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a b s t r a c t 

The advent of radioactive ion beam facilities and new detector technologies have opened 

up new possibilities to investigate the radioactive decays of highly unstable nuclei, in par- 

ticular the proton emission, α decay and heavy cluster decays from neutron-deficient (or 

proton-rich) nuclei around the proton drip line. It turns out that these decay measure- 

ments can serve as a unique probe for studying the structure of the nuclei involved. On 

the theoretical side, the development in nuclear many-body theories and supercomput- 

ing facilities have also made it possible to simulate the nuclear clusterization and decays 

from a microscopic and consistent perspective. In this article we would like to review the 

current status of these structure and decay studies in heavy nuclei, regarding both experi- 

mental and theoretical opportunities. We then discuss in detail the recent progress in our 

understanding of the nuclear α formation probabilities in heavy nuclei and their indication 

on the underlying nuclear structure. 

© 2016 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

1. Introduction 

There has been a long history of studies on the α radioactivity which was first described by Ernest Rutherford in 1899. 

The structure of the particle was identified by 1907 as 4 He (He 2 
+ 

ion) with two protons and two neutrons, which, with 

the binding energy 7.1 MeV per nucleon, is the most stable configuration below 

12 C. The greatest challenge then was to 

understand how the α particle could leave the less stable mother nucleus without any external disturbance. The decay 

process was successfully interpreted by Gamow [1] and Gurney and Condon [2,3] as a quantum tunneling effect, which 

required to accept the probabilistic interpretation of Quantum Mechanics. The extent to which this was revolutionary can 

perhaps best be gauged by noticing the multitude of models that have been put forward as an alternative to the probabilistic 

interpretation. Besides its pioneering role in nuclear physics and in the development of quantum theory, the tunneling 

effect is also realized to be responsible for the thermonuclear reactions and stellar evolution. Processes like nuclear fusion, 

proton and α captures can also be explained as an inverse tunneling [4] . The tunneling was accepted as a general physical 

phenomenon around mid-20th century and also becomes relevant at the nanoscale with important applications such as 

the tunnel diode, scanning tunneling microscopy and quantum computing as well as chemical and biological evolutions. 

Without tunneling there would be no star, no life, let alone nuclear physics or quantum mechanics. 

E-mail address: chongq@kth.se 

http://dx.doi.org/10.1016/j.revip.2016.05.001 

2405-4283/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

http://dx.doi.org/10.1016/j.revip.2016.05.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/revip
http://crossmark.crossref.org/dialog/?doi=10.1016/j.revip.2016.05.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:chongq@kth.se
http://dx.doi.org/10.1016/j.revip.2016.05.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


78 C. Qi / Reviews in Physics 1 (2016) 77–89 

Sn
99

Sn
100

Sn
101

Sn
102

Sn
103

Sb
103

Sn
104

Sb
104

Sn
105

Sb
105

Te
105

Sn
106

Sb
106

Te
106

Sn
107

Sb
107

Te
107

Sn
108

Sb
108

Te
108

I
108

Sn
109

Sb
109

Te
109

I
109

Sn
110

Sb
110

Te
110

I
110

Xe
110

Sn
111

Sb
111

Te
111

I
111

Xe
111

Sn
112

Sb
112

Te
112

I
112

Xe
112

Cs
112

Sn
113

Sb
113

Te
113

I
113

Xe
113

Cs
113

Sn
114

Sb
114

Te
114

I
114

Xe
114

Cs
114

Ba
114

Sn
115

Sb
115

Te
115

I
115

Xe
115

Cs
115

Ba
115

Sn
116

Sb
116

Te
116

I
116

Xe
116

Cs
116

Ba
116

Sn
117

Sb
117

Te
117

I
117

Xe
117

Cs
117

Ba
117

La
117

Sn
118

Sb
118

Te
118

I
118

Xe
118

Cs
118

Ba
118

La
118

Sn
119

Sb
119

Te
119

I
119

Xe
119

Cs
119

Ba
119

La
119

Ce
119

Sn
120

Sb
120

Te
120

I
120

Xe
120

Cs
120

Ba
120

La
120

Ce
120

Sn
121

Sb
121

Te
121

I
121

Xe
121

Cs
121

Ba
121

La
121

Ce
121

Pr
121

Sn
122

Sb
122

Te
122

I
122

Xe
122

Cs
122

Ba
122

La
122

Ce
122

Pr
122

Sn
123

Sb
123

Te
123

I
123

Xe
123

Cs
123

Ba
123

La
123

Ce
123

Pr
123

Sn
124

Sb
124

Te
124

I
124

Xe
124

Cs
124

Ba
124

La
124

Ce
124

Pr
124

Nd
124

Sn
125

Sb
125

Te
125

I
125

Xe
125

Cs
125

Ba
125

La
125

Ce
125

Pr
125

Nd
125

Sn
126

Sb
126

Te
126

I
126

Xe
126

Cs
126

Ba
126

La
126

Ce
126

Pr
126

Nd
126

Pm
126

Sn
127

Sb
127

Te
127

I
127

Xe
127

Cs
127

Ba
127

La
127

Ce
127

Pr
127

Nd
127

Pm
127

Sn
128

Sb
128

Te
128

I
128

Xe
128

Cs
128

Ba
128

La
128

Ce
128

Pr
128

Nd
128

Pm
128

Sm
128

Sn
129

Sb
129

Te
129

I
129

Xe
129

Cs
129

Ba
129

La
129

Ce
129

Pr
129

Nd
129

Pm
129

Sm
129

Sn
130

Sb
130

Te
130

I
130

Xe
130

Cs
130

Ba
130

La
130

Ce
130

Pr
130

Nd
130

Pm
130

Sm
130

Eu
130

Sn
131

Sb
131

Te
131

I
131

Xe
131

Cs
131

Ba
131

La
131

Ce
131

Pr
131

Nd
131

Pm
131

Sm
131

Eu
131

Sn
132

Sb
132

Te
132

I
132

Xe
132

Cs
132

Ba
132

La
132

Ce
132

Pr
132

Nd
132

Pm
132

Sm
132

Eu
132

Sn
133

Sb
133

Te
133

I
133

Xe
133

Cs
133

Ba
133

La
133

Ce
133

Pr
133

Nd
133

Pm
133

Sm
133

Eu
133

Sn
134

Sb
134

Te
134

I
134

Xe
134

Cs
134

Ba
134

La
134

Ce
134

Pr
134

Nd
134

Pm
134

Sm
134

Eu
134

Gd
134

Sn
135

Sb
135

Te
135

I
135

Xe
135

Cs
135

Ba
135

La
135

Ce
135

Pr
135

Nd
135

Pm
135

Sm
135

Eu
135

Gd
135

Sn
136

Sb
136

Te
136

I
136

Xe
136

Cs
136

Ba
136

La
136

Ce
136

Pr
136

Nd
136

Pm
136

Sm
136

Eu
136

Gd
136

Tb
136

Sn
137

Sb
137

Te
137

I
137

Xe
137

Cs
137

Ba
137

La
137

Ce
137

Pr
137

Nd
137

Pm
137

Sm
137

Eu
137

Gd
137

Tb
137

Sb
138

Te
138

I
138

Xe
138

Cs
138

Ba
138

La
138

Ce
138

Pr
138

Nd
138

Pm
138

Sm
138

Eu
138

Gd
138

Tb
138

Dy
138

Sb
139

Te
139

I
139

Xe
139

Cs
139

Ba
139

La
139

Ce
139

Pr
139

Nd
139

Pm
139

Sm
139

Eu
139

Gd
139

Tb
139

Dy
139

Te
140

I
140

Xe
140

Cs
140

Ba
140

La
140

Ce
140

Pr
140

Nd
140

Pm
140

Sm
140

Eu
140

Gd
140

Tb
140

Dy
140

Ho
140

Te
141

I
141

Xe
141

Cs
141

Ba
141

La
141

Ce
141

Pr
141

Nd
141

Pm
141

Sm
141

Eu
141

Gd
141

Tb
141

Dy
141

Ho
141

Te
142

I
142

Xe
142

Cs
142

Ba
142

La
142

Ce
142

Pr
142

Nd
142

Pm
142

Sm
142

Eu
142

Gd
142

Tb
142

Dy
142

Ho
142

I
143

Xe
143

Cs
143

Ba
143

La
143

Ce
143

Pr
143

Nd
143

Pm
143

Sm
143

Eu
143

Gd
143

Tb
143

Dy
143

Ho
143

Er
143

I
144

Xe
144

Cs
144

Ba
144

La
144

Ce
144

Pr
144

Nd
144

Pm
144

Sm
144

Eu
144

Gd
144

Tb
144

Dy
144

Ho
144

Er
144

Xe
145

Cs
145

Ba
145

La
145

Ce
145

Pr
145

Nd
145

Pm
145

Sm
145

Eu
145

Gd
145

Tb
145

Dy
145

Ho
145

Er
145

Tm
145

Xe
146

Cs
146

Ba
146

La
146

Ce
146

Pr
146

Nd
146

Pm
146

Sm
146

Eu
146

Gd
146

Tb
146

Dy
146

Ho
146

Er
146

Tm
146

Xe
147

Cs
147

Ba
147

La
147

Ce
147

Pr
147

Nd
147

Pm
147

Sm
147

Eu
147

Gd
147

Tb
147

Dy
147

Ho
147

Er
147

Tm
147

Cs
148

Ba
148

La
148

Ce
148

Pr
148

Nd
148

Pm
148

Sm
148

Eu
148

Gd
148

Tb
148

Dy
148

Ho
148

Er
148

Tm
148

Yb
148

Cs
149

Ba
149

La
149

Ce
149

Pr
149

Nd
149

Pm
149

Sm
149

Eu
149

Gd
149

Tb
149

Dy
149

Ho
149

Er
149

Tm
149

Yb
149

Cs
150

Ba
150

La
150

Ce
150

Pr
150

Nd
150

Pm
150

Sm
150

Eu
150

Gd
150

Tb
150

Dy
150

Ho
150

Er
150

Tm
150

Yb
150

Lu
150

Cs
151

Ba
151

La
151

Ce
151

Pr
151

Nd
151

Pm
151

Sm
151

Eu
151

Gd
151

Tb
151

Dy
151

Ho
151

Er
151

Tm
151

Yb
151

Lu
151

Ba
152

La
152

Ce
152

Pr
152

Nd
152

Pm
152

Sm
152

Eu
152

Gd
152

Tb
152

Dy
152

Ho
152

Er
152

Tm
152

Yb
152

Lu
152

Ba
153

La
153

Ce
153

Pr
153

Nd
153

Pm
153

Sm
153

Eu
153

Gd
153

Tb
153

Dy
153

Ho
153

Er
153

Tm
153

Yb
153

Lu
153

Hf
153

La
154

Ce
154

Pr
154

Nd
154

Pm
154

Sm
154

Eu
154

Gd
154

Tb
154

Dy
154

Ho
154

Er
154

Tm
154

Yb
154

Lu
154

Hf
154

La
155

Ce
155

Pr
155

Nd
155

Pm
155

Sm
155

Eu
155

Gd
155

Tb
155

Dy
155

Ho
155

Er
155

Tm
155

Yb
155

Lu
155

Hf
155

Ta
155

Ce
156

Pr
156

Nd
156

Pm
156

Sm
156

Eu
156

Gd
156

Tb
156

Dy
156

Ho
156

Er
156

Tm
156

Yb
156

Lu
156

Hf
156

Ta
156

Ce
157

Pr
157

Nd
157

Pm
157

Sm
157

Eu
157

Gd
157

Tb
157

Dy
157

Ho
157

Er
157

Tm
157

Yb
157

Lu
157

Hf
157

Ta
157

Pr
158

Nd
158

Pm
158

Sm
158

Eu
158

Gd
158

Tb
158

Dy
158

Ho
158

Er
158

Tm
158

Yb
158

Lu
158

Hf
158

Ta
158

W
158

Pr
159

Nd
159

Pm
159

Sm
159

Eu
159

Gd
159

Tb
159

Dy
159

Ho
159

Er
159

Tm
159

Yb
159

Lu
159

Hf
159

Ta
159

W
159

Nd
160

Pm
160

Sm
160

Eu
160

Gd
160

Tb
160

Dy
160

Ho
160

Er
160

Tm
160

Yb
160

Lu
160

Hf
160

Ta
160

W
160

Re
160

Nd
161

Pm
161

Sm
161

Eu
161

Gd
161

Tb
161

Dy
161

Ho
161

Er
161

Tm
161

Yb
161

Lu
161

Hf
161

Ta
161

W
161

Re
161

Pm
162

Sm
162

Eu
162

Gd
162

Tb
162

Dy
162

Ho
162

Er
162

Tm
162

Yb
162

Lu
162

Hf
162

Ta
162

W
162

Re
162

Os
162

Pm
163

Sm
163

Eu
163

Gd
163

Tb
163

Dy
163

Ho
163

Er
163

Tm
163

Yb
163

Lu
163

Hf
163

Ta
163

W
163

Re
163

Os
163

Sm
164

Eu
164

Gd
164

Tb
164

Dy
164

Ho
164

Er
164

Tm
164

Yb
164

Lu
164

Hf
164

Ta
164

W
164

Re
164

Os
164

Ir
164

Sm
165

Eu
165

Gd
165

Tb
165

Dy
165

Ho
165

Er
165

Tm
165

Yb
165

Lu
165

Hf
165

Ta
165

W
165

Re
165

Os
165

Ir
165

Eu
166

Gd
166

Tb
166

Dy
166

Ho
166

Er
166

Tm
166

Yb
166

Lu
166

Hf
166

Ta
166

W
166

Re
166

Os
166

Ir
166

Pt
166

Eu
167

Gd
167

Tb
167

Dy
167

Ho
167

Er
167

Tm
167

Yb
167

Lu
167

Hf
167

Ta
167

W
167

Re
167

Os
167

Ir
167

Pt
167

Gd
168

Tb
168

Dy
168

Ho
168

Er
168

Tm
168

Yb
168

Lu
168

Hf
168

Ta
168

W
168

Re
168

Os
168

Ir
168

Pt
168

Gd
169

Tb
169

Dy
169

Ho
169

Er
169

Tm
169

Yb
169

Lu
169

Hf
169

Ta
169

W
169

Re
169

Os
169

Ir
169

Pt
169

Au
169

Tb
170

Dy
170

Ho
170

Er
170

Tm
170

Yb
170

Lu
170

Hf
170

Ta
170

W
170

Re
170

Os
170

Ir
170

Pt
170

Au
170

Tb
171

Dy
171

Ho
171

Er
171

Tm
171

Yb
171

Lu
171

Hf
171

Ta
171

W
171

Re
171

Os
171

Ir
171

Pt
171

Au
171

Hg
171

Dy
172

Ho
172

Er
172

Tm
172

Yb
172

Lu
172

Hf
172

Ta
172

W
172

Re
172

Os
172

Ir
172

Pt
172

Au
172

Hg
172

Dy
173

Ho
173

Er
173

Tm
173

Yb
173

Lu
173

Hf
173

Ta
173

W
173

Re
173

Os
173

Ir
173

Pt
173

Au
173

Hg
173

Ho
174

Er
174

Tm
174

Yb
174

Lu
174

Hf
174

Ta
174

W
174

Re
174

Os
174

Ir
174

Pt
174

Au
174

Hg
174

Ho
175

Er
175

Tm
175

Yb
175

Lu
175

Hf
175

Ta
175

W
175

Re
175

Os
175

Ir
175

Pt
175

Au
175

Hg
175

Er
176

Tm
176

Yb
176

Lu
176

Hf
176

Ta
176

W
176

Re
176

Os
176

Ir
176

Pt
176

Au
176

Hg
176

Tl
176

Er
177

Tm
177

Yb
177

Lu
177

Hf
177

Ta
177

W
177

Re
177

Os
177

Ir
177

Pt
177

Au
177

Hg
177

Tl
177

Tm
178

Yb
178

Lu
178

Hf
178

Ta
178

W
178

Re
178

Os
178

Ir
178

Pt
178

Au
178

Hg
178

Tl
178

Pb
178

Tm
179

Yb
179

Lu
179

Hf
179

Ta
179

W
179

Re
179

Os
179

Ir
179

Pt
179

Au
179

Hg
179

Tl
179

Pb
179

Yb
180

Lu
180

Hf
180

Ta
180

W
180

Re
180

Os
180

Ir
180

Pt
180

Au
180

Hg
180

Tl
180

Pb
180

Yb
181

Lu
181

Hf
181

Ta
181

W
181

Re
181

Os
181

Ir
181

Pt
181

Au
181

Hg
181

Tl
181

Pb
181

Lu
182

Hf
182

Ta
182

W
182

Re
182

Os
182

Ir
182

Pt
182

Au
182

Hg
182

Tl
182

Pb
182

Lu
183

Hf
183

Ta
183

W
183

Re
183

Os
183

Ir
183

Pt
183

Au
183

Hg
183

Tl
183

Pb
183

Lu
184

Hf
184

Ta
184

W
184

Re
184

Os
184

Ir
184

Pt
184

Au
184

Hg
184

Tl
184

Pb
184

Bi
184

Hf
185

Ta
185

W
185

Re
185

Os
185

Ir
185

Pt
185

Au
185

Hg
185

Tl
185

Pb
185

Bi
185

Hf
186

Ta
186

W
186

Re
186

Os
186

Ir
186

Pt
186

Au
186

Hg
186

Tl
186

Pb
186

Bi
186

Hf
187

Ta
187

W
187

Re
187

Os
187

Ir
187

Pt
187

Au
187

Hg
187

Tl
187

Pb
187

Bi
187

Hf
188

Ta
188

W
188

Re
188

Os
188

Ir
188

Pt
188

Au
188

Hg
188

Tl
188

Pb
188

Bi
188

Po
188

Ta
189

W
189

Re
189

Os
189

Ir
189

Pt
189

Au
189

Hg
189

Tl
189

Pb
189

Bi
189

Po
189

Ta
190

W
190

Re
190

Os
190

Ir
190

Pt
190

Au
190

Hg
190

Tl
190

Pb
190

Bi
190

Po
190

W
191

Re
191

Os
191

Ir
191

Pt
191

Au
191

Hg
191

Tl
191

Pb
191

Bi
191

Po
191

W
192

Re
192

Os
192

Ir
192

Pt
192

Au
192

Hg
192

Tl
192

Pb
192

Bi
192

Po
192

Re
193

Os
193

Ir
193

Pt
193

Au
193

Hg
193

Tl
193

Pb
193

Bi
193

Po
193

At
193

Re
194

Os
194

Ir
194

Pt
194

Au
194

Hg
194

Tl
194

Pb
194

Bi
194

Po
194

At
194

Os
195

Ir
195

Pt
195

Au
195

Hg
195

Tl
195

Pb
195

Bi
195

Po
195

At
195

Rn
195

Os
196

Ir
196

Pt
196

Au
196

Hg
196

Tl
196

Pb
196

Bi
196

Po
196

At
196

Rn
196

Ir
197

Pt
197

Au
197

Hg
197

Tl
197

Pb
197

Bi
197

Po
197

At
197

Rn
197

Ir
198

Pt
198

Au
198

Hg
198

Tl
198

Pb
198

Bi
198

Po
198

At
198

Rn
198

Ir
199

Pt
199

Au
199

Hg
199

Tl
199

Pb
199

Bi
199

Po
199

At
199

Rn
199

Fr
199

Pt
200

Au
200

Hg
200

Tl
200

Pb
200

Bi
200

Po
200

At
200

Rn
200

Fr
200

Pt
201

Au
201

Hg
201

Tl
201

Pb
201

Bi
201

Po
201

At
201

Rn
201

Fr
201

Pt
202

Au
202

Hg
202

Tl
202

Pb
202

Bi
202

Po
202

At
202

Rn
202

Fr
202

Ra
202

Au
203

Hg
203

Tl
203

Pb
203

Bi
203

Po
203

At
203

Rn
203

Fr
203

Ra
203

Au
204

Hg
204

Tl
204

Pb
204

Bi
204

Po
204

At
204

Rn
204

Fr
204

Ra
204

Au
205

Hg
205

Tl
205

Pb
205

Bi
205

Po
205

At
205

Rn
205

Fr
205

Ra
205

Hg
206

Tl
206

Pb
206

Bi
206

Po
206

At
206

Rn
206

Fr
206

Ra
206

Ac
206

Hg
207

Tl
207

Pb
207

Bi
207

Po
207

At
207

Rn
207

Fr
207

Ra
207

Ac
207

Hg
208

Tl
208

Pb
208

Bi
208

Po
208

At
208

Rn
208

Fr
208

Ra
208

Ac
208

Hg
209

Tl
209

Pb
209

Bi
209

Po
209

At
209

Rn
209

Fr
209

Ra
209

Ac
209

Th
209

Hg
210

Tl
210

Pb
210

Bi
210

Po
210

At
210

Rn
210

Fr
210

Ra
210

Ac
210

Th
210

Tl
211

Pb
211

Bi
211

Po
211

At
211

Rn
211

Fr
211

Ra
211

Ac
211

Th
211

Tl
212

Pb
212

Bi
212

Po
212

At
212

Rn
212

Fr
212

Ra
212

Ac
212

Th
212

Pa
212

Pb
213

Bi
213

Po
213

At
213

Rn
213

Fr
213

Ra
213

Ac
213

Th
213

Pa
213

Pb
214

Bi
214

Po
214

At
214

Rn
214

Fr
214

Ra
214

Ac
214

Th
214

Pa
214

Pb
215

Bi
215

Po
215

At
215

Rn
215

Fr
215

Ra
215

Ac
215

Th
215

Pa
215

Bi
216

Po
216

At
216

Rn
216

Fr
216

Ra
216

Ac
216

Th
216

Pa
216

Bi
217

Po
217

At
217

Rn
217

Fr
217

Ra
217

Ac
217

Th
217

Pa
217

U
217

Bi
218

Po
218

At
218

Rn
218

Fr
218

Ra
218

Ac
218

Th
218

Pa
218

U
218

Po
219

At
219

Rn
219

Fr
219

Ra
219

Ac
219

Th
219

Pa
219

U
219

Po
220

At
220

Rn
220

Fr
220

Ra
220

Ac
220

Th
220

Pa
220

U
220

At
221

Rn
221

Fr
221

Ra
221

Ac
221

Th
221

Pa
221

U
221

At
222

Rn
222

Fr
222

Ra
222

Ac
222

Th
222

Pa
222

U
222

At
223

Rn
223

Fr
223

Ra
223

Ac
223

Th
223

Pa
223

U
223

Rn
224

Fr
224

Ra
224

Ac
224

Th
224

Pa
224

U
224

Rn
225

Fr
225

Ra
225

Ac
225

Th
225

Pa
225

U
225

Np
225

Rn
226

Fr
226

Ra
226

Ac
226

Th
226

Pa
226

U
226

Np
226

Rn
227

Fr
227

Ra
227

Ac
227

Th
227

Pa
227

U
227

Np
227

Rn
228

Fr
228

Ra
228

Ac
228

Th
228

Pa
228

U
228

Np
228

Pu
228

Fr
229

Ra
229

Ac
229

Th
229

Pa
229

U
229

Np
229

Pu
229

Fr
230

Ra
230

Ac
230

Th
230

Pa
230

U
230

Np
230

Pu
230

Fr
231

Ra
231

Ac
231

Th
231

Pa
231

U
231

Np
231

Pu
231

Am
231

Fr
232

Ra
232

Ac
232

Th
232

Pa
232

U
232

Np
232

Pu
232

Am
232

Ra
233

Ac
233

Th
233

Pa
233

U
233

Np
233

Pu
233

Am
233

Cm
233

Ra
234

Ac
234

Th
234

Pa
234

U
234

Np
234

Pu
234

Am
234

Cm
234

Ac
235

Th
235

Pa
235

U
235

Np
235

Pu
235

Am
235

Cm
235

Bk
235

Ac
236

Th
236

Pa
236

U
236

Np
236

Pu
236

Am
236

Cm
236

Bk
236

Th
237

Pa
237

U
237

Np
237

Pu
237

Am
237

Cm
237

Bk
237

Cf
237

Th
238

Pa
238

U
238

Np
238

Pu
238

Am
238

Cm
238

Bk
238

Cf
238

Pa
239

U
239

Np
239

Pu
239

Am
239

Cm
239

Bk
239

Cf
239

Pa
240

U
240

Np
240

Pu
240

Am
240

Cm
240

Bk
240

Cf
240

Es
240

U
241

Np
241

Pu
241

Am
241

Cm
241

Bk
241

Cf
241

Es
241

U
242

Np
242

Pu
242

Am
242

Cm
242

Bk
242

Cf
242

Es
242

Fm
242

Np
243

Pu
243

Am
243

Cm
243

Bk
243

Cf
243

Es
243

Fm
243

Np
244

Pu
244

Am
244

Cm
244

Bk
244

Cf
244

Es
244

Fm
244

Pu
245

Am
245

Cm
245

Bk
245

Cf
245

Es
245

Fm
245

Md
245

Pu
246

Am
246

Cm
246

Bk
246

Cf
246

Es
246

Fm
246

Md
246

Pu
247

Am
247

Cm
247

Bk
247

Cf
247

Es
247

Fm
247

Md
247

Am
248

Cm
248

Bk
248

Cf
248

Es
248

Fm
248

Md
248

No
248

Am
249

Cm
249

Bk
249

Cf
249

Es
249

Fm
249

Md
249

No
249

Cm
250

Bk
250

Cf
250

Es
250

Fm
250

Md
250

No
250

Cm
251

Bk
251

Cf
251

Es
251

Fm
251

Md
251

No
251

Lr
251

Cm
252

Bk
252

Cf
252

Es
252

Fm
252

Md
252

No
252

Lr
252

Bk
253

Cf
253

Es
253

Fm
253

Md
253

No
253

Lr
253

Rf
253

Bk
254

Cf
254

Es
254

Fm
254

Md
254

No
254

Lr
254

Rf
254

Cf
255

Es
255

Fm
255

Md
255

No
255

Lr
255

Rf
255

Db
255

Cf
256

Es
256

Fm
256

Md
256

No
256

Lr
256

Rf
256

Db
256

Es
257

Fm
257

Md
257

No
257

Lr
257

Rf
257

Db
257

Es
258

Fm
258

Md
258

No
258

Lr
258

Rf
258

Db
258

Sg
258

Fm
259

Md
259

No
259

Lr
259

Rf
259

Db
259

Sg
259

Fm
260

Md
260

No
260

Lr
260

Rf
260

Db
260

Sg
260

Bh
260

Md
261

No
261

Lr
261

Rf
261

Db
261

Sg
261

Bh
261

Md
262

No
262

Lr
262

Rf
262

Db
262

Sg
262

Bh
262

No
263

Lr
263

Rf
263

Db
263

Sg
263

Bh
263

Hs
263

No
264

Lr
264

Rf
264

Db
264

Sg
264

Bh
264

Hs
264

Lr
265

Rf
265

Db
265

Sg
265

Bh
265

Hs
265

Mt
265

Lr
266

Rf
266

Db
266

Sg
266

Bh
266

Hs
266

Mt
266

Rf
267

Db
267

Sg
267

Bh
267

Hs
267

Mt
267

Ea
267

Rf
268

Db
268

Sg
268

Bh
268

Hs
268

Mt
268

Ea
268

Db
269

Sg
269

Bh
269

Hs
269

Mt
269

Ea
269

Db
270

Sg
270

Bh
270

Hs
270

Mt
270

Ea
270

Sg
271

Bh
271

Hs
271

Mt
271

Ea
271

Sg
272

Bh
272

Hs
272

Mt
272

Ea
272

Eb
272

Sg
273

Bh
273

Hs
273

Mt
273

Ea
273

Eb
273

Bh
274

Hs
274

Mt
274

Ea
274

Eb
274

Bh
275

Hs
275

Mt
275

Ea
275

Eb
275

Hs
276

Mt
276

Ea
276

Eb
276

Hs
277

Mt
277

Ea
277

Eb
277

Ec
277

Mt
278

Ea
278

Eb
278

Ec
278

Mt
279

Ea
279

Eb
279

Ec
279

Ea
280

Eb
280

Ec
280

Ea
281

Eb
281

Ec
281

Eb
282

Ec
282

Eb
283

Ec
283

Ed
283

Ec
284

Ed
284

Ec
285

Ed
285

Ee
285

Ed
286

Ee
286

Ed
287

Ee
287

Ef
287

Ee
288

Ef
288

Ee
289

Ef
289

Eg
289

Ef
290

Eg
290

Ef
291

Eg
291

Eh
291

Eg
292

Eh
292

Ei
293

EC

Unknown

P decay

Fission

β+

β-
α
Stable

Fig. 1. Dominant ground-state decay modes for nuclei with proton number Z ≥ 50. EC and P stand for electron capture and proton radioactivity, respec- 

tively. The horizontal and vertical lines correspond to the proton shell closures Z = 50 , 82 and neutron shell-closures N = 50 , 82 and 126, respectively. The 

shell structure in the superheavy nuclei is not known hitherto. 

α decay has been among the most important decay modes of atomic nuclei for more than a century. The decay oc- 

curs most often in massive nuclei that have large proton to neutron ratios, where it can reduce the ratio of protons to 

neutrons in the parent nucleus, bringing it to a more stable configuration in the daughter nucleus. Almost all observed 

proton-rich or neutron-deficient nuclei starting from mass number A ∼ 150 have α radioactivities, as shown in Fig. 1 . Var- 

ious phenomenological and microscopic models have been developed to study the α-decay process, which can successfully 

reproduce available experimental α-decay half-lives. The spontaneous emission of charged fragments heavier than the α
particle is known as cluster radioactivity. This process is more closely related to spontaneous fission, i.e., a disintegration of 

the heavy nucleus into two lighter ones [5–7] . For available superheavy elements or superheavy nuclei [8–10] , fission and 

α decay are the dominant decay modes. The detection of emitted α particles has been the principal method of identifying 

superheavy nuclei as well as their excited states [11] , which can be created in heavy ion fusion reactions. 

Nuclear physics is undergoing a renaissance with the availability of intense radioactive beams. The new facilities have 

opened up new possibilities to investigate highly unstable nuclei as well as to probe existing formalisms trying to describe 

those nuclei. Recent investments in new or upgraded facilities such as FAIR at GSI, Darmstadt, HIE-ISOLDE at CERN, Geneva, 

SPIRAL2 at GANIL, Caen, FRIB at MSU and RIBF at RIKEN, in conjunction with new detector systems, in particular γ ray 

tracking devices like AGATA, will produce unprecedented data on exotic nuclei and nuclear matter in the decades to come. 

In this review we would like to discuss the recent developments and new opportunities in the study of the decay of heavy 

nuclei and our understanding of the so-called nuclear α formation probabilities and the underlying structure of the nuclei 

involved. We will concentrate in particular on the progress that has been made during the past decade and the current 

status of experimental and theoretical studies. Extensive reviews on the α clustering in light nuclei, which is a closely 

related topic, could be found, e.g., in Refs. [12–14] . 

2. The microscopic description of α decay 

The Gamow theory explained nicely the α decay as the penetration (tunneling) through the Coulomb barrier. Although 

successful, one can assert that this is an effective theory, where one has to assume a preformed α particle inside the 

nucleus and concepts like “frequency of escape attempts” have to be introduced. This semiclassical picture collides with 

basic quantum mechanics, since even if the α particle existed in the mother nucleus, the Pauli principle would hinder any 

free motion of the particle inside the nucleus. Actually it has been realized in the early study of nuclear structure that the 

nucleus cannot be composed of α particles [15] . The α configuration is usually a very small component of the nuclear wave 

function. What is missing in Gamow’s picture is the probability that the α particle is formed at a certain distance around 

the nuclear surface. A proper calculation of the decay process needs to address first the formation of the α particle around 

the nuclear surface and, in a second step, the evaluation of the penetrability (the probability of tunneling) through the static 

Coulomb and centrifugal barriers at the region where the α particle was already formed. It is expected that the decays of 

the proton and other charged clusters heavier than α can be described by the same mechanism. 

We understand now that the structure of the nucleus is best described by the nuclear shell model where its building 

blocks, neutrons and protons, are held together by an average potential (the so-called nuclear mean field) generated by 
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