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β-

235Pa
β-

235U
α

235Np
e- capture

235Pu
β+

235Am
β+

235Cm
β+

236Ac
β-

236Th
β-

236Pa
β-

236U
α

236Np
e- capture

236Pu
α

236Am
β+

236Cm
β+

236Bk
β+

237Th
β-

237Pa
β-

237U
β-

237Np
α

237Pu
e- capture

237Am
β+

237Cf
α

238Th
β-

238Pa
β-

238U
α

238Np
β-

238Pu
α

238Am
β+

238Cm
e- capture

238Bk
β+

238Cf
Fission

239Pa
β-

239U
β-

239Np
β-

239Pu
α

239Am
e- capture

239Cm
β+

239Bk
β+

239Cf
α

240U
β-

240Np
β-

240Pu
α

240Am
β+

240Cm
α

240Bk
β+

240Cf
α

240Es
α

241Np
β-

241Pu
β-

241Am
α

241Cm
e- capture

241Cf
β+

241Es
α

241Fm
Fission

242U
β-

242Np
β-

242Pu
α

242Am
β-

242Cm
α

242Bk
β+

242Cf
α

242Es
α

242Fm
Fission

243Np
β-

243Pu
β-

243Am
α

243Cm
α

243Bk
β+

243Cf
β+

243Es
α

243Fm
α

244Np
β-

244Pu
α

244Am
β-

244Cm
α

244Bk
β+

244Cf
α

244Es
β+

244Fm
Fission

244Md
α

245Pu
β-

245Am
β-

245Cm
α

245Bk
e- capture

245Cf
β+

245Es
β+

245Fm
α

245Md
α

246Pu
β-

246Am
β-

246Cm
α

246Bk
β+

246Cf
α

246Es
β+

246Fm
α

246Md
α

247Pu
β-

247Am
β-

247Cm
α

247Bk
α

247Cf
e- capture

247Es
β+

247Fm
α

247Md
α

248Cm
α

248Cf
α

248Es
β+

248Fm
α

248Md
β+

249Cm
β-

249Bk
β-

249Cf
α

249Es
β+

249Fm
β+

249Md
α

250Cm
Fission

250Bk
β-

250Cf
α

250Es
β+

250Fm
α

250Md
β+

250No
Fission

251Cm
β-

251Bk
β-

251Cf
α

251Es
e- capture

251Fm
β+

251Md
β+

251No
α

252Cf
α

252Es
α

252Fm
α

252Md
β+

252No
α

252Lr
α

253Cf
β-

253Es
α

253Fm
e- capture

253Md
β+

253No
α

253Lr
α

253Rf
Fission

254Cf
Fission

254Es
α

254Fm
α

254Md
β+

254No
α

254Lr
α

254Rf
Fission

255Cf
β-

255Es
β-

255Fm
α

255Md
β+

255No
β+

255Lr
α

255Rf
α

255Db
Fission

256Cf
Fission

256Es
β-

256Fm
Fission

256Md
β+

256No
α

256Lr
α

256Rf
Fission

256Db
α

257Es
β-

257Fm
α

257Md
e- capture

257No
α

257Lr
α

257Rf
α

257Db
α

258Fm
Fission

258Md
α

258No
Fission

258Lr
α

258Rf
Fission

258Db
α

258Sg
Fission

259Fm
Fission

259Md
Fission

259No
α

259Lr
α

259Rf
α

259Db
α

259Sg
α

260Md
Fission

260No
Fission

260Lr
α

260Rf
Fission

260Db
α

260Sg
Fission

260Bh
α

261Lr
Fission

261Rf
Fission

261Db
Fission

261Sg
α

261Bh
α

262No
Fission

262Lr
β+

262Rf
Fission

262Db
Fission

262Sg
Fission

262Bh
α

263Rf
Fission

263Db
Fission

263Sg
α

263Hs
α

264Sg
Fission

264Bh
α

264Hs
α

265Rf
Fission

265Sg
α

265Hs
α

266Lr
Fission

266Sg
Fission

266Bh
α

266Hs
α

266Mt
α

267Rf
Fission

267Db
Fission

267Sg
Fission

267Bh
α

267Hs
α

267Ds
α

268Db
Fission

268Hs
α

268Mt
α

269Sg
α

269Hs
α

269Ds
α

270Db
Fission

270Bh
α

270Hs
α

270Mt
α

270Ds
α

271Sg
α

271Bh
α

271Ds
Fission

272Bh
α

272Rg
α

273Hs
α

273Ds
α

274Bh
α

274Mt
α

274Rg
α

275Hs
α

275Mt
α

276Mt
α

277Hs
Fission

277Mt
Fission

277Ds
α

277Cn
α

278Bh
Fission

278Hs
Fission

278Mt
α

278Rg
α

278Nh
α

279Ds
Fission

279Rg
α

280Ds
Fission

280Rg
α

281Ds
Fission

281Rg
Fission

281Cn
α

282Mt
α

282Ds
α

282Rg
α

282Cn
Fission

282Nh
α

283Cn
α

283Nh
α

284Cn
Fission

284Nh
α

284Fl
Fission

285Cn
α

285Nh
α

285Fl
α

286Rg
α

286Cn
α

286Nh
α

286Fl
α

287Fl
α

287Mc
α

288Fl
α

288Mc
α

289Fl
α

289Mc
α

290Nh
α

290Fl
α

290Mc
α

290Lv
α

291Lv
α

292Lv
α

293Lv
α

293Ts
α

294Ts
α

294Og
α

295Og
α

Lead
Z=82

Bismuth
Z=83

Polonium
Z=84

Astatine
Z=85

Radon
Z=86

Francium
Z=87

Radium
Z=88

Actinium
Z=89

Thorium
Z=90

Protactinium
Z=91

Uranium
Z=92

Neptunium
Z=93

Plutonium
Z=94

Americium
Z=95

Curium
Z=96

Berkelium
Z=97

Californium
Z=98

Einsteinium
Z=99

Fermium
Z=100

Mendelevium
Z=101

Nobelium
Z=102

Lawrencium
Z=103

Rutherfordium
Z=104

Dubnium
Z=105

Seaborgium
Z=106

Bohrium
Z=107

Hassium
Z=108

Meitnerium
Z=109

Darmstadtium
Z=110

Roentgenium
Z=111

Copernicium
Z=112

Nihonium
Z=113

Flerovium
Z=114

Moscovium
Z=115

Livermorium
Z=116

Tennessine
Z=117

Oganesson
Z=118

Primary Decay Mode
Stable n e- capture
Fission 2n p
α β+ 2p
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Long-lived
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Tow ards heavier nuclei : fusion-evaporation
Z

N

82

126

Fusion-Evaporation

16/05/24 5



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

Beam

Target

16/05/24 6



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

Beam

Target

Nuclear 
molecule

16/05/24 6



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

Beam

Target

Nuclear 
molecule

Compound 
nucleus

16/05/24 6



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

n

n

Ɣ

Ɣ

Fusion-
évaporation

Beam

Target

Nuclear 
molecule

Compound 
nucleus

16/05/24 6



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

n

n

Ɣ

Ɣ

Fusion-
évaporation

Beam

Target

Nuclear 
molecule

Compound 
nucleus

Fusion-
fission

16/05/24 6



Disposition : Titre et contenu

Jonathan Bequet

Tow ards heavier nuclei : fusion-evaporation

n
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Fusion-
évaporation
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Nuclear 
molecule

Compound 
nucleus

Fusion-
fission

• The Beam/Target combinations 
are limited due to experimental 
constraints

• Low cross-sections for the 
heaviest produced nuclei

• Problem: Produced nuclei are 
only neutron deficient
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178Pb
α

179Pb
α

180Pb
α

181Pb
α

182Pb
α

183Pb
α

184Pb
α

184Bi
α

185Pb
β+

186Pb
β+

186Bi
α

186Po
α

187Pb
β+

187Bi
α

187Po
α

188Pb
β+

188Bi
α

188Po
α

189Pb
β+

189Bi
α

189Po
α

190Pb
β+

190Bi
α

190Po
α

191Pb
β+

191Bi
α

191Po
α

191At
α

192Pb
β+

192Bi
β+

192Po
α

192At
α

193Bi
β+

193Po
α

193At
α

193Rn
α

194Pb
β+

194Bi
β+

194Po
α

194At
α

194Rn
α

195Pb
β+

195Bi
β+

195Po
α

195At
α

195Rn
α

196Pb
β+

196Bi
β+

196Po
α

196At
α

196Rn
α

197Pb
β+

197Bi
β+

197Po
β+

197At
α

197Rn
α

197Fr
α

198Pb
β+

198Bi
β+

198Po
α

198At
α

198Rn
α

198Fr
α

199Pb
β+

199Bi
β+

199Po
β+

199At
α

199Rn
α

199Fr
α

200Pb
e- capture

200Bi
β+

200Po
β+

200At
α

200Rn
α

200Fr
α

201Pb
β+

201Bi
β+

201Po
β+

201At
α

201Fr
α

201Ra
α

202Pb
e- capture

202Bi
β+

202Po
β+

202At
β+

202Rn
α

202Fr
α

202Ra
α

203Pb
e- capture

203Bi
β+

203Po
β+

203At
β+

203Rn
α

203Fr
α

203Ra
α

204Pb
α

204Bi
β+

204Po
β+

204At
β+

204Rn
α

204Fr
α

204Ra
α

205Pb
e- capture

205Bi
β+

205Po
β+

205At
β+

205Rn
β+

205Fr
α

205Ra
α

205Ac
α

206Pb
α

206Bi
β+

206Po
β+

206At
β+

206Rn
α

206Fr
α

206Ra
α

206Ac
α

207Pb
α

207Bi
β+

207Po
β+

207At
β+

207Rn
β+

207Fr
α

207Ra
α

207Ac
α

208Pb
α

208Bi
β+

208Po
α

208At
β+

208Rn
α

208Fr
α

208Ra
α

208Ac
α

208Th
α

209Pb
β-

209Bi
α

209Po
α

209At
β+

209Rn
β+

209Fr
α

209Ra
α

209Ac
α

210Pb
β-

210Bi
β-

210Po
α

210At
β+

210Rn
α

210Fr
α

210Ra
α

210Ac
α

210Th
α

211Pb
β-

211Bi
α

211Po
α

211At
e- capture

211Rn
β+

211Fr
α

211Ra
α

211Ac
α

211Th
α

211Pa
α

212Pb
β-

212Bi
β-

212Po
α

212At
α

212Rn
α

212Fr
β+

212Ac
α

212Th
α

212Pa
α

213Pb
β-

213Bi
β-

213Po
α

213At
α

213Rn
α

213Fr
α

213Ra
α

213Ac
α

213Th
α

213Pa
α

214Pb
β-

214Bi
β-

214Po
α

214At
α

214Rn
α

214Fr
α

214Ra
α

214Ac
α

214Th
α

214Pa
α

215Pb
β-

215Bi
β-

215Po
α

215At
α

215Rn
α

215Fr
α

215Ra
α

215Ac
α

215Th
α

215Pa
α

216Pb
β-

216Bi
β-

216Po
α

216At
α

216Rn
α

216Fr
α

216Ra
α

216Ac
α

216Th
α

216Pa
α

216U
α

217Pb
β-

217Bi
β-

217Po
α

217At
α

217Rn
α

217Fr
α

217Ra
α

217Ac
α

217Th
α

217Pa
α

217U
α

218Pb
β-

218Bi
β-

218Po
α

218At
α

218Rn
α

218Fr
α

218Ra
α

218Ac
α

218Th
α

218Pa
α

218U
α

219Bi
β-

219Po
β-

219At
α

219Rn
α

219Fr
α

219Ra
α

219Ac
α

219Th
α

219Pa
α

219U
α

219Np
α

220Bi
β-

220At
β-

220Rn
α

220Fr
α

220Ra
α

220Ac
α

220Th
α

220Pa
α

220Np
α

221Po
β-

221At
β-

221Rn
β-

221Fr
α

221Ra
α

221Ac
α

221Th
α

221Pa
α

221U
α

222Po
β-

222At
β-

222Rn
α

222Fr
β-

222Ra
α

222Ac
α

222Th
α

222Pa
α

222U
α

222Np
α

223At
β-

223Rn
β-

223Fr
β-
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α

223Ac
α

223Th
α

223Pa
α

223U
α

223Np
α

223Am
α

224At
β-

224Rn
β-

224Fr
β-
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α
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β+

224Th
α

224Pa
α
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α

224Np
α

225Rn
β-
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β-
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β-

225Ac
α

225Th
α

225Pa
α
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α

225Np
α

226Rn
β-

226Fr
β-

226Ra
α

226Ac
β-

226Th
α

226Pa
α
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α

226Np
α

227Rn
β-

227Fr
β-

227Ra
β-

227Ac
β-

227Th
α

227Pa
α
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α

227Np
α

228Rn
β-

228Fr
β-

228Ra
β-

228Ac
β-

228Th
α

228Pa
β+

228U
α

228Np
e- capture

228Pu
α

229Rn
β-

229Fr
β-

229Ra
β-

229Ac
β-

229Th
α

229Pa
e- capture

229U
β+

229Np
α

229Pu
α

229Am
α

230Fr
β-

230Ra
β-

230Ac
β-

230Th
α

230Pa
β+

230U
α

230Np
β+

230Pu
α

230Am
β+

231Fr
β-

231Ra
β-

231Ac
β-

231Th
β-

231Pa
α

231U
e- capture

231Np
β+

231Pu
β+

232Fr
β-

232Ra
β-

232Ac
β-

232Th
α

232Pa
β-

232U
α

232Np
β+

232Pu
e- capture

232Am
β+

233Fr
β-

233Ra
β-

233Ac
β-

233Th
β-

233Pa
β-

233U
α

233Np
β+

233Pu
β+

233Am
β+

233Cm
α

233Bk
α

234Ra
β-

234Ac
β-

234Th
β-

234Pa
β-

234U
α

234Np
β+

234Pu
e- capture

234Am
β+

234Cm
β+

234Bk
α

235Ac
β-

235Th
β-

235Pa
β-

235U
α

235Np
e- capture

235Pu
β+

235Am
β+

235Cm
β+

236Ac
β-

236Th
β-

236Pa
β-

236U
α

236Np
e- capture

236Pu
α

236Am
β+

236Cm
β+

236Bk
β+

237Th
β-

237Pa
β-

237U
β-

237Np
α

237Pu
e- capture

237Am
β+

237Cf
α

238Th
β-

238Pa
β-

238U
α

238Np
β-

238Pu
α

238Am
β+

238Cm
e- capture

238Bk
β+

238Cf
Fission

239Pa
β-

239U
β-

239Np
β-

239Pu
α

239Am
e- capture

239Cm
β+

239Bk
β+

239Cf
α

240U
β-

240Np
β-

240Pu
α

240Am
β+

240Cm
α

240Bk
β+

240Cf
α

240Es
α

241Np
β-

241Pu
β-

241Am
α

241Cm
e- capture

241Cf
β+

241Es
α

241Fm
Fission

242U
β-

242Np
β-

242Pu
α

242Am
β-

242Cm
α

242Bk
β+

242Cf
α

242Es
α

242Fm
Fission

243Np
β-

243Pu
β-

243Am
α

243Cm
α

243Bk
β+

243Cf
β+

243Es
α

243Fm
α

244Np
β-

244Pu
α

244Am
β-

244Cm
α

244Bk
β+

244Cf
α

244Es
β+

244Fm
Fission

244Md
α

245Pu
β-

245Am
β-

245Cm
α

245Bk
e- capture

245Cf
β+

245Es
β+

245Fm
α

245Md
α

246Pu
β-

246Am
β-

246Cm
α

246Bk
β+

246Cf
α

246Es
β+

246Fm
α

246Md
α

247Pu
β-

247Am
β-

247Cm
α

247Bk
α

247Cf
e- capture

247Es
β+

247Fm
α

247Md
α

248Cm
α

248Cf
α

248Es
β+

248Fm
α

248Md
β+

249Cm
β-

249Bk
β-

249Cf
α

249Es
β+

249Fm
β+

249Md
α

250Cm
Fission

250Bk
β-

250Cf
α

250Es
β+

250Fm
α

250Md
β+

250No
Fission

251Cm
β-

251Bk
β-

251Cf
α

251Es
e- capture

251Fm
β+

251Md
β+

251No
α

252Cf
α

252Es
α

252Fm
α

252Md
β+

252No
α

252Lr
α

253Cf
β-

253Es
α

253Fm
e- capture

253Md
β+

253No
α

253Lr
α

253Rf
Fission

254Cf
Fission

254Es
α

254Fm
α

254Md
β+

254No
α

254Lr
α

254Rf
Fission

255Cf
β-

255Es
β-

255Fm
α

255Md
β+

255No
β+

255Lr
α

255Rf
α

255Db
Fission

256Cf
Fission

256Es
β-

256Fm
Fission

256Md
β+

256No
α

256Lr
α

256Rf
Fission

256Db
α

257Es
β-

257Fm
α

257Md
e- capture

257No
α

257Lr
α

257Rf
α

257Db
α

258Fm
Fission

258Md
α

258No
Fission

258Lr
α

258Rf
Fission

258Db
α

258Sg
Fission

259Fm
Fission

259Md
Fission

259No
α

259Lr
α

259Rf
α

259Db
α

259Sg
α

260Md
Fission

260No
Fission

260Lr
α

260Rf
Fission

260Db
α

260Sg
Fission

260Bh
α

261Lr
Fission

261Rf
Fission

261Db
Fission

261Sg
α

261Bh
α

262No
Fission

262Lr
β+

262Rf
Fission

262Db
Fission

262Sg
Fission

262Bh
α

263Rf
Fission

263Db
Fission

263Sg
α

263Hs
α

264Sg
Fission

264Bh
α

264Hs
α

265Rf
Fission

265Sg
α

265Hs
α

266Lr
Fission

266Sg
Fission

266Bh
α

266Hs
α

266Mt
α

267Rf
Fission

267Db
Fission

267Sg
Fission

267Bh
α

267Hs
α

267Ds
α

268Db
Fission

268Hs
α

268Mt
α

269Sg
α

269Hs
α

269Ds
α

270Db
Fission

270Bh
α

270Hs
α

270Mt
α

270Ds
α

271Sg
α

271Bh
α

271Ds
Fission

272Bh
α

272Rg
α

273Hs
α

273Ds
α

274Bh
α

274Mt
α

274Rg
α

275Hs
α

275Mt
α

276Mt
α

277Hs
Fission

277Mt
Fission

277Ds
α

277Cn
α

278Bh
Fission

278Hs
Fission

278Mt
α

278Rg
α

278Nh
α

279Ds
Fission

279Rg
α

280Ds
Fission

280Rg
α

281Ds
Fission

281Rg
Fission

281Cn
α

282Mt
α

282Ds
α

282Rg
α

282Cn
Fission

282Nh
α

283Cn
α

283Nh
α

284Cn
Fission

284Nh
α

284Fl
Fission

285Cn
α

285Nh
α

285Fl
α

286Rg
α

286Cn
α

286Nh
α

286Fl
α

287Fl
α

287Mc
α

288Fl
α

288Mc
α

289Fl
α

289Mc
α

290Nh
α

290Fl
α

290Mc
α

290Lv
α

291Lv
α

292Lv
α

293Lv
α

293Ts
α

294Ts
α

294Og
α

295Og
α
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6 chosen Observables for this study:

• Implantation energy in the DSSD

DSSD

Edssd
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6 chosen observables for this study:

• Implantation energy in the DSSD
• Energy loss in the PPAC
• Position of nuclei in the PPAC
• Time of flight (ToF) between nuclei 

entering the PPAC and the Ɣ they 
emitted in Gammasphere  

• Ɣ energies in Gammasphere

HPGe 
(Gammasphere)
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Observables for the analysis
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MNT productƔ
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Recoil correlated spectrum
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Ɣ-Ɣ Correlations
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Ɣ-Ɣ Correlations
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All these Ɣ are 
emitted at a sub-
nanosecond scale

→ They are detected 
∼ at the same time

→ Correlate them 
and look at the pairs 

(E1 , E2) we created
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Ɣ-Ɣ Matrix
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Select MNT by gating 
on E1 to look at E2



Disposition : Titre et contenu

360 370 380 390 400 410 420 430 440
Energy (kev) [X axis]

2000

4000

6000

8000

10000

12000

14000

16000
C

ou
nt

s/
1 

ke
v

360 370 380 390 400 410 420 430 440
Energy (kev) [Y axis]

20

40

60

80

100

C
ou

nt
s/

1 
ke

v

Jonathan Bequet

240U identification
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Conclusion and 
outlooks3
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Conclusion and outlooks

• MNT reactions imply transfer of nucleons between reaction partners.

• It could be a complementary mechanism to fusion-evaporation to produce new 
neutron-rich heavy and superheavy nuclei.

• An experiment was performed last October to study MNT products from the 136Xe+238U 
reaction.

• First preliminary result: hints for the production of 240U with this reaction.

• This reaction was a first step towards  the production of heavier neutron-rich isotopes 
using different beam/target combinations.

16/05/24 20
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Selecting relevant events

Edssd > 110 MeV
-128 < ToF < -116
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Best energy for MNT reactions
V. F. C

om
as, S. Heinz; EPJA i2013-13112-x  (2013)

• MNT experiments using SHIP@GSI

• Many beam energies tested near the 
Coulomb barrier

• Seems to confirm the cross-section 
enhancement near 1.1 Vc

 

• Necessity to be very carrefull when 
choosing the beam energy

16/05/24 13
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Coulombian Barrier values for 136Xe+238U

Jonathan Bequet

Coulombian barrier of the 136Xe+238U reaction

• Coulombian Barrier 
computed with different 
formulas

• Should use the Bass one 
according to literature

• With Ebeam = 750 MeV (or 
more) we should find 
better cross-sections 

16/05/24 14
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Cross-sections for 136Xe+238U at forward angles

Theoretical predictions (Karpov, private communication)

16/05/24 15

• Cross sections distribution at forward 
angles for Quasi-Target products using 
136Xe+238U with Ebeam ≈ 800 MeV

• Calculations are done using the 
Langevin’s model first developped by 
Zagrebaev and Greiner
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Cross-sections for 136Xe+238U at forward angles

DIT code (my work)

16/05/24 16

• Cross sections distribution at forward 
angles for Quasi-Target products using 
136Xe+238U with Ebeam = 804 MeV

• Calculations are done using the semi-
classical simulation code DIT (special 
thanks to Iulian Stefan from IJCLab)



Disposition : Titre et contenu

Jonathan Bequet

Cross-sections for 136Xe+238U at forward angles
DIT code (my work)

16/05/24 17

Theoretical predictions (Karpov, private communication)

Our semi-classical code is consistent with theoretical predictions: same trend for the cross-
section distribution with 1 order of magnitude of difference overall
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Reaction kinematic

• We can predict the (large) Energy 
range for both reaction partners 

• At a given angle the minimum 
corresponds to TKE = Bc for the di-
nuclear system

• The maximum come from an 
elastic reaction
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Magnetic rigidity for reaction products and unreacted 
beam
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Magnetic rigidity distribution 136Xe 238U

16/05/24

• Compilation of most 
of the models 
available for B⍴ in 
Gas-filled 
separators

• At our energies, 
B⍴ can be very 
different 
depending on 
the model used 

• Most of the experimental 
data used to fit such 
models have far lower 
kinetic energies than for 
this experiment
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Magnetic rigidity for reaction products and unreacted 
beam

136Xe 238U

16/05/24

• Here are only selected the models that could be compatible with this experiment
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Yields at different energies

• Comparison of the 
yields for Uranium 
isotopes from DIT at 
800 and 900 MeV

• DIT predicts better 
yields around 800 
MeV which should 
also be the best one 
according to 
Zagrebaev’s theory
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GAS FILLED SEPARATOR

Jonathan Bequet

Greenlees, P. Identication of Excited States and Evidence for 
Octupole 
Deformation in 226U. PhD thesis (University of Liverpool, 1999). 
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GRAZING ANGLE AND ANGULAR DISTRIBUTION
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beam

target

impact 
parameter

For an high 
enough impact 
parameter the 
nuclei won’t be 
scattered
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The lower the 
impact parameter 
is, the higher the 
scattering angle 
will be. 

beam

target

impact 
parameter

θ

16/05/24

GRAZING ANGLE AND ANGULAR DISTRIBUTION
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The grazing angle is the value for which 
the Rutherford scattering cross-section 
goes down to ¼ of its maximum value 

beam

target

Impact 
parameter
≃ 1 fm

θGRAZING

16/05/24

GRAZING ANGLE AND ANGULAR DISTRIBUTION
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beam

target

Impact 
parameter

θGRAZING

16/05/24

GRAZING ANGLE AND ANGULAR DISTRIBUTION

Page 63



Jonathan Bequet

beam

target

Impact 
parameter
≃ 1 fm

θ
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GRAZING ANGLE AND ANGULAR DISTRIBUTION
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LEVEL SCHEMES
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236U 238U 240U
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D. Lee et al. PRC 25 (1982) 286 : 16O, 18O, 20Ne, 22Ne + 248Cm
D. Lee et al. PRC 27 (1983) 2656 : 18O + 248Cm, 249Cf
K.J. Moody et al. PRC 33 (1986) 1315 : 18O, 86Kr, 136Xe + 248Cm
M. Schädel et al. Phys. Rev. Lett. 48, 852 (1982): 238U+ 248Cm
A. Türler et al. PRC 46 (1992) 1364 :40,44,48Ca + 248Cm
... 

àChemical separation methods
àisotope identification via radioactive decay
àtimescale of the fastest radiochemical 
separation techniques long lived isotope ≈ 10 s
àNuclei produced: Z=101, N=157
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Brief history of MNT: radiochemistry

Jonathan Bequet 16/05/24 9
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• Zagrebaev and Greiner developed a model using 
multidimensional langevin equations to describe 
the dynamics of MNT at low energy

• They theorized that if MNT reactions were run near 
the barrier [∼1.1Vb] shell effects would be preserved 
and large transfers would occur at forward angles.

• Adamian et al. describe such reactions as the 
evolution of a dinuclear system.

• Contrary to Langevin model, lighter beams are 
favored

• Different models predict reasonable cross-sections 
for the production of superheavy nuclei

Brief history of MNT: a renewed interest

48Ca+244,246,248Cm (Ec.m. ≈ 205 MeV) 
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136Xe+208Pb (Ebeam= 785 meV) @ Gammasphere: the beam was stopped in a thick target; 

117 target like produced from Yb (Z=70) to Ra (Z=88).
The cross section  follow the trend predicted by Zagrebaev for the target like products 
V. Zagrebaev, and W. Greiner, Physical Review C 83, 044618 (2011).

Test of models of MNT reaction: 136Xe+208Pb

Jonathan Bequet 16/05/24 11
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Examples of successful MNT experiments for heavy 
elements @ 0°

S. Heinz, et al. Eur. Phys. J. A (2016) 52: 278

SHIP
• Mass identification via alpha decay correlation
• Max corr. Time 1s; Small angular acceptance 0.3%
àonly central collision  with small angular momenta  

50Ti+249Cf @ (6.1 MeV/n) At TASCA (GSI) 

TASCA
• Gas-filled separator – short lenght
• Mass identification via alpha decay correlations.

1A. Di Nitto, et al. PLB 784 (2018)199–205

48Ca+248Cm @ (5.3 MeV/n) At SHIP (GSI) 

Jonathan Bequet 16/05/24 12


