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ISOL step 1: Production e oo 2000) N 463, 211215
Target selection
In-target production

° Cro SS Se Ctl Ons Please note, these are not extractable yields!

Software: FLUKA @ Targettype: U Carbide © Beamenergy: 1400 @ Neutron converter Show  Compare...

® BUIk Go to: @ oo
« Half-lives

Show decay modes Show magic numbers

1 1
~+ -0, ¢. 4 2
7 rdeso | ruely g buee ra221 Pu 222 Pu 223 Pu224 | Pu225 Pu 226 Pu 227 Pu 228 Pu229 | Pu230 | Pu231 Pu 232 Pu 233 Pu234 | Pu235 Pu 236 Pu 237 Pu 238 Pu239 | Pu240 | Pu241
pevat oy TIETS e 104e+5 4.16evd 187e+5 6.24evd 1.04e+5 21.08e+4 4.16ev4 4.16e+4 2108e+4 4.16er4 1.66e+5 2.29e+5 7.70e+5 1.3%e+6 431evé 8.97ev6 2.55e+7 5.14e+7 2.92es7 123e+7 5.41e+5
20# ms. 21513 91526 L70mo0.17 86m0.s 357mos 209m04 88h01 25.3moO5 2.858 y 0.008 45.64d0.04 877 yO.l 2411 ky 0.03 6.561 ky 0.007 14.329y0.029
Production (uC*
o | (HCT) |
= - 6 1e+12 19 | Np220 | Np221 | Np222 | Np223 | Np224 | Np225 | Np226 | Np227 | Np228 | Np229 | Np230 | Np231 | Np232 | Np233 | Np234 | Np235 | Np236 | Np237 | Np238 | Np239 | Np240 | Np241
3 108e+6 9.78e+5 131e+6 Ladese 14le+6 LlAle+e 200e+6 1.98e+6 285e+6 2.87e+6 6.35e+6 8.6le+6 3.24e+7 5.65e+7 1.03e+8 6.70e+8 6.91e+8 1.08e+9 4.08e+8 9.86e+7 LAle+7 374e+5
1e+10 i 30# ns 30# ns 700# ns. 1# us 100# us 6ms S 35ms 10 510 ms 60 614514 400m 018 46m03 488m0.2 147 m03 362m01 44d01 396.1d12 153ky 5 2.144 My 0.007 2099 d 0.002 2.356d 0.003 61.9m0.2 139m02
| | 1e+8 | || | || |
i 1046 8 U 219 U 220 U221 U222 U 223 U224 U225 U 226 U 227 U 228 U229 U 230 U231 U232 U233 U234 U 235 U 236 u 237 8 U 239 U 240
7 292e+7 3.64e+7 443e+7 4.90e+7 384e+7 392e+7 363e+? 3.66e+7 4.21e+7 3.16e+7 193e+7 5.94e+8 3.14e+8 2.29e+9 3.56e+9 1.05e+10 1.42e+10 3.26e+10 5.48e+10 6.49e+9 684e+6
9 1e+d 140 S5us25 60# ns. 660 ns 140 47us0.7 2us8 396us 17 61ims4 269ms 6 1imoi 91mo02 578 m0OS 2023 d0.02 42d01 689y 0.4 159.2 ky 0.2 2455 ky 0.6 704 My 1 23.42 My 0.03 6752 d 0.002 68 0.006 2345 m 0.02 141h01
LASER IONISATION AMND SPECTROSODEY OF ACTINIDES
L 1e42 || || ||
' 1e40 7 Pa 218 Pa 219 Pa 220 Pa 221 Pa 222 Pa 223 Pa 224 Pa 225 Pa 226 Pa 227 Pa 228 Pa 229 Pa 230 Pa 231 Pa 232 Pa 233 Pa234 | Pa235 Pa 236 Pa 237 Pa 238 Pa 239
e+ 8 1.40e+8 L77e+8 203e+8 2.57e+8 212e+8 2.35e+8 2.84e+8 2.78e+8 366e+8 3.24e+8 283e+8 146e+9 7.99e+8 3.25e+9 2.53e+9 6.33e+9 6.21e+9 9.50e+9 6.30e+9 1.19¢+10 L75e+8 895e+5
209 113us 10 53ns10 780 ns 160 59us17 32ms03 S51ms03 846 ms 20 17502 18m0.2 383m03 22h1 1.5040.05 174 d05 3276ky011 1.32d 002 2697540013 6.70 h 0.05 244m02 91m0.1 87m02 228 m 0.09 18h05
. Decay modes
A t I S O I D E 3 ol fhissiol 16 | Th217 | Th218 | Th219 | Th220 | Th221 | Th222 | Th223 | Th224 | Th225 | Th226 | Th227 | Th228 | Th229 | Th230 | Th231 | Th232 | Th233 | Th234 | Th235 | Th236 | Th237
9 9.22e+8 1.22e+9 101e+9 1.23e+9 8.25e+8 9.05e+8 5.53e+8 1.58e+9 103e+9 1.94e+9 1.3%+9 218e+9 Lé6er9 2.07e+9 1.46e+9 151e+8 9.48e+8 8.40e+8 4.16e8 236e+8 2.87e+6
1 1 0 02 247 us 4 117ns 9 1021 us 0.024 97 us0.6 1.78 ms 0.03 2.24 ms 0.03 600 ms 20 1.0450.02 875 m 0.04 3070 m 0.03 18697 d0.007 | 19124y0.0008 | 7920 ky 0.017 754ky03 2552 h 001 140Gy01 21.83 m0.04 24104 0.03 72mo01 33mis 48m05
pl’DlOl‘I emission
— 2-proton emission .
2 .5 Ac 216 Ac 217 Ac 218 Ac 219 Ac 220 Ac 221 Ac 222 Ac 223 Ac 224 Ac 225 Ac 226 Ac 227 Ac 228 Ac 229 Ac230 | Ac231 Ac232 Ac233 | Ac234 | Ac235 Ac 236
[ ] 1 4 - G eV p neutron emission 9 134e+9 1.54e+9 145e+9 1.66e+9 124e+9 1.36e49 1.02e+9 1.04e+9 771e+8 76608 531e+8 5.24e+8 3.30e+8 303e+8 1.72ev8 137e+8 6.27e+7 38267 135ee7 327e+6 2.08evd
] 8 10 440 us 16 69ns4 1.00us 0.04 11.8us15 2636 ms 0.19 52ms2 50505 210 m0.05 278 h 016 '9.920 d 0.003 2937h012 21772 y0.003 6.15h0.02 627m0S5 12253 75mol 198 m0.08 145510 4552 6254 45m36
2-neutron emission . .
232 238 | electron capture (?) 14 Ra 215 Ra 216 Ra 217 Ra 218 Ra 219 Ra 220 Ra 221 Ra 222 Ra 223 Ra 224 Ra 225 Ra 226 Ra 227 Ra 228 Ra 229 Ra 230 Ra 231 Ra 232 Ra 233 Ra 234
. 9 163e+9 1.54e+9 9.90e+8 1.03e+9 6.08e+8 6.07e+8 3.56e+8 3.23e+8 188e+8 1.70e+8 9.58e+7 B8.45e+7 4.30e+7 3.77e+7 1.59e+7 111e+7 3.89%e+6 2.39e+6 2.70e+5 104e+5
’ 4 2-E|eCtI’DI’] Captul’e (") 016 167 ms 0.01 182 ns 10 163us 017 252us03 10ms 3 179 ms 14 28512 336504 11.4377d 0.0022| 3.6319 d 0.0023 149d02 1.600 ky 0.007 41.1mo0s5 575y003 40m0.2 93m2 104s1 40mo3 30s5 30s10
1 B- decay
) doubble B- decay 3 Fr 214 Fr215 Fr216 Fr217 Fr218 Fr219 Fr 220 Fr221 Fr222 Fr223 Fr224 Fr 225 Fr 226 Fr 227 Fr228 Fr 229 Fr 230 Fr231 Fr 232
9 6.71e+8 4.40e+8 267e+8 2.19e+8 1.26e+8 9.98e+7 5.66e+7 4.73e+7 267e+7 1.67e+7 1.58e+7 166e+7 9.09e+6 8.28e+6 3.04ev6 191e+6 4.99e+5 2.70e+5 4.1l6evd
6 )06 518 ms 0.16 86nsS 700 ns 20 16.8us1.9 10ms 06 20ms2 274503 4,801 m 0.005 142 m03 22,00 m 0.07 333m0.10 3.95m0.14 49s1 247 m0.03 38s1 502504 191505 176506 55506
B+ decay
- internal transition —
9 12 | Rn213 | Rn214 | Rn215 | Rn216 | Rn217 | Rn218 | Rn219 | Rn220 | Rn221 | Rn222 | Rn223 | Rn224 | Rn225 | Rn226 | Rn227 | Rn228 | Rn229 | Rn230
spontaneus fission 8 189e+8 L06e+8 489e+7 5.948+7 180847 L71e47 9.72e+6 120847 9.20e+6 137e+7 8.90e+6 10047 47946 524846 L54ers 707es5 146e+5 125845
0 12 19.5ms 0.1 270 ns 20 230us 010 45us 5 540 us 50 3375 ms 015 3965001 556501 257 m05 3.8215 d 0.0002 243 m04 107 m3 4.66 m 0.04 7JAm01 202504 6552 119513 10# s >300ns
B isotopic abundance . .
;W cluster 1 | a1z | ac213 | 214 | ac21s | atate | At217 | At21s | At219 | at220 | At221 | At222 | At223 | Atz24 | At2as | At226 | At227 | At228 | At229 | At230
7 332e+7 L4der] 157e+6 5.66e+6. 356e+6 5.24e+6 512e+6 B.34et6 6.74e+6 8.80e+6 4.64e+6 5.76e+6 2.27e+6 2.33e+6 6.24e+5 2.70e+5 6.24e+4 4.16e+4 2.08e+4
3 9 007 314 ms2 125ns6 558 ns 10 100 us 20 300 us 30 32.62ms 024 15503 5653 371 m0.04 23mo02 54510 50s7 25m1iS5 2# m >300ns 20# 5 >300ns. 20# s >300ns. 5# s >300ns 5# 5 >300ns
|| | | | | |
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ISOL step 1: Production s e e 2
Target selection
In-target production

° Cro SS Se Ctl Ons Please note, these are not extractable yields!

Software: FLUKA [ Target type: W{\ueutron converter show  Compare... Please note, these are not extractable yields!

® BUIk Go to: 0 oo
« Half-lives

In-target production

Show decay modes Show magic numbers

1 1
~+ -0, ¢. 4 2
7 rdeso | ruely g buee ra221 Pu 222 Pu 223 Pu224 | Pu225 Pu 226 Pu 227 Pu 228 Pu229 | Pu230 | Pu231 Pu 232 Pu 233 Pu234 | Pu235 Pu 236 Pu 237 Pu 238 Pu239 | Pu240 | Pu241
pevat oy TIETS e 104e+5 4.16evd 187e+5 6.24evd 1.04e+5 21.08e+4 4.16ev4 4.16e+4 2108e+4 4.16er4 1.66e+5 2.29e+5 7.70e+5 1.3%e+6 431evé 8.97ev6 2.55e+7 5.14e+7 2.92es7 123e+7 5.41e+5
20# ms. 21513 91526 L70mo0.17 86m0.s 357mos 209m04 88h01 25.3moO5 2.858 y 0.008 45.64d0.04 877 yO.l 2411 ky 0.03 6.561ky 0.007 | 14.329y0.029
Production (uC*
o | (MCT) |
- - 6 1e+12 19 | Np220 | Np221 | Np222 | Np223 | Np224 | Np225 | Np226 | Np227 | Np228 | Np229 | Np230 | Np231 | Np232 | Np233 | Np234 | Np235 | Np236 | Np237 | Np238 | Np239 | Np240 | Np241
3 108e+6 9.78e+5 131e+6 Ladese 14le+6 LlAle+e 200e+6 1.98e+6 285e+6 2.87e+6 6.35e+6 8.6le+6 3.24e+7 5.65e+7 1.03e+8 6.70e+8 6.91e+8 1.08e+9 4.08e+8 9.86e+7 LAle+7 374e+5
1e+10 i 30# ns 30# ns 700# ns. 1# us 100# us 6ms S 35ms 10 510 ms 60 614514 400m 018 46m03 488m0.2 147 m03 362m01 44d01 396.1d12 153ky 5 2.144 My 0.007 2099 d 0.002 2.356d 0.003 61.9m02 139m02
| | 1e+8 | || | || |
i 1046 8 U 219 U 220 U221 U222 U 223 U224 U225 U 226 U 227 U 228 U229 U 230 U231 U232 U233 U234 U 235 U 236 u 237 8 U 239 U 240
e+ 7 292e+7 3.64e+7 443e+7 4.90e+7 384e+7 392e+7 363e+? 3.66e+7 4.21e+7 3.16e+7 193e+7 5.94e+8 3.14e+8 2.29e+9 3.56e+9 1.05e+10 1.42e+10 3.26e+10 5.48e+10 6.49e+9 684e+6
9 1e+d 140 S5us25 60# ns. 660 ns 140 47us0.7 2us8 396us 17 61ims4 269ms 6 1imoi 91mo02 578 m0OS 2023 d0.02 42d01 689y 0.4 159.2 ky 0.2 2455 ky 0.6 704 My 1 23.42 My 0.03 6752 d 0.002 68 0.006 2345 m 0.02 141h01
LASER IONISATION AMND SPECTROSODEY OF ACTINIDES
1 1e+2 . . .
' 1e40 7 Pa 218 Pa 219 Pa 220 Pa 221 Pa 222 Pa 223 Pa 224 Pa 225 Pa 226 Pa 227 Pa 228 Pa 229 Pa 230 Pa 231 Pa 232 Pa 233 Pa234 | Pa235 Pa 236 Pa 237 Pa 238 Pa 239
e+ 8 1.40e+8 L77e+8 203e+8 2.57e+8 212e+8 2.35e+8 2.84e+8 2.78e+8 366e+8 3.24e+8 283e+8 146e+9 7.99e+8 3.25e+9 2.53e+9 6.33e+9 6.21e+9 9.50e+9 6.30e+9 1.19¢+10 L75e+8 895e+5
209 113us 10 53ns10 780 ns 160 59us17 32ms03 S51ms03 846 ms 20 17502 18m0.2 383m03 22h1 1.5040.05 174 d05 3276ky011 1.32d 002 2697540013 6.70 h 0.05 244m02 91m0.1 87m02 228 m 0.09 18h05
. Decay modes
A t I S O I D E 3 ol fhissiol 16 | Th217 | Th218 | Th219 | Th220 | Th221 | Th222 | Th223 | Th224 | Th225 | Th226 | Th227 | Th228 | Th229 | Th230 | Th231 | Th232 | Th233 | Th234 | Th235 | Th236 | Th237
9 9.22e+8 1.22e+9 101e+9 1.23e+9 8.25e+8 9.05e+8 5.53e+8 1.58e+9 103e+9 1.94e+9 1.3%+9 218e+9 Lé6er9 2.07e+9 1.46e+9 151e+8 9.48e+8 8.40e+8 4.16e8 236e+8 2.87e+6
1 1 0 02 247 us 4 117ns 9 1021 us 0.024 97 us0.6 1.78 ms 0.03 2.24 ms 0.03 600 ms 20 1.0450.02 875 m 0.04 3070 m 0.03 18697 d0.007 | 19124y0.0008 | 7920 ky 0.017 754ky03 2552 h 001 140Gy01 21.83 m0.04 24104 0.03 72mo01 33mis 48m05
pl’DlDl‘I emission
— 2-proton emission .
2 .5 Ac 216 Ac 217 Ac 218 Ac 219 Ac 220 Ac 221 Ac 222 Ac 223 Ac 224 Ac 225 Ac 226 Ac 227 Ac 228 Ac 229 Ac230 | Ac231 Ac232 Ac233 | Ac234 | Ac235 Ac 236
[ ] 1 4 - G eV p neutron emission 9 134e+9 1.54e+9 145e+9 1.66e+9 124e+9 1.36e49 1.02e+9 1.04e+9 771e+8 76608 531e+8 5.24e+8 3.30e+8 303e+8 1.72ev8 137e+8 6.27e+7 38267 135ee7 32%e+6 2.08evd
] 8 10 440 us 16 69ns4 1.00us 0.04 11.8us15 2636 ms 0.19 52ms2 50505 210 m0.05 278 h 016 9.920 d 0.003 2937h012 21772 y0.003 6.15h0.02 627m0S5 12253 75mol 198 m0.08 145510 4552 6254 45m36
2-neutron emission . .
232 238 | electron capture (?) 14 Ra 215 Ra 216 Ra 217 Ra 218 Ra 219 Ra 220 Ra 221 Ra 222 Ra 223 Ra 224 Ra 225 Ra 226 Ra 227 Ra 228 Ra 229 Ra 230 Ra 231 Ra 232 Ra 233 Ra 234
. 9 163e+9 1.54e+9 9.90e+8 1.03e+9 6.08e+8 6.07e+8 3.56e+8 3.23e+8 188e+8 1.70e+8 9.58e+7 B8.45e+7 4.30e+7 3.77e+7 1.59e+7 111e+7 3.89%e+6 2.39e+6 2.70e+5 104e+5
’ 4 2-E|eCtI’DI’] Captul’e (") 016 167 ms 0.01 182 ns 10 163us 017 252us0.3 10ms 3 179 ms 14 28512 336504 11.4377d 0.0022| 3.6319 d 0.0023 149d02 1.600 ky 0.007 41.1mo0s5 575y003 40m0.2 93m2 104s1 40m03 30s5 30s10
1 B- decay
) doubble B- decay 3 Fr 214 Fr215 Fr216 Fr217 Fr218 Fr219 Fr 220 Fr221 Fr222 Fr223 Fr224 Fr 225 Fr 226 Fr 227 Fr228 Fr 229 Fr 230 Fr231 Fr 232
9 6.71e+8 4.40e+8 267e+8 2.19e+8 1.26e+8 9.98e+7 5.66e+7 4.73e+7 267e+7 1.67e+7 1.58e+7 166e+7 9.09e+6 8.28e+6 3.04ev6 191e+6 4.99e+5 2.70e+5 4.1l6evd
6 )06 518 ms 0.16 86nsS 700 ns 20 16.8us1.9 10ms 06 20ms2 274503 4,801 m 0.005 142 m03 22,00 m 0.07 333m0.10 3.95m0.14 49s1 247 m0.03 38s1 502504 191505 176506 55506
B+ decay
- internal transition —
9 12 | Rn213 | Rn214 | Rn215 | Rn216 | Rn217 | Rn218 | Rn219 | Rn220 | Rn221 | Rn222 | Rn223 | Rn224 | Rn225 | Rn226 | Rn227 | Rn228 | Rn229 | Rn230
spontaneus fission 8 189e+8 L06e+8 489e+7 5.948+7 180e+7 L71e47 9.72e+6 120847 9.20e+6 137e+7 8.90e+6 10047 479846 5.24e+6 L54e+6 707845 Lagers 125845
0 12 19.5ms 0.1 270 ns 20 230us 010 45us 5 540 us 50 3375 ms 015 3965001 556501 257 m05 3.8215 d 0.0002 243 m04 107 m3 4.66 m 0.04 7JAm01 202504 6552 119513 10# s >300ns
B isotopic abundance . .
;W cluster 1 | a1z | ac213 | 214 | ac21s | atate | At217 | At21s | At219 | at220 | At221 | At222 | At223 | Atz24 | At2as | At226 | At227 | At228 | At229 | At230
7 332e+7 L4de+] 157e+6 5.66e+6. 356e+6 5.24e+6 512e+6 B.34et6 6.74e+6 8.80e+6 4.64e+6 5.76e+6 2.27e+6 2.33e+6 6.24e+5 2.70e+5 6.24e+4 4.16e+4 2.08e+4
3 ', 007 314 ms2 125ns6 558 ns 10 100 us 20 300 us 30 32.62ms 024 15503 5653 3.71 m 0.04 23mo02 54510 50s7 25m1iS5 2# m >300ns 20# 5 >300ns. 20# s >300ns. 5# s >300ns 5# 5 >300ns
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Research opportunities: a small detour

Matter-antimatter asymmetry

 Initial conditions of expanding universe

History of the Universe

Quantum
Fluctuations

Sakharov’s conditions [1]

« CP violation for baryogenesis

CPV in the Standard Model

« CKM phase §.ky (order 1)
- Strong CP-phase 8 (tiny)
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Dark Ages
~ First Stars & 'Galaxies Form
Modern Universe

0.01s 3 min 380,000 yrs 200 Million yrs 13.8 Billion yrs

* Unconfirmed: PMNS matrix, Majorana Age of the Universe 1EPs Collaboration/CERNNASA
neutrinos, other operator?

“... the occurrence of C asymmetry is the consequence of violation of CP
* Required: Evaluation from complementary invariance in the nonstationary expansion of the hot universe during the
sources [2] superdense stage, as manifest in the difference between the partial
probabilities of the charge-conjugate reactions. This effect has not yet

been observed experimentally, but its existence is theoretically undisputed”
[1] Sakharov (1991) Sov. Phys. Usp. 34 392
[2] Alarcon et al., (2022) arxiV 2203.08103 - [1]

[3] The BICEP2 Collaboration CERN-NASA (1991) https://home.cern/news/series/Ihc-physics-ten/recreating-big-bang-matter-earth
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Research opportunities

* Low energy observables for physics
beyond the Standard Model

eEDM &

« Sensitive to electron-coupled CPV

Hadronic CPV

>< dn.p Cs.pr
u d/
BSM <
Physics J

u d

New Physics Quark Nuclear, Hadron Molecular

[1] Contribution to Snowmass 2021: EDMs and the _ _ _
search for new physics, arXiV 2203.08103 (2021) [3] Opportunities for Fundamental Physics Research with Radioactive Molecules,

[2] Safronova et al. (2018) Rev. Mod. Phys. 90. 2 Rep. Prog. Phys. (2024) PMID: 38215499 DOI: 10.1088/1361-6633/ad1e39
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Research opportunities

* Low energy observables for physics
beyond the Standard Model

eEDM &

« Sensitive to electron-coupled CPV

Hadronic CPV

- Enhanced in heavy, deformed nuclei Faxion—> 0acp™”

Multiple complementary
probes needed for symmetry-
violating physics

/’/ du.d
BSM <
Physics d

w,d %
New Physics Quark Nuclear, Hadron Molecular

/\ J

[1] Contribution to Snowmass 2021: EDMs and the _ _ _
search for new physics, arXiV 2203.08103 (2021) [3] Opportunities for Fundamental Physics Research with Radioactive Molecules,

[2] Safronova et al. (2018) Rev. Mod. Phys. 90. 2 Rep. Prog. Phys. (2024) PMID: 38215499 DOI: 10.1088/1361-6633/ad1e39
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Molecular beam production: lon sources and effects

Surface FEBIAD
 Low IPs « High/unknown IPs
« Surface ionization efficiency « High efficiency
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[1] Wilkins et al., arXiv:2408.14673 (2024) oo B s
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Surface FEBIAD
 Low IPs « High/unknown IPs
« Surface ionization efficiency « High efficiency
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Molecular beam production: lon sources and effects

Surface FEBIAD

 Low IPs » High/unknown IPs v
2

« Surface ionization efficiency « High efficiency (1P ?2)
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Production of RaF

1291 9x

LRIS,

Laser cooling [1]
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[1] Udrescu et al., Nat. Phys. 20, 202 (2024)
[2] Athanasakis-Kaklamanakis et al., arXiv
2308.14862 submitted (2024)

[3] Athanasakis-Kaklamanakis et al., PRA 110,
L010802 (2024)

[4] Wilkins et al., arXiV 2311.04121 in review
(2024)

e

LISA

02 Sept 2024

Excited states [2]

« agreement = 99.64% (~12 meV) °

3  69e-extAE3Z
A 69e-augCVv4Zz

4 Experimental
> 69e-extAE4Z + corrections
O 69e-extAE4Z

(I ?Ds)2), 8 2 30000
(I 253/2)/=/:‘:§_E_g;‘—f
5y O g
G Ny, m—ﬁ
Gmm/f____“\\_* o
F?Zi <}

—— High-lying state A
/—F%DJi 25000

—— Low-lying state
E 22— 22500
D ZHBJZP/
D *Nyj O s A
C2%1/a e
A 2”3/2#—_‘:8&
(B 2A5/2) o A 15000

»

h

28000

Excitation energy (cm™)

17000

O
B 2A3/2 . &
A 2”1/2%
13000
— X?%%y,

Ground state

M. Au | LISA-24 | CERN

State lifetimes [3]
Radiative lifetime of A ?[1,,, state

Nuclear magnetization
effect [4]
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~ Spectroscopy of a radium containing diatomic molecule

503/1-001 - Council Chamber, CERN

Quadrupole moment of 223Ra from molecular spectroscopy on 223RaF

503/1-001 - Council Chamber, CERN
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State lifetimes [3]
Radiative lifetime of A ?[1,,, state

Nuclear magnetization
effect [4]

° u(225 R a)
Justus Berbalk

11:25 - 11:45 Bl .
(o)}
~16. £
Carlos Mario Fajardo Zambrano et al. E = =
11:45 - 12:05 8, -ies & +

< o) %

» -17.00 7 ]

+

|
- - 9]
Ra* F Ra* Fo O,
‘/ -17.24
e e~

G
10 GHz 1GHz 100 MHz 10(l) Hz
1 1 1 /),

1 1 N #
5(r?)
CARY 2

Numerical Method
<1 mHz <10 pHz

+—/r—

i 4

"2




TABLE IV. Schiff moments (5) and EDMs (d4) of some atoms

. . n . . in terms of the QCD 6-term constant #. We remind the reader that
O Iva I O n . C I n I u I I l [4] the current experimental limit is || < 10717,

S dslecm]

Ac: Nuclear properties Z  Aom o lefmd]  107TSlefm’] 1077
: 63 15Eu -3.7 —1.63 6
* Octupole deformation 63 1533+ 37 0.33 12
] ] ] 66 Iy <4 —2.23 <9
° Low-lylng opposite parity states 80 *Hg 0.005 —2.50 —0.013
81 205205 0.02 —2.79 —0.06
H 207 p1y2
« Schiff moment enhancement 82 o 0.005 —2.99 —0.015
86 Rn -3 3.3 —10
o~ 223+ S 22 A £
88 ’Ra —1 —8.25 8
89 2 Ac —6 —-10.1 60
89 2T Act —6 —9.8 60
90 “JTh*™ <2 —6.93 <14
91 29Pa? —40 —11.4 460
92 My <2 —12.1 <20
93 “TNp —4 -17.5 30
94 29py <0.1 -9.2 <1

“Estimates for *’Pa are presented assuming that the existence of a
very close nuclear doublet level will be confirmed.

[1] Verstraelen et al., Phys. Rev. C. 100, 044321 (2019)

[2] Heinke et al., CERN-INTC-2020-029, INTC-P-556 (2020)
[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020)
[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020)
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TABLE IV. Schiff moments (5) and EDMs (d4) of some atoms

. . . . . . in terms of the QCD 6-term constant #. We remind the reader that
ouvation. ACUNIUM FIUOIIQAE  [4]  seonenepenmcmainiis g < 10

S dslecm]

Ac: Nuclear properties Z  Aom fef'd]  107Slefm’] 1078
: 63 33Eu -3.7 —1.63 6

* Octupole deformation 63 153y 37 0.33 ~12
i . . 66 11Dy <4 —2.23 <9

* Low-lying opposite parity states 80 %Hg 0.005 250 ~0.013

81 205,203+ 0.02 -2.79 —0.06

« Schiff moment enhancement 82 PVPbM 0.005 —2.99 —~0.015
86 Rn -3 3.3 —10

(V1o 223+ 1.6 2.7 A
. 88 2BR -1 —8.25 8
AcF: molecular enhancement s ae o o 6
o _ _ 89 > Act —6 —9.8 60

« Enhanced sensitivity to CP-violating observables? 90 ThT <2 —6.93 <14
91 29Pa? —40 —11.4 460

92 By <2 —12.1 <20
93 ZTNp —4 -7.5 30
94 9Py <0.1 -9.2 <1

“Estimates for *’Pa are presented assuming that the existence of a
very close nuclear doublet level will be confirmed.

The interaction constant Wy for the effective T,P-violating
interaction in **” Ac-containing molecules is

[3] W ~ 46000 a.u. (55)
[1] Verstraelen et al., Phys. Rev. C. 100, 044321 (2019)

[2] Heinke et al., CERN-INTC-2020-029, INTC-P-556 (2020) The energy shift 1s

[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020)

[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020) 2WsS =5 x 1076 h Hz. (56)
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Ac: Nuclear properties Z  Aom fef'd]  107Slefm’] 1078
: 63 15Eu -3.7 —1.63 6
* Octupole deformation 63 153y 37 0.33 ~12
i . . 66 11Dy <4 —2.23 <9
* Low-lying opposite parity states 0. "He 0.005 ~2.50 —0.013
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« Schiff moment enhancement 82 PVPbM 0.005 —2.99 —~0.015
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« Enhanced sensitivity to CP-violating observables? 90 ThT <2 —6.93 <14
91 29Pa? —40 —11.4 460
233 _
- A
Production of TR <o 02 5
e |P:7? De: ? “Estimates for *’Pa are presented assuming that the existence of a

very close nuclear doublet level will be confirmed.

The interaction constant Wy for the effective T,P-violating
interaction in **” Ac-containing molecules is

[3] W ~ 46000 a.u. (55)
[1] Verstraelen et al., Phys. Rev. C. 100, 044321 (2019)

[2] Heinke et al., CERN-INTC-2020-029, INTC-P-556 (2020) The energy shift 1s

[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020)

[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020) 2WsS =5 x 1076 h Hz. (56)
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Motivation: Actinium-225

9-10 MBq
S~

T-aT (targeted alpha therapy)

« Damage to cancer cells

 DNA double strand breaks, membrane, mRNA damage

 lonization through free radicals
« High linear energy transfer

Production routes

e 226RQg
« 226Ra(p,2n)225Ac
225Ra (generator)
« 226Ra(y,n)2%5Ra > 225Ac
* 225Ra(n,2n)??°Ra > 2?°Ac
Actinide
e natTh(p,x)225Ac, 225Ra ("aTh(p,x)22’Ac, 227Ra)

02 Sept 2024 M. Au | LISA-24 | CERN ®
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“225Ac-PSMA ) 22Ac-PSMA
e é ; ’

12/2014
PSA = 2,923 ng/mL

7/2015
PSA =0.26 ng/mL

9/2015
PSA < 0.1 ng/mL

Figure published in: Kratchowil et al. (2016) J. Nucl. Med.
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R naﬂdepU(p,X)ZZSAC, 225R4q, (Nat/depU(p,X)227AC, 227Ra) Figure published in: Robertson et al. (2018) Current Radiopharmaceuticals. 11 156-172
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Production of AcF,*

» AcF spectroscopy - characterization

o 225Ac: Targeted-alpha therapy
* Ac: enhanced extraction

150 ; 5 X105 1 1 1 1 1 ]
m IMF 26 ¢+ A 20 : 225Ac i 22Llfr i} ELARY | ! 213pg !
A=226 il : 4l /0N m/q=225 : : : ! ! !
vat 2000 revs - / AN i i i i i '
100 ! / R %) i i , i ! i i
at 2000 revg e “ € B ! Hel IR ! I | |
: < 0 \ 3 : : : : : :
50 Z2ofr+, 8 2y 8 | | | | | |
at 2000 revs; S . i : i i i i
0- - i o e i AU i i i i
72381400 72381600 72381800 72382000 72382200 72382400 o e 106 ] : : : : :
3| /7 _ % | i | | |
€ 00| A=245 Lﬁj [226ACF ~ g \ mia=24d | | ’ ’ ’
~ i : b ! ! : | |
5 226RaF + | éat 2000 revs * n 2_' “ 104 i i i : |
o at 2000 revs | o 28 A i i i i i
2 s " 8 5 : J : : :
S S 1 A il A 1
2 | @] e . il 1 i |
v _ RN 5000 6000 7000 8000 9000
] l e alpha energy (keV
075362000 75362200 75362400 75362600 75362800 75363000 0 . P 9y (kev)
i 6 i miq=263
80 e
A=264 ‘l 226 A CF+ +a Iu; \
60 | “re SRS
) w“at 2000 revs < 8 \
g8 5 N
40 821 N\
20 Ny
0 ) 01, . “"' ““““““ mmmmmme-
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[1] Au, PhD thesis (2023)
[2] Au et al., in review (2024)
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AcF spectroscopy: characterization

Position stabilization loop

Proposa| []_] @ e second
LT T harmonic Grating Ti:Sa 532nm
CF,(g) + Ar(g) generation
. < Pasition reference J
Production [ _-
Position
» lyearproposalto | \&Japa sensitive ( m— t—) NGYAG
experlment
+40 kV
Experiment
[ ) C R IS f 107 A=246 at 20202;‘::Cez; ‘lJt ‘21(‘)160 revs :
2 : F; > 2
|||||||||||||||||||||:|||l 0 e %/
Molecular theory . | |||||||||||||||||||||:|||| W, 355 m ons
75516000 75516200 75516400 75516600 75516800 75517000

forine) i )  RFQ-cb 11 387 nm
° I H _ FS_ RC CS D [3] lon beam composition after mass-separation b He, (g) 5 +39.9 kv
1.00
« |P=48,866 cm1
« D.=57,214 cm' PR
,E 0.85 j
5080 WM
[1] Athanasakis-Kaklamanakis et al, INTC-P-615 (2021) [4] CERN EP newsletter (2023) https://ep- M‘M”
[2] Athanasakis-Kaklamanakis et al, in preparation (2024) news.web.cern.ch/content/isolde-lays-ground-cp-violation- fede
[3] Oleynichenko et al., J. Chem. Phys. 159, 12 (2023) tests-radioactive-molecules —60 -40 -20 0O 20 .
Wavenumber (arbitrary offset) /cm
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The challenging case: protactinium

et ————— e

950 Bq 231-Pa (1.417e+15 atoms)

Protactinium chemistry at ISOLDE from external sources

September 22, 2023

M. Au'?, M. Athanasakis-Kaklamanakis'*, L. Nies!, K. Blaum® C. Duchemin!,
Ch.E. Dillmann?®%, C. M. Fajardo-Zambrano®*, P. F. Giesel”, M. Heaven®, L. Lambert!,
D. Lange!, U. Késter”, G. Neyvens®, D. Renisch®®, S. Rothe!, Ch. Schweiger?,

L. Schweikhard?, J. Stricker®®, W. Wojtaczka®

| N\~
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Protactinium results: preliminary

Preliminary yield across
Pa molecules all measured

. 21pg+ 231paO*+, 231Pa0,*, 281PaF*, 231PaF,", 231PaF,*, 21PaF0*, 231PaF,O* sidebands: 1.2e+13/
1.417e+15=0.8%

 Formed in RFQ:

«  From 231Pa*: 281paQ*, 231Pa0,* £ 1%

o —— target 40% CF4
2 ‘ e ion source 80% CF4
« From 31PaF*: 231PaFO*, 5 10 | 0% CFa
o
231PaFOH2+ E 500
« From #!PaF,*": 2!PaF,0", 0
° From 231|:)ao+: 231P802+, 108 — Pa yie_ld;3e+12 —— PaO yielld: 2e+12
; PaF yield: 2e+12 —— Pa0O0 yield: 3e+12
10%1 — paFF yield: 6e+11 PaFO yield: 9e+11
06{ —— PaFFF yield: 4e+11 —— PaFFO yield: 1le+12

 Checked but not seen:

yield (ions/s)
= =
<

« PaN*, PaC*, PaFO,", PaNO* o
103
102 — —
0 20 40 60 80 100 120 140 160
time (h)

() S ——
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Fluoride beams current status

M o 4,

 RaF,: developed, available*

Y £ z-ss

« AcF,: developed, available* ) N\

* NpF,, PuF,: observed
 PaF,, PaO,: ’8‘

« ThF,, UF,: not observed :\Irfv‘fs‘?eﬁt‘;?!iﬂ‘ég,i\l”ég’zo)
« ScF,, TbF,: ongoing development
 VF,: requested

Next steps

 Characterization

« Target developments

*Yield publication in progress
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ISOLDE OFFLINE 1
© 2019-2022 CERN

ISOLDE

PUMP STAND
A B . , = PERE, © 2019-2022
0 L | 1\ e b CERN

o 20102022 Cen Behind the scenes: Offline developments
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Next steps

Molecular formation " excess Ba 0

CI:4 Pressure

* lon source developments ? injection

Flow

valve '
valve 1 Flow X

. surface
.ion source 3

« Implantation/ablation extraction A~

 RFQ gas mixing and injection tests

Laser setup

« New end of beamline

Buffer gas

mass

« Laser path to RFQ separatj

358/ nm

Characterization / spectroscopy s3Qhm

 In-source: Offline LIST — fluorides, oxides

———————————————— —— -]

RF Faraday
Cup 1 Q Cup

YOL2 RILIS

* In-trap: molecular formation studies — polyatomics

« Towards high precision radioactive studies: proposal pending

O A —
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TISD 2023

GPS Schedule 2023
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ISOLDE Winter physics

[ = Yield measurements, proton scans, setup

23 : U, Np, Pu, Dy, Tm, Pm, Er, Gd, YD, In, Cd,
Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag

.
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TISD 2023
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TI SD 2023 Back-of-line heating:

Dy collections Batch mode: Ra — Ac

LIST: lanthanides A

Winter physics: long-lived
Isotopes + external samples

GP Schedule 2023

August September

i Py | My
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ISOLDE Winter physics

LIST: actinides ThC,VD5+CF, hot quartz Molecular beams: SnS
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wK {m 15 16 Py 32 | 33 35 36 37 38 39 40 a1
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?

Cs beams SnSbeam  SnSbeam

al
ISOLDE Winter physics

Prototype target +  nolecular Winter physics: molecular beams

prototype ion source paams:
RaF [ = Yield measurements, proton scans, setup
23 : U, Np, Pu, Dy, Tm, Pm, Er, Gd, YD, In, Cd,
Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag
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Catherall et al. (2017) J. Phys G 44, 094002

I S O L isolde.web.cern.ch

“On-Line”:

* Production L
 Release

* lonization

« Extraction

HRS

High Resolution Separator )

I',/ A Target area
R

|

P
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Non-actinide development and characterization lab

Planetary ball mill — Powder patrticle size reduction Laser diffraction particle size analyzer ~ Gas sorption — Pore size distribution (BET)

! [ D | i

MO

EDMS 2—,:;g(geggérocedurc-:

Production of nano-LaOH + multiwalled
carbon nanotube powder pellets for
ISOLDE target production

¥ f = o fl

Gas pycnometry
Apparent density
determination

4 Carburization
pumpstand

Target development,
sintering studies

Reactor setu . .
P Photos courtesy of V. Berlin, E. Reis, L. Lambert, S. Rothe TGA-MS — Reaction kinetics
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https://edms.cern.ch/document/2596262/1

The Nanolab: Production and Research

EDMS No. 189693 V-0 .
OXIde lab @ Carbide lab |

Oxide lab

5 Glove boxes
* 4 connected in T shape: non-pyrophoric
« 1 inert atmosphere: carbides

Storage
capsules
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Production alternating with development

Photos courtesy of L. Lambert
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Material developments

il g

. .
Gas injection Diffusion

 Reactive/corrosive
gases

Reactants

Mass markers Beam Intensity =o-j-N,- &

N; — Number of target atoms € = &diff €is€ext€sep
j — Proton flux [cm]

o — Cross section [mb]

¢ — Efficiency [%0]

Target materials | .

Particle size

Open porosity

Adapted from:
J.P. Ramos. EMIS XIll, CERN, Geneva, 2018.
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Diffusion

Material developments

Gas injection

 Reactive/corrosive
gases

Reactants

Mass markers Beam Intensity =o-j-N,- &

: | N; — Number of target atoms € = &diff Eis€extEsep
Target materials jiN8 j — Proton flux [cm?] 1
_ _ ‘ o — Cross section [mb] P T o —
Particle size ¢ — Efficiency [%] at & [k Tz %
u — diffusion delay parameter ,
Open porosity G — grain size H=”G_f

Adapted from:
J.P. Ramos. EMIS XIll, CERN, Geneva, 2018.
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Material developme

2l 4

Gas injection

 Reactive/corrosive
gases

Reactants

Mass markers Beam Intensity =o-j-N,- &

: N N; — Number of target atoms € = &diff Eis€extEsep
Target materials jiN8 j — Proton flux [cm?] 1
_ _ ‘ o — Cross section [mb] P T o —
Particle size ¢ — Efficiency [%] at & [k Tz %
u — diffusion delay parameter ,
Open porosity G — grain size H=”G_f

Small G, highT = Increased ¢g;¢

Increased ¢4+ s INcreased sintering and grain growth

Adapted from:
J.P. Ramos. EMIS XIll, CERN, Geneva, 2018.
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lon source developments

Molecular breakup and characterization studies
* FEBIAD-type ion sources [1,2]

« Electron energy and source optimization

 lon source systematics

Photocathode ion sources [3]

» Cold (room-temperature) environments

In-source spectroscopy [4]

* PI-LIST: sub-Doppler hot-cavity in-source spectroscopy
« CERN-ISOLDE implementation

[1] Maldonado (2023) PhD thesis

[2] Martinez Palenzuela (2020) PhD
thesis

[3] Ballof . et al., 2022) J. Phys.: Conf.
Ser. 2244 012072

[4] Heinke et al. (2023) NIM B. 541 (8-12)
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lon source developments

Molecular breakup and characterization studies
* FEBIAD-type ion sources [1,2]

« Electron energy and source optimization

Coppe( cathode Photo electrons Anode Extraction electrode
not resistively heated

 lon source systematics

Photocathode ion sources [3]

Gas
« Cold (room-temperature) environments injection - el
| © lon e Electrons
|
30 kv
In-source spectroscopy [4] b -
« PI-LIST: sub-Doppler hot-cavity in-source spectroscopy e o o

Exit
plate 4x. rfew
orifices

@ =6mm

« CERN-ISOLDE implementation

[1] Maldonado (2023) PhD thesis

[2] Martinez Palenzuela (2020) PhD
thesis

[3] Ballof . et al., 2022) J. Phys.: Conf.
Ser. 2244 012072

[4] Heinke et al. (2023) NIM B. 541 (8-12)
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Offline upgrades for molecular beam development

Detection, implantation, ion counting

RILIS for molecules

IMPLANTATION

Heat screen
/eollimator

Wiktoria Wojtaczka', E. Reis, M. Au, M. Bovigny?, T.E. Cocolios’, S. Stegemann?, S. Rothe? ! [Th;IRMA-V
O—I A M B ER KU Leuven, IKS, Leuven, 3000, Belgium, *CERN, ISOLDE, CH-1211 Geneva 23, Switzerland, g
*University of Duisburg-Essen, 45141, Essen, Germany, lohannes Gutenberg-University, Mainz, 55099 Mainz, Germany
Residual gas analyser:
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aS I I I e ‘ I O I l al l I I l I X I I I Separation On-Line) & (extracted as a terbium fluoride B4l 190C ToF (178.00)
method is widely used for - [ beam with FEBIAD ion source) H
production of radioactive e e ik 2. The chamber was isolated and £ "A‘
ion beams, Isotope [ baked =
extraction via molecular - 3. The foil was heated invacuum £ N
. sidebands [1,23,4] has s t02100°C to observe Tbrelease £ 0 20 40 60 80
« Remote control of HV gas systems and partial me A, Pt
to less volatile elements 5. 1bar of CF, was injected into _
that are otherwise not Adaptd fom: 17 Ramos EMIS Xl 2018 the gas line § [o°DiffusionwitnCRe
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surface
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VAT valve

There is a heating coil wrapped around the system used for bake
out. A gas system with a calibrated leak allows for injection of vola-

The shape of Tb species release
before CF, injection closly
corresponds to that of F at the
same temperatures - some F was
still present in the chamber.

for molecular beam development and diffusion studies  ku LEwven |
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[1] Au et al. (2023) NIM B. 541 (144-147)
[2] Wojtaczka et al. (2023) ICIS’23, Victoria, Canada
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Formation: how do we make molecules?

In-source In-trap
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< Target
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Transfer” Target  Anode Hot  Transfer Target‘
line container ot ( _line _container

’d

Hot cavity

Au et al. (2023) NIM B. 541 (375-379)
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