 7.6 days at 5 x1011 particles/second
3 events of 40Mg
23 events of 42Al
1 event 43Al

The existence of 42,43Al 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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T. Baumann et al., Nature 449, 1022 (2007) 



Proof of non-existence:
26O and 28O

Guillemaud-Mueller et al., PRC 41, 937 (1990) Tarasov et al., PLB 409, 64 (1997)
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48Ca on Ta 
at 44 MeV/u
(GANIL)

N=2Z-1

N=2Z

N=2Z+2 Report absence 
of 26O in 
N=2Z+2 
systematics

Report absence 
of 28O in the 
systematics of 
produced N=20 
isotones

36S on Ta 
at 78 MeV/u
(GANIL)



Discovery of new isotopes around the 
world

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

In-flight fission of 238U at RIKEN

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

Fragmentation of 238U at GSI



Masses

Indirect
• Decay measurements and 

kinematics in two-body reactions 

Direct
• Conventional mass spectrometry

• Cern PS, Chalk River
• Time-of-flight 

• spectrometer (SPEG, TOFI, 
S800)

• Multi-turn (cyclotrons, 
storage rings)

• Frequency measurements
• Penning traps
• Storage rings

Adapted from D. Lunney



TOF mass measurements 
– Spectrographs at NSCL
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TOF mass measurements on 
neutron-rich isotopes 
goal: δm = 0.2 MeV for A~70
 δm/m=2 x10-6

A1900+S800 at NSCL

• Measure many masses 
simultaneously

• Mass accuracy: ∆m/m ~ 10-6

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

TOF start

TOF stop
58m flight path

Bρ=γm/q (dx/dt)
Measure Bρ and TOF

A. Estrade, in preparation (NSCL)



Mass measurements in the ESR storage ring at GSI
F. Bosch, Lect. Notes Phys. 651, 137 (2004)

γt: relative change in path length by turn relative to change in Bρ



Mass measurements in the storage ring at GSI
I. Schottky mass spectrometry

• Schottky spectrometry in storage 
ring (GSI), e.g. 184Pt

T. Radon et al., PRL 78, 4701 (1997)

Mass excess for 184Pt as determined in several 
runs using different reference isotopes and in 
different ionic charge states q. (dm/m=5 10-7 )



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

Accuracy of δm= 100-500 keV was 
achieved (lifetimes ~ 100 ms)

Mass measurements in the storage ring at GSI
II. Isochronous mass spectrometry

• Mass measurement of short-lived 44V, 
48Mn, 41Ti and 45Cr (X-ray burst models)



Mass measurements with 
Penning traps

Mass measurement via deter-
mination of cyclotron frequency

from characteristic motion of stored 
ions

B

q/m

z0

r0

ring 
electrode

end cap

Ion source

PENNING trap
• Strong homogeneous magnetic 

field of known strength B provides 
radial confinement

• Weak electric 3D quadrupole field 
provides axial confinement

B
m
qfc ⋅⋅=

π2
1



B
m
qfc ⋅⋅=

π2
1

Motion of an ion is the superposition of three characteristic 
harmonic motions:
axial motion  (frequency fz)
magnetron motion  (frequency f–)
modified cyclotron motion  (frequency f+)

The frequencies of the radial motions obey the relation

Mass measurements with 
Penning traps

c-+ fff =+

Typical frequencies
q = e,  m = 100 u,
B = 6 T
⇒ f- ≈ 1 kHz

f+ ≈ 1 MHz

Excite the cyclotron 
motion with 

multipolar RF (Goal: 
excite the cyclotron 

motion to resonance) 

Transform radial to 
axial energy (gradient 
dB/dz) and eject ions

Measure time of flight 
(TOF) - the shorter 

TOF, the closer is the 
excitation frequency 

to the resonance

Adapted from K. Blaum



Mass measurements with 
Penning traps

Eject thermalized 
ions from buncher

Capture ions in 
Penning trap

Perform RF excitation

Eject ions and 
measure TOF

G. Bollen et al., PRL 96, 152501 (2006)

ME=-22058.53(28) keV
δm=280 eV



Masses – what are they good for?

• Structure information
• Shell closures and deformation from separation 

energies (δm/m < 10-5)
• Astrophysics (Nucleosynthesis)

• r process (δm/m < 10-5, δm < 10 keV)
• rp process (δm/m ~ 10-7)

• Fundamental interactions and symmetries (δm/m<10-8)
• CVC
• CKM



Masses – what are they good for?
Constrain theory
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Masses – what are they good for?
Nuclear astrophysics



Masses – what are they good for?
Fundamental interactions/symmetries

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

• Conserved vector current (CVC) hypothesis
• Unitarity of the Cabbibo-Kobayashi-Maskawa 

(CKM) matrix



Half-lives



Bulk activity measurements

Implant activity in active stopper 
material for time ti. Cease 
implantation and observe decay for 
time td. 

λ=ln2/t1/2

ti=td=4 x t1/2

Adapted from P. F. Mantica



Event-by-event correlation technique

Adapted from P. F. Mantica



Beta counting systems 
Example: BCS at NSCL

Adapted from P. F. Mantica

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

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



101Sn β-decay

A. Stolz (2003)



Caught in the act:
140Pr  140Ce β-decay in the ESR@GSI



109Xe  105Te  101Sn α-decay chain 
Digital DAQ (HRIBF@ORNL)

109Xe implant … ms …  α ns α

identify 100 events among 4.4 108

implanted ions and 1.7*107 decays Adapted from S. N. Liddick
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Doubly magic nucleus accelerates 
synthesis of heavy elements

Measured half-life of 78Ni with 11 events
This is the most neutron rich of the 10
possible classical doubly-magic nuclei
in nature.

78Ni
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Observed Solar Abundances

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

Same but with present 78Ni Result

Particle identification in rare-isotope beam 
from NSCL at Michigan State University

Model calculation for synthesis of heavy elements
during the r-process in supernova explosions

Models produce excess of heavy elements with
new shorter 78Ni half-life

 the synthesis of heavy elements in nature
proceeds faster than previously assumed

… a step in the quest to find the origin of the
heavy elements in the cosmosResult: 110 +100

-60 ms
P. Hosmer et al. PRL 94, 112501 (2005)

Adapted from H. Schatz
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Observed Solar Abundances

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

Same but with present 78Ni Result

Mass (A)

Abundance (A.U.)

60

2.04431E-51

2.99803E-51

150

1.86679E-38

2.73769E-38

49

4.17683E-37

6.12542E-37

265

1.8164E-23

2.6638E-23

34

3.40666E-20

4.99595E-20

145

1.33471E-16

1.95738E-16

11.6

0

0

7.81

0

0

4.7

0.0000000001

0.0000000001

14

0.0000000002

0.0000000003

5.67

0

0

27.3

0.0000015305

0.0000000002

5.33

0.0000496336

0.0000000059

9.2

0.671706

0.0000883025

3.04

3.93577

0.00107754

7.21

4.71524

0.189813

3.87

2.24087

0.533573

24.3

24.3

24.3

4.64

16.1595

24.7661

5.71

4.93786

7.27501

3.75

4.30487

6.67715

18

4.1814

7.44336

2.79

1.29811

2.38177

0.93

10.4555

20.9032

0.1

7.37876

16.2137

2.55

1.69952

2.36912

1.31

1.25005

3.14176

0.99

3.67112

9.28017

0.04

0.272263

0.683814

0.54

0.427764

1.0179

0.11

0.177307

0.353312

0.17

0.106334

0.08947

0.213

0.0886352

0.0890583

0.3

0.253292

0.273017

0.087

0.0467034

0.0951578

0.093

0.142022

0.341344

0.172

0.0386852

0.0763166

0.242

0.120362

0.256635

0.266

0.172189

0.366004

0.327

0.225379

0.530418

0.289

0.0402193

0.0401811

0.348

0.14035

0.245925

0.269

0.178028

0.402179

0.193

0.11129

0.147633

0.239

0.103111

0.150569

0.145

0.183672

0.243356

0.196

0.137262

0.284341

0.163

0.174287

0.412681

0.165

0.187904

0.281155

0.196

0.127026

0.252315

0.139

0.0185256

0.0543978

0.14

0.00446344

0.00703831

0.121

0.00635824

0.0142951

0.121

0.0143605

0.0403889

0.128

0.0106323

0.02753

0.137

0.0236584

0.0621243

0.065

0.00531609

0.00396741

0.078

0.0129187

0.0114583

0.113

0.0194255

0.018892

0.154

0.0173343

0.0172409

0.132

0.0289287

0.0304097

0.199

0.0617382

0.0726822

0.267

0.138907

0.17605

0.525

0.330609

0.430937

0.851

0.802553

1.08932

1.526

1.24539

1.9005

1.24

0.473358

0.852539

1.634

1.11236

2.52498

0.954

1.18453

2.67389

0.8

0.439602

0.781207

0.315

0.224952

0.456022

0.449

0.872213

1.90859

0.298

0.0343692

0.0644987

0.373

0.433407

0.675704

0.283

0.35547

0.539523

0.225

0.143496

0.24842

0.11

0.00525089

0.00771622

0.089

0.00994177

0.0153409

0.076

0.00474843

0.0120754

0.113

0.0142675

0.0303763

0.065

0.027716

0.0532128

0.0934

0.0349605

0.0641008

0.0488

0.021132

0.0336852

0.0528

0.0395876

0.0669367

0.031

0.0421105

0.0690782

0.044

0.0495127

0.08079

0.031

0.0157945

0.0301745

0.047

0.0236919

0.0437148

0.042

0.0158297

0.028408

0.053

0.0109192

0.0196125

0.048

0.0111882

0.0194132

0.059

0.0449501

0.0771455

0.045

0.0297392

0.0500611

0.055

0.0432387

0.0761306

0.046

0.0328654

0.0600512

0.058

0.052251

0.0945441

0.06

0.0420986

0.0745781

0.072

0.0282073

0.0508396

0.075

0.0273238

0.0518408

0.101

0.0295718

0.0563676

0.093

0.0162808

0.0301231

0.091

0.03166

0.0594136

0.083

0.0242493

0.0451664

0.072

0.050627

0.0950261

0.053

0.0131

0.0261168

0.047

0.0195843

0.038025

0.031

0.0159412

0.0304117

0.037

0.0160309

0.0317829

0.0292

0.029717

0.057116

0.0356

0.04075

0.0786351

0.0311

0.0244033

0.0477564

0.0367

0.0177309

0.0352136

0.0309

0.0126519

0.025119

0.03

0.00441041

0.00887652

0.0241

0.000684417

0.0014583

0.0215

0.000370561

0.00128945

0.0146

0.00114052

0.00266072

0.0197

0.00400629

0.00799995

0.0133

0.00871354

0.0171279

0.0222

0.0105262

0.0206709

0.0067

0.0107602

0.0212223

0.0135

0.0332179

0.0663252

0.0127

0.0150742

0.0306824

0.0281

0.0807272

0.165355

0.0373

0.0432164

0.0902412

0.074

0.0627088

0.13294

0.1045

0.086091

0.190989

0.1676

0.142419

0.319981

0.2413

0.0756797

0.176083

0.2929

0.111028

0.281561

0.4084

0.331011

0.891898

0.4312

0.455204

1.26854

0.4572

0.25593

0.786364

0.3123

0.448027

1.49217

0.1756

0.0668599

0.234614

0.0986

0.0602364

0.214755

0.0434

0.112863

0.425855

0.0298

0.0241852

0.0916338

0.0265

0.000266399

0.00102179

0.0256

0.000448933

0.00172308

0.0155

0.000348495

0.00133764

0.0213

0.000807049

0.00309774

0.0375

0.000651955

0.00250244

0.24

0.0149933

0.0600473

0.254

0.0112017

0.0453054

0.158

0.00972379

0.0385764

0.113

0.00924758

0.0376172

0.042

0.00384769

0.0162824

0.00573

0.00262619

0.0112705

0.0181

0.00256023

0.011025

0.00119721

0.00519947



Sheet1

		





Sheet1

		63		63

		64		64

		65		65

		66		66

		67		67

		68		68

		69		69

		70		70

		71		71

		72		72

		73		73

		74		74

		75		75

		76		76

		77		77

		78		78

		79		79

		80		80

		81		81

		82		82

		83		83

		84		84

		85		85

		86		86

		87		87

		88		88

		89		89

		90		90

		91		91

		92		92

		93		93

		94		94

		95		95

		96		96

		97		97

		98		98

		99		99

		100		100

		101		101

		102		102

		103		103

		104		104

		105		105

		106		106

		107		107

		108		108

		109		109

		110		110

		111		111

		112		112

		113		113

		114		114

		115		115

		116		116

		117		117

		118		118

		119		119

		120		120

		121		121

		122		122

		123		123

		124		124

		125		125

		126		126

		127		127

		128		128

		129		129

		130		130

		131		131

		132		132

		133		133

		134		134

		135		135

		136		136

		137		137

		138		138

		139		139

		140		140

		141		141

		142		142

		143		143

		144		144

		145		145

		146		146

		147		147

		148		148

		149		149

		150		150

		151		151

		152		152

		153		153

		154		154

		155		155

		156		156

		157		157

		158		158

		159		159

		160		160

		161		161

		162		162

		163		163

		164		164

		165		165

		166		166

		167		167

		168		168

		169		169

		170		170

		171		171

		172		172

		173		173

		174		174

		175		175

		176		176

		177		177

		178		178

		179		179

		180		180

		181		181

		182		182

		183		183

		184		184

		185		185

		186		186

		187		187

		188		188

		189		189

		190		190

		191		191

		192		192

		193		193

		194		194

		195		195

		196		196

		197		197

		198		198

		199		199

		200		200

		201		201

		202		202

		203		203

		204		204

		205		205

		206		206

		207		207

		208		208

		209		209

		232		232

		235		235

		238		238

				244



Observed Solar Abundances

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

Mass (A)

Abundance (A.U.)

60

2.04431E-51

150

1.86679E-38

49

4.17683E-37

265

1.8164E-23

34

3.40666E-20

145

1.33471E-16

11.6

0

7.81

0

4.7

0.0000000001

14

0.0000000002

5.67

0

27.3

0.0000015305

5.33

0.0000496336

9.2

0.671706

3.04

3.93577

7.21

4.71524

3.87

2.24087

24.3

24.3

4.64

16.1595

5.71

4.93786

3.75

4.30487

18

4.1814

2.79

1.29811

0.93

10.4555

0.1

7.37876

2.55

1.69952

1.31

1.25005

0.99

3.67112

0.04

0.272263

0.54

0.427764

0.11

0.177307

0.17

0.106334

0.213

0.0886352

0.3

0.253292

0.087

0.0467034

0.093

0.142022

0.172

0.0386852

0.242

0.120362

0.266

0.172189

0.327

0.225379

0.289

0.0402193

0.348

0.14035

0.269

0.178028

0.193

0.11129

0.239

0.103111

0.145

0.183672

0.196

0.137262

0.163

0.174287

0.165

0.187904

0.196

0.127026

0.139

0.0185256

0.14

0.00446344

0.121

0.00635824

0.121

0.0143605

0.128

0.0106323

0.137

0.0236584

0.065

0.00531609

0.078

0.0129187

0.113

0.0194255

0.154

0.0173343

0.132

0.0289287

0.199

0.0617382

0.267

0.138907

0.525

0.330609

0.851

0.802553

1.526

1.24539

1.24

0.473358

1.634

1.11236

0.954

1.18453

0.8

0.439602

0.315

0.224952

0.449

0.872213

0.298

0.0343692

0.373

0.433407

0.283

0.35547

0.225

0.143496

0.11

0.00525089

0.089

0.00994177

0.076

0.00474843

0.113

0.0142675

0.065

0.027716

0.0934

0.0349605

0.0488

0.021132

0.0528

0.0395876

0.031

0.0421105

0.044

0.0495127

0.031

0.0157945

0.047

0.0236919

0.042

0.0158297

0.053

0.0109192

0.048

0.0111882

0.059

0.0449501

0.045

0.0297392

0.055

0.0432387

0.046

0.0328654

0.058

0.052251

0.06

0.0420986

0.072

0.0282073

0.075

0.0273238

0.101

0.0295718

0.093

0.0162808

0.091

0.03166

0.083

0.0242493

0.072

0.050627

0.053

0.0131

0.047

0.0195843

0.031

0.0159412

0.037

0.0160309

0.0292

0.029717

0.0356

0.04075

0.0311

0.0244033

0.0367

0.0177309

0.0309

0.0126519

0.03

0.00441041

0.0241

0.000684417

0.0215

0.000370561

0.0146

0.00114052

0.0197

0.00400629

0.0133

0.00871354

0.0222

0.0105262

0.0067

0.0107602

0.0135

0.0332179

0.0127

0.0150742

0.0281

0.0807272

0.0373

0.0432164

0.074

0.0627088

0.1045

0.086091

0.1676

0.142419

0.2413

0.0756797

0.2929

0.111028

0.4084

0.331011

0.4312

0.455204

0.4572

0.25593

0.3123

0.448027

0.1756

0.0668599

0.0986

0.0602364

0.0434

0.112863

0.0298

0.0241852

0.0265

0.000266399

0.0256

0.000448933

0.0155

0.000348495

0.0213

0.000807049

0.0375

0.000651955

0.24

0.0149933

0.254

0.0112017

0.158

0.00972379

0.113

0.00924758

0.042

0.00384769

0.00573

0.00262619

0.0181

0.00256023

0.00119721



Sheet3

		63		6.00E+01		old values		63		2.51E-51		my values		63		3.00E-51		97 values		63		2.04E-51		my 78Ni		63		3.00E-51

		64		1.50E+02				64		2.29E-38		in on top		64		2.74E-38				64		1.87E-38		on top of		64		2.74E-38

		65		4.90E+01				65		5.12E-37		of old values		65		6.13E-37				65		4.18E-37		97 values		65		6.13E-37

		66		2.65E+02				66		2.23E-23				66		2.66E-23				66		1.82E-23				66		2.66E-23

		67		3.40E+01				67		4.17E-20				67		5.00E-20				67		3.41E-20				67		5.00E-20

		68		1.45E+02				68		1.64E-16				68		1.96E-16				68		1.33E-16				68		1.96E-16

		69		1.16E+01				69		1.63E-14				69		1.95E-14				69		1.33E-14				69		1.95E-14

		70		7.81E+00				70		4.31E-12				70		5.16E-12				70		3.52E-12				70		5.16E-12

		71		4.70E+00				71		1.04E-10				71		1.25E-10				71		8.50E-11				71		1.25E-10

		72		1.40E+01				72		2.18E-10				72		2.61E-10				72		1.78E-10				72		2.61E-10

		73		5.67E+00				73		3.40E-12				73		4.04E-12				73		6.44E-12				73		4.77E-12

		74		2.73E+01				74		3.53E-08				74		1.82E-10				74		1.53E-06				74		2.79E-10

		75		5.33E+00				75		1.28E-06				75		5.86E-09				75		4.96E-05				75		8.44E-09

		76		9.20E+00				76		1.63E-02				76		8.83E-05				76		6.72E-01				76		1.50E-04

		77		3.04E+00				77		1.31E-01				77		1.08E-03				77		3.94E+00				77		1.25E-03

		78		7.21E+00				78		7.34E-01				78		1.90E-01				78		4.72E+00				78		1.90E-01

		79		3.87E+00				79		8.72E-01				79		5.34E-01				79		2.24E+00				79		5.34E-01

		80		2.43E+01				80		2.43E+01				80		2.43E+01				80		2.43E+01				80		2.43E+01

		81		4.64E+00				81		2.14E+01				81		2.48E+01				81		1.62E+01				81		2.48E+01

		82		5.71E+00				82		6.34E+00				82		7.28E+00				82		4.94E+00				82		7.28E+00

		83		3.75E+00				83		5.73E+00				83		6.68E+00				83		4.30E+00				83		6.68E+00

		84		1.80E+01				84		6.05E+00				84		7.44E+00				84		4.18E+00				84		7.44E+00

		85		2.79E+00				85		1.92E+00				85		2.38E+00				85		1.30E+00				85		2.38E+00

		86		0.93				86		1.63E+01				86		2.09E+01				86		1.05E+01				86		2.09E+01

		87		1.00E-01				87		1.22E+01				87		1.62E+01				87		7.38E+00				87		1.62E+01

		88		2.55E+00				88		2.11E+00				88		2.37E+00				88		1.70E+00				88		2.37E+00

		89		1.31E+00				89		2.22E+00				89		3.14E+00				89		1.25E+00				89		3.14E+00

		90		9.90E-01				90		6.55E+00				90		9.28E+00				90		3.67E+00				90		9.28E+00

		91		4.00E-02				91		4.80E-01				91		6.84E-01				91		2.72E-01				91		6.84E-01

		92		5.40E-01				92		7.25E-01				92		1.02E+00				92		4.28E-01				92		1.02E+00

		93		1.10E-01				93		2.67E-01				93		3.53E-01				93		1.77E-01				93		3.53E-01

		94		1.70E-01				94		1.02E-01				94		8.95E-02				94		1.06E-01				94		8.95E-02

		95		2.13E-01				95		9.54E-02				95		8.91E-02				95		8.86E-02				95		8.91E-02

		96		3.00E-01				96		2.82E-01				96		2.73E-01				96		2.53E-01				96		2.73E-01

		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

Mass (A)

Abundance (A.U.)



		



Observed Solar Abundances

Model Calculation: Half-Lives from Moeller, et al. 97
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10 years and a new facility later … at 
RIBF in RIKEN

Particle identification in rare-isotope beam 
from RIBF at RIKEN

Significantly reduced uncertainty in the half-
life of 78Ni and new results for more neutron-
rich N=50 isotones 

Z. Y. Xu et al. PRL 113, 032505 (2014)

Very similar experimental scheme
• Produced by in-flight fission of 238U
• Implantation into Si stack

Astrophysical conclusions unchanged



Take away

• 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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