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Fig. 1. Target and ion source assembly with plasma ion source MKS. The vacuum valve is part of the assembly.

SZ—N
D) o //(\STT} 08.03.24 M. Au | INT-24 | Seattle, USA DOI 10.17181/cds.2289929 | 3
7 A ccelerator yS ems /n
\\ //



i) | ¥ >\
(A | Accelerator systems ~ NSTIH 08.03.24 M. Au | INT-24 | Seattle, USA DOI 10.17181/cds.2289929 | 3



=N
sy @ 08.03.24 M. Au | INT-24 | Seattle, USA DOI 10.17181/cds.2289929] 3
e

Accelerator Systems




The Isotope Separation On-Line (ISOL) method

[1] Au, PhD thesis (2023)
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3. lonization j — Proton flux [cm-2]
4. Mass o — Cross section [mb]
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ISOL step 1: Production

Target selection
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ISOL step 1: Production 0, 2 s 212

In-target production

Please note, these are not extractable yields!

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

) C rOSS Sect|o n S Go to: O oco Show decay modes Show magic numbers
 Bulk

1 1
=+, -0, @, 0 o
7 | rdese | ruely g Fucew goru221 Pu 222 Pu 223 Pu 224 Pu 225 Pu 226 Pu 227 Pu 228 Pu 229 Pu 230 Pu 231 Pu 232 Pu 233 Pu 234 Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu 240 Pu 241
pwalasy praiany o2 e 1.04e+5 4.16e+4 1.87e+5 6.24e+4 1.04e+5 208e+4 4.16e+4 4.16e+4 208e+4 4.16e+4 1.66e+5 229e+5 7.70e+5 139e+6 4.31e+6 8.97e+6 255e+7 5.14e+7 292e+7 123e+7 5.41e+S
[ 20# ms. 21513 91526 170m 017 86mo0.S5 337mo0S5 209m04 88h01 253m0S5 2.858 y0.008 45.64d 0.04 877 y0.1 2411 ky 0.03 6.561ky 0.007 | 14.329y0.029
« Half-lives Production (LC")
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
i 1.08e+6 9.78e+5 131e+6 144e+6 14le+6 141e+6 2.00e+6 1.98e+6 2.85e+6 2.87e+6 6.35e+6 8.61e+6 3.24e+7 5.65e+7 1.03e+8 6.70e+8 691e+8 1.08e+9 4.08e+8 9.86e+7 141e+7 3.74e+5
1e+10 i 30# ns. 30# ns 700# ns. 1#us 100# us. 6msS 35ms 10 510 ms 60 614514 400m 018 46m03 488m0.2 147mo03 362m0.1 44d01 3961d12 153ky S 2.144 My 0.007 2.099d 0.002 2356 d 0.003 619m02 139m0.2
| | 1e+8 . . . . .
i 1e+6 8 U219 U 220 U221 U222 U223 U224 U225 U226 U227 U228 U229 U 230 U231 U232 U233 U234 U 235 U 236 U237 8 U 239 U 240
7 292e+7 3.64e+7 4.43e+7 4.90e+7 3.84e+7 3.92e+7 3.63e+7 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 6.84e+6
9 1e+4 140 55us 25 60# ns. 660 ns 140 47us07 21us8 396 us 17 61ms4 269ms 6 11mo01 91mo02 578 m 0.5 20.23d0.02 42d01 689y04 159.2 ky 0.2 2455 ky 0.6 704 My 1 23.42 My 0.03 6.752 d 0.002 6 0.006 2345 m 002 141h01
|| 1e+2 . . .
4 1e+0 7/ Pa 218 Pa 219 Pa 220 Pa221 Pa 222 Pa 223 Pa 224 Pa 225 Pa 226 Pa 227 Pa 228 Pa 229 Pa 230 Pa 231 Pa 232 Pa 233 Pa 234 Pa 235 Pa 236 Pa 237 Pa 238 Pa 239
8 1.40e+8 1.77e+8 2.03e+8 2.37e+8 212e+8 235e+8 2.84e+8 278e+8 366e+8 3.24e+8 2.83e+8 146e+9 7.99e+8 3.25e+9 253e+9 6.33e+9 6.21e+9 9.50e+9 6.30e+9 1.19e+10 175e+8 8.95e+5
209 113us 10 53ns10 780 ns 160 59us17 32ms03 51ms03 846 ms 20 17502 18mo02 383m03 22h1 1.50d0.05 174 d05 3276 ky 0.11 132d002 26.975 d 0013 6.70h 0.05 244m02 91mo01 87mo02 228m0.09 18h05
. Decay modes
3 a'emission L6 Th 217 Th 218 Th 219 Th 220 Th 221 Th 222 Th 223 Th 224 Th 225 Th 226 Th 227 Th 228 Th 229 Th 230 Th 231 Th 232 Th 233 Th 234 Th 235 Th 236 Th 237
9 9.22e+8 1.22e+9 101e+9 1.23e+9 8.25e+8 9.05e+8 5.53e+8 1.58e+9 1.03e+9 1.94e+9 1.39e+9 2.18e+9 1.66e+9 207e+9 1.46e+9 151e+9 9.48e+8 8.40e+8 4.16e+8 236e+8 287e+6
[ ] 1 4 - G e V 1 2250 02 247 us 4 117ns9 1.021 us 0.024 9.7us06 1.78 ms 0.03 224 ms 003 600 ms 20 1.0450.02 8.75m 0.04 30.70 m 0.03 18.697 d 0.007 | 1.9124y0.0008 | 7.920 ky 0.017 754ky03 2552h001 140Gy 01 2183 m0.04 24104003 72m01 373m1s 48mo0S5
. proton emission
= 2-proton emission
2 i5 Ac216 Ac 217 Ac 218 Ac219 Ac 220 Ac221 Ac 222 Ac 223 Ac 224 Ac 225 Ac 226 Ac 227 Ac 228 Ac 229 Ac 230 Ac 231 Ac 232 Ac 233 Ac 234 Ac 235 Ac 236
2 3 2 T h neutron emission 9 134e+9 1.54e49 145e+9 1.66e+9 1.24e+9 1.36e49 1.02e49 1.04e49 771e+8 7.66e+8 5.31e+8 5.24e+8 3.30e+8 303e+8 172e+8 137e+8 6.27e+7 3.82e+7 135e+7 322e%6 208e+4.
[ ] 8 10 440us 16 69ns4 1.00 us 0.04 118us 15 26.36 ms 0.19 52ms2 50505 2.10m 0.05 278h016 9.920 d 0.003 2937h0.12 21.772y0.003 6.15h0.02 62.7m 0.5 12253 75m0.1 198 m 0.08 145510 4552 6254 45m36
) 2-neutron emission - .
1_ 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 1.63e+9 1.54e+9 9.90e+8 1.03e+9 6.08e+8 6.07e+8 3.56e+8 3.23e+8 1.88e+8 1.70e+8 9.58e+7 8.45e+7 4.30e+7 3.77e+7 1.59e+7 11le+7 3.89%e+6 2.39%e+6 270e+5 1.04e+5
4 2-electron capture (?) - 016 | 167msoo1 18205 10 163 us 047 252us03 10ms3 179 ms 14 2852 336504  [11.4377d0.0022( 36319400023 | 149d02 1600ky0.007 | 422m05 575y003 40mo02 93m2 10451 40m03 30s5 30510
L B- decay
) doubble B- decay 3 | Fr214 | Fr215 | Fr216 | Fr217 | Fr218 | Fr219 | Fr220 | Fr221 | Fr222 | Fr223 | Fr224 | Fr225 | Fr226 | Fr227 | Fr228 | Fr229 | Fr230 | Fr231 | Fr232
9 6.71e+8 4.40e+8 2.67e+8 2.19e+8 1.26e+8 9.98e+7 5.66e+7 4.73e+7 267e+7 2.67e+7 1.58e+7 166e+7 9.09e+6 8.28e+6 3.04e+6 191e+6 4.99e+5 2.70e+5 4.16e+4
7% B+ deCay 206 5.18 ms 0.16 86nsS 700 ns 20 168us1.9 10ms 06 20ms 2 274503 4.801 m 0.005 142m03 2200 m 0.07 333mo0.10 3.95m0.14 49s1 2.47 m 003 38s1 502504 191505 176506 55506
- internal transition - F—
El 12 Rn 213 Rn 214 Rn 215 Rn 216 Rn 217 Rn 218 Rn 219 Rn 220 Rn 221 Rn 222 Rn 223 Rn 224 Rn 225 Rn 226 Rn 227 Rn 228 Rn 229 Rn 230
B spontaneus fission 8 189e+8 1.06e+8 4.89e+7 3.94e+7 1.80e+7 171e+7 9.72e+6 1.20e+7 9.20e+6 37e+ 8.90e+6 100e+7 479e+6 524846 1.54ev6 707e45 146es5 1.25e+5
0 12 19.5ms 0.1 270ns 20 230us 0.10 45usS 540 us 50 3375 ms 0.15 3965001 556501 257m05 3.8215 d 0.0002 243m04 107m3 466 m 0.04 74mo01 202504 6552 119513 10# 5 >300ns.
W isotopic abundance .
; . cluster E At 212 At 213 At 214 At 215 At 216 At 217 At 218 At 219 At 220 At 221 At 222 At 223 At 224 At 225 At 226 At 227 At 228 At 229 At 230
7 3.32e+7 144e+7 7.57e+6 5.66e+6 3.56e+6 5.24e+6 5.12e+6 8.34e+6 6.74e+6 8.80e+6 4.64e+6 5.76e+6 227e+6 233e+6 6.24e+5 2.70e+S 6.24e+4 4.16e+4 2.08e+4
3 2 .007 314ms2 125ns6 558 ns 10 100 us 20 300 us 30 3262ms 024 15503 56s3 371 m0.04 23mo02 54510 50s7 25m15 2# m >300ns. 20# 5>300ns. 20# 5 >300ns. 5# 5 >300ns 5#5>300ns
| | | | | | |
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ISOL step 1: Production 0, 2 s 212
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1e+10 i 30# ns. 30# ns 700# ns. 1#us 100# us. 6msS 35ms 10 510 ms 60 614514 400m 018 46m03 488m0.2 147mo03 362m0.1 44d01 3961d12 153ky S 2.144 My 0.007 2.099d 0.002 2356 d 0.003 619m02 139m0.2
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i 1e+6 8 U219 U 220 U221 U222 U223 U224 U225 U226 U227 U228 U229 U 230 U231 U232 U233 U234 U 235 U 236 U237 8 U 239 U 240
7 292e+7 3.64e+7 4.43e+7 4.90e+7 3.84e+7 3.92e+7 3.63e+7 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 6.84e+6
9 1e+4 140 55us 25 60# ns. 660 ns 140 47us07 21us8 396 us 17 61ms4 269ms 6 11mo01 91mo02 578 m 0.5 20.23d0.02 42d01 689y04 159.2 ky 0.2 2455 ky 0.6 704 My 1 23.42 My 0.03 6.752 d 0.002 6 0.006 2345 m 002 141h01
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4 1e+0 7/ Pa 218 Pa 219 Pa 220 Pa221 Pa 222 Pa 223 Pa 224 Pa 225 Pa 226 Pa 227 Pa 228 Pa 229 Pa 230 Pa 231 Pa 232 Pa 233 Pa 234 Pa 235 Pa 236 Pa 237 Pa 238 Pa 239
8 1.40e+8 1.77e+8 2.03e+8 2.37e+8 212e+8 235e+8 2.84e+8 278e+8 366e+8 3.24e+8 2.83e+8 146e+9 7.99e+8 3.25e+9 253e+9 6.33e+9 6.21e+9 9.50e+9 6.30e+9 1.19e+10 175e+8 8.95e+5
209 113us 10 53ns10 780 ns 160 59us17 32ms03 51ms03 846 ms 20 17502 18mo02 383m03 22h1 1.50d0.05 174 d05 3276 ky 0.11 132d002 26.975 d 0013 6.70h 0.05 244m02 91mo01 87mo02 228m0.09 18h05
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3 a'emission L6 Th 217 Th 218 Th 219 Th 220 Th 221 Th 222 Th 223 Th 224 Th 225 Th 226 Th 227 Th 228 Th 229 Th 230 Th 231 Th 232 Th 233 Th 234 Th 235 Th 236 Th 237
9 9.22e+8 1.22e+9 101e+9 1.23e+9 8.25e+8 9.05e+8 5.53e+8 1.58e+9 1.03e+9 1.94e+9 1.39e+9 2.18e+9 1.66e+9 207e+9 1.46e+9 151e+9 9.48e+8 8.40e+8 4.16e+8 236e+8 287e+6
[ ] 1 4 - G e V 1 2250 02 247 us 4 117ns9 1.021 us 0.024 9.7us06 1.78 ms 0.03 224 ms 003 600 ms 20 1.0450.02 8.75m 0.04 30.70 m 0.03 18.697 d 0.007 | 1.9124y0.0008 | 7.920 ky 0.017 754ky03 2552h001 140Gy 01 2183 m0.04 24104003 72m01 373m1s 48mo0S5
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El 12 Rn 213 Rn 214 Rn 215 Rn 216 Rn 217 Rn 218 Rn 219 Rn 220 Rn 221 Rn 222 Rn 223 Rn 224 Rn 225 Rn 226 Rn 227 Rn 228 Rn 229 Rn 230
B spontaneus fission 8 189e+8 1.06e+8 4.89e+7 3.94e+7 1.80e+7 171e+7 9.72e+6 1.20e+7 9.20e+6 37e+ 8.90e+6 100e+7 479e+6 524846 1.54ev6 707e45 146es5 1.25e+5
0 12 19.5ms 0.1 270ns 20 230us 0.10 45usS 540 us 50 3375 ms 0.15 3965001 556501 257m05 3.8215 d 0.0002 243m04 107m3 466 m 0.04 74mo01 202504 6552 119513 10# 5 >300ns.
W isotopic abundance .
; . cluster E At 212 At 213 At 214 At 215 At 216 At 217 At 218 At 219 At 220 At 221 At 222 At 223 At 224 At 225 At 226 At 227 At 228 At 229 At 230
7 3.32e+7 144e+7 7.57e+6 5.66e+6 3.56e+6 5.24e+6 5.12e+6 8.34e+6 6.74e+6 8.80e+6 4.64e+6 5.76e+6 227e+6 233e+6 6.24e+5 2.70e+S 6.24e+4 4.16e+4 2.08e+4
3 2 .007 314ms2 125ns6 558 ns 10 100 us 20 300 us 30 3262ms 024 15503 56s3 371 m0.04 23mo02 54510 50s7 25m15 2# m >300ns. 20# 5>300ns. 20# 5 >300ns. 5# 5 >300ns 5#5>300ns
| | | | | | |
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ISOL Step 3: lonization

Ion source 2

H + |Surface| - He
5 4 hot ||[FEBIAD|| cold 5 6 7 8 -] 10
Li Be Laser B C N (0] F Ne
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \Y Cr | Mn Fe Co Ni Cu Zn Ga | Ge | As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 43 50 51 52 53 54
Rb Sr Y Zr Nb | Mo TC Ru Rh Pd | Ag Cd In Sn | Sb | Te I Xe
55 56 . 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Lu Hf | Ta w Re | Os Ir Pt || Au | Hg | TI Pb Bi Po At  Rn
87 88 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 111 112 | 113 || 114 || 115 | 116 | 117 | 118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og

57 58 59 60 61 62 63 64 65 66 67 68 69 70
La | Ce Pr-/Nd | Pm| Sm Eu Gd | Tb Dy Ho | Er | Tm Yb

S0 91

Ac Th Pa U Np Pu | Am | Cm Bk Cf Es Fm | Md No
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« Surface ionization
* Plasma / electron impact ionization

« Resonance laser ionization
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Na Mg Al Si P S Cl Ar
19 | 20 21 | 22 | 23 [ 2a || 25 |[ 26 | 27 [ 28 |[ 20 || 30 || 31 |[ 32 |[ 33 | 34 | 35 | 36 2
X | & 'S¢ | Ti vV € Mn Fe Co Ni | Cu Zn Ga  Ge | As Se Br Kr *I
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Rb | Sr Y | zr [ Nb | Mo || Tc | Ru | Rh |'Pd ||"Ag | Cd | In || Sn |['Sb | 7e | T | Xe RI
55 56 . 7000720 73 [ 7a || s | 76 | 77 | 78 |79 | so [Fei|[Fe2[Tes [T Nes[ ss
Cs Ba Lu Hf | Ta w Re | Os Ir Pt || Au | Hg | TI Pb Bi Po At  Rn
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T e
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Cs Ba Lu Hf | Ta w Re | Os Ir Pt || Au | Hg | TI | Pb Bi Po At  Rn
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« Surface ionization
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« Resonance laser ionization
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Vacuum

Transfer Target
line container

ISOL Step 3: lonization

1 Ion source
H + |Surface| - He

3 4 hot ||[FEBIAD|| cold 5 6 7 8 -] 10
L Be = B|lc | N| ol|F| Ne
1n | 12 1B 14 |[ 15 IR 18
Na Mg Al Si P S Cl Ar
19 | 20 21 [ 22 | 23 [22a )] 25 [26 [ 27 [ 28 |[ 29 | 30 [ 31 [[32 |33 | 32 | 35 | 36
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
37 |[ 38 3] 40 a1 42 a3 | aa | as [Fae|[Fa7| 4s [Ta9|[ o |[sr szl s s4
Rb  Sr Y Zr Nb | Mo Tc Ru Rh Pd | Ag Cd In Sn | Sb | Te I Xe
55 56 . 7072 3 [ 7a | s 76 [ 77 | 78 |79 | so [FerT|[Fe2|[Fas e ast[ ss
Cs Ba Lu Hf | Ta w Re | Os Ir Pt || Au | Hg | TI Pb Bi Po At  Rn
87 88 ¥ ¥ 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og
57 | s8 s9 | e0 | 61 | 62 63 | e || 65 e | 67 | e | 6 70

La | Ce Pr | Nd |Pm | Sm Eu | Gd | Tb Dy Ho | Er | Tm Yb

89 90 91 92 93 %4 95 96 97 99 00 02
Ac Th Pa U Np Pu | Am | Cm || Bk cf Es Fm | Md No
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Vacuum

ISOL Step 3: lonization g  Maonet PV

cathode line container

1 Ion source 2
H + |Surface| - He

3 4 hot |[FEBIAD] cold 5 6 7 8 ) 10
Li Be Laser | B [ N o] F || Ne
11 | 12 B 14 |[ 15 (DI 18
Na Mg Al || si P S Cl Ar
19 20 21 | 22 23 24 25 26 27 28 29 30 3 % 33 34 35 36
K Ca Sc Ti Vv Cr ‘ Mn Fe Co Ni Cu Zn Ga ‘ Ge As Se Br Kr
37 38 39 | 40 41 42 43 - 45 46 47 48 45 ‘ 50 51 52 53 54
Rb  Sr Y Zr | Nb | Mo | Tc Ru | Rh ["Pd |"Ag | €d | In || Sn || 'sb | Te 1 Xe
55 | se . 700072 3 7a | s e [ 77 | 78 |[[79 | so [FE1|[ez ‘ 83 || 84 | 85 | s6
Cs Ba Lu Hf | Ta w Re | Os Ir Pt || Au | Hg | TI | Pb | Bi Po At  Rn
87 88 KK 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og

57 58 59 60 || 61 62 63 64 65 66 67 || 68 69 70

La | Ce Pr | Nd |Pm | Sm Eu | Gd | Tb Dy Ho | Er | Tm Yb

89 90 91 92 93 %4 95 96 97 98 99 100 || 101 | 102
Ac Th Pa U Np Pu | Am | Cm || Bk cf Es Fm | Md No
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electrode rods lon extraction
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/ 4x new w0 _ FitFto data
. . . orifices - ----- ull Doppler
« Surface ionization s 3
« Plasma / electron impact ionization miror
« Resonance laser ionization ! o,

Frequency offset (GHz)

. . . . [1] Heinke et al.
Resonance ionization (2023) NIM B, 541

spectroscopy (RIS) (8-12)
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Catherall et al. (2017) J. Phys G 44, 094002
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ISOL Step 5: Delivery to Experiments Catherall et al. (2017) J. Phys G 44, 094002
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TISD 2023

GPS Schedule 2023

April May June July August September October November
wk| 14 [ 15 [ 16 [ 17 | 18 [ 19 20 [ 22 [ 2 | 23 24 | 25 | 26 | 27 [ 28 20 [ 30 | 31 [ 32 [ 33 [ 34 [ 35 ] 37 | 38 | 39 | 40 | a1 42 | 43 | aa | a5 | a6 |
MO | #777Ta usT 3| :ol #818UCn 37 5: 24 1 8 15 B 22 29 wsusnvos  5[emoucvor 12 19 zsr 3| Jgpenvs g7M812Ta 24#824 UC 31 1| 14 21 28 1 18 #E3SUC 25 I 2 9 23 30 6 13
TU =3 15688 LOI244 iﬁ“ ‘5“ #776 UC : #776 UC ;A%vo BaC-0i 134In-1DS  7Becol. (night)  #6BSMW uCH836
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wk| 14 15 16 17 18 28 29 30 | 31 [ 32 [ 33 3 | 35 | 36 37 42
MO BC 3 10 17 2 10 17 ul n‘ 7[ 14 21 - 4
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" . g, =
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FR RIS w780UChan
sA = o [cotiaps]
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RILISTI RILIS Al Kbeams
ISOLDE Winter physics

[ 1 = Yield measurements, proton scans, setup

23 : U, Np, Pu, Dy, Tm, Pm, Er, Gd, Yb, In, Cd,
Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag
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TISD 2023

GPS Schedule 2023

July August September October November
VA 18 | 19 20 [ 24 | 22 | 5 | 2 27 [~/ 2 | 33 34 35 a1 42 | 43 | aa | as 46
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ISOLDE Winter physics
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LIST: lanthanides isotopes + external samples
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MO 10 2 29 B 19 26 ) 7 21 28 ?’ AR /) g 2 s 16
U } s T m ‘ i%% = \oed mecst o .::P_m 154h-1d
" : A o ;

WE | (15722) 15703 (6LM) Eg’gl VUV a8 & P . Y- RN smbos
TH earths (nights ) w2 o0i [ wy w [ 3 W = p
R MRI LAL = 15724 > | iserais713 e I

Lo1246 | 1567915713 Y- 20-90i Hee 18557 15646 15630 15732101248 ROC 74
SA 01235 AS 1573210248 | 15691 15725 15673 |5563 15688 @ 49Ca@ | JMimcs 80Zn@4.7M 79Zn@34M ise81 Loi249 1
su 15693 5 o 15668 Colls .5MeV/u 7MeV/u  IS671 ev/u eV/u 1683 LOI2501S738 5529 4
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[ 1 = Yield measurements, proton scans, setup
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Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag
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and isomers
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Ballof et.al, (2020) NIM B 463, 211-215
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Progress in Particle and Nuclear Physics 129 (2023) 104005
Laser spectroscopy

Review

Laser spectroscopy for the study of exotic nuclei

eV A
lonization  Resonant ionization Field ionization X.E. Yang"'*. SJ Wang 4, S.G. Wilkins b'*, R.F. Garcia Ruiz """
P Al state ] 3 School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
— b Massachusetts Institute of Technology, Cambridge, MA 02139, USA
RIS, LIF
RIS
Ex2 Ton/p/a detection
Hyperfine structure A5 184
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A
Am 232 Am233 | Am234 | Am 235 Am 236 Am 237 | Am238 | Am 239 Am 240 Am 241
131m 32m 232m 99m 30m 1217h 163h 1.9h 21174 4328y

Pu 231 Pu 232 Pu 233 Pu 234 Pu 235 Pu 236 Pu 237 Pu 238 Pu 239 Pu240 |& Pu 242

Np230 | Np231 | Np232 | Np233 | Np234 | Np Mz‘ss/ N Np 237 TABLE I. Production mechanisms in % of total events for selected nuclides of interest calculated using GEANT4 QGSP_INCLXX+ABLA
' ' : A ' with 10° 1.4-GeV proton primaries. “Inelastic” and “Decay” columns give the sums over inelastic and radioactive decay processes, respectively.
The larger contribution is indicated in bold. Various capture reactions are included in the model but not shown in the table. Some processes with
SRS UER | UE | SR | W | aa i ”y event fractions below 1 % (e.g., photonuclear reactions) are not shown and only the dominant parent nucleus and its corresponding percentage
- fraction of total events are given. The number of total events is scaled from 10° protons to obtain the nuclides per 1C equivalent.
B ”f.s%?/ w IR
isotope Inelastic: )4 n d t 3He o ions Decay: parent nuclides/uC
1010 By 36.4 28.4 7.2 0.4 - - - - 63.6 24py 59.4 6.7x10°
. zeye 65.5 522 11.8 0.8 - - - - 343 236py 343 1.3x10%
b 8 By 70.5 61.7 7.4 0.9 0.1 - - - 29.0 237py 29.0 1.9x101°
'\, 10 FLUKA B9y 1.9 - - 13 05 - 01 - - - ; 22x10°
) | ActiWiz uoy 100.0 - - - 85.7 - 11.9 2.4 - - - 2.1x10°
S 106 < GEANT4 direct BINp 99.0 93.1 - 35 0.5 - - - 1.0 Blpy 1.0 1.3x10°
= 22Np 100.0 92.3 0.3 5.4 0.3 0.1 - - - - - 1.3x107
2 10 < BER GEANT4 decay 23Np 98 911 02 61 05 01 - - 02 Py 02  36x107
A EEm 0-1850 24Np 100.0 89.9 0.2 77 0.7 0.1 - - - - - 2.0x108
102 * I 1851-2150 Z3Np 99.8 88.4 0.2 8.9 1.0 0.2 - - 0.2 5Py 0.2 3.8x108
+ B 2151-2300 B6Np 100.0 86.2 0.1 11.1 1.4 0.2 - - - - - 8.7x108
1010 O before, off BTNp 3.7 3.0 - 0.6 0.1 - - - 96.3 By 96.3 2.0x10"
=  after off Z8Np 100.0 61.0 - 274 8.8 1.1 0.4 - - - - 3.9x10%
' ZNp 3.0 - - 22 0.6 0.2 0.1 - 97.0 =y 97.0 2.2x10°
o 108 B after, on 240Np 73.0 - - - 47.8 52 18.8 13 27.0 240y 27.0 7.8x10°
' O resonance 24INp 100.0 - - - - - 963 37 - - - 6.8x10°
) o <l mass scan Z5py 99.2 62.5 - - - 18.8 10.9 - 0.8 5 Am 0.8 8.0x10°
g 10° [ ] > release 26py 97.1 67.8 - - - 13.5 12.5 - 29 Z6Np 1.9 1.3x10%
= ~ ) i A FC BTpy 99.5 39.7 - - - 15.5 39.7 0.3 0.5 - - 2.3x10°
o 104 < g 238py 0.9 0.1 - - - 0.1 0.7 - 99.1 238Np 99.1 4.0x108
0 1 29py 03 . . . . . 03 - 99.7 WNp 997 22x10°
© A 240py 24.0 - - - - 2.5 20.9 0.6 76.0 240Np 75.5 1.0x 107
241py 53.9 - - - - - 51.7 22 46.1 2INp 46.1 1.4x10%
233 234 235 236 237 238 239 240 241
Mass (u) 22362977 are 0.2 % and 98.1 % produced by neutron capture reactions, respectively.
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Formation: how do we make the molecules?
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Detection and identification
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lon sources and effects
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« High efficiency

» Dissociation

* Production of AcF*
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lon sources and effects

« Low IPs
« Surface ionization efficiency
* Production of RaF*
e |IP:~49¢eV
« High/unknown IPs
« High efficiency
« Dissociation
* Production of AcF*
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RaF production and CRIS

« Fast (10s keV) beams reduce velocity spread

« Collinear geometry: linewidth dominated by laser linewidth m

CF, 1 lonization
High-resolution potential
. Activated uranium _ Mass separator L
« Surface ion source | carbide target S
inject —— Lt
 CF, injection lon source e {poointy)
- 12,820 cm™!
3 (780 nm)
RaF " at 40 keV

1.4 GeV

proton beam o
Neutralization Dumped 1.2'm (TOF = 6.7 ps)

cell remaining ions

3
>

RaFCZ) 8N 7 RaF 0" mirror
E?}“ : ‘—

Electrostatic

600-780 nm
(Step 1)

{ CERN Proton Synchrotron Y deflectors RaF .
Booster (PSB) . Na i
355 nm RaF - RaF(s’) ”) D
. . . . (Step 2) etector
Image published in Garcia Ruiz et al, ) \
(2020) Nature 581
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RaF characterization

17
(U

0,
,,
NN p A
[V RVA
7 U\

- 4

- 00‘(

Wu £'7SL

J =0.5" | 263 MHz

J=05"
v=0

[1] Udrescu et al., Research Square 10.21203/rs.3.r
2648482/v1 accepted in Nat. Phys. (2023)
[2] Athanasakis-Kaklamanakis et al., arXiv
2308.14862 submitted to PRL (2023)
[3] Athanasakis-Kaklamanakis et al., in preparation
(2024)
[4] Wilkins et al., arXiV 2311.04121 submitted to
Science (2024)
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Actinium 9-10 MBq

1x

« Damage to cancer cells 225Ac-PSMA

 DNA double strand breaks, membrane, mRNA damage

 lonization through free radicals
- High linear energy transfer 12/2014 712015 9/2015
PSA = 2,923 ng/mL PSA = 0.26 ng/mL PSA < 0.1 ng/mL

Figure published in: Kratchowil et al. (2016) J. Nucl. Med.
57 1941-1944

« 225Ra(p,2n)?2°Ac targeting
vector
225Ra (generator) 0 o _ @B
O o
o 226 225 225 ! 0 2L 7?% 0
Ra(Y’n) Ra - Ac chelating< (N/_I_\N/\Hi ::: N N/\Hﬁ
« 225Ra(n,2n)??°Ra > 22°Ac agent %N@Nj o [N Nj
L] L] ‘\/

Actinide Lo ?L‘b /Z 7~ 6/1

O O

225

° natTh(p’X)225AC’ 225Ra (natTh(p,X)227AC’ 227Ra) AcC @ o parﬁde
. nat/depU(p,X)ZZSAC’ 225RQg (Nat/depU(p,X)227AC, 227Ra) Figure published in: Robertson et al. (2018) Current Radiopharmaceuticals. 11 156-172
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Actinium (Fluoride)

* Octupole deformation
* Low-lying opposite parity states

« Schiff moment enhancement
« Enhanced sensitivity to CP-violating observables?

o |P:?Dg:?

The interaction constant Wy for the effective T,P-violating
interaction in ?*’ Ac-containing molecules is

Ws =~ 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, The energy shift is
https://cds.cern.ch/record/2717945 (2020)
[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020) 2WSS — 5 x 1()7é h Hz. (56)

[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020)
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TABLE IV. Schiff moments (S) and EDMs (d4) of some atoms
in terms of the QCD 6-term constant . We remind the reader that

ACti n i u m ( F I u o ri d e) the current experimental limit is || < 10717,

S dslecm]
V4 Atom [efm>0] 10717 S[e fm?] 10-79
63 "*Eu -3.7 —1.63 6
. 153 3
Octupole deformation 63 TR 37 033 12
66 Dy <4 —2.23 <9
: : . 80 199Hg 0.005 —2.50 —0.013
* Low-lying opposite parity states gl 2020y 0.02 279 —0.06
. 82 207pp>t 0.005 —2.99 —-0.015
« Schiff moment enhancement 86 2Ry -3 33 10
82 220 L5 227 4ot
88 *Ra -1 —8.25 8
89 27T Ac -6 —-10.1 60
89 - —6 —9.8 60
e . : 90 “5Th™ <2 —6.93 <14
« Enhanced sensitivity to CP-violating observables? o1 20p 0 114 260
92 2y <2 —12.1 <20
93 Np —4 -7.5 30
94 9Py <0.1 -9.2 <1
.9 .9 “Estimates for **’Pa are presented assuming that the existence of a
° IP : De- : very close nuclear doublet level will be confirmed.

The interaction constant Wy for the effective T,P-violating
interaction in ?*’ Ac-containing molecules is

Ws =~ 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, The energy shift is
https://cds.cern.ch/record/2717945 (2020)
[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020) 2WSS — 5 x 1()7é h Hz. (56)

[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020)
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Production of AcF,”

« 225Ac: Targeted-alpha therapy
« Ac: enhanced extraction
» AcF spectroscopy - characterlzatlon

x10°
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[1] Au, PhD thesis (2023)
[2] Au, submitted to Nat. Comms (2024)
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AcF spectroscopy .

o 1.00;
0.95-

¢ (B)My X 1%, -
Pk ~ 0.90

3
g 0.85+

» previous values from scaling factors oy 3
O 0.801

© Spe QP2
* DFT: S;pi(%2’Ac) vs. Sii(%%°Ra) = | 02
26.6(19) e fm3[3]

Q=0 Q=1 Q=2

FIG. 3. The strongest transitions (blue arrows) from the X (1)0" ground state of
AcF and the strongest transitions for stimulated emission (green arrows). Levels

® | H-FS-RCCSD accessible with two-step excitations are shown with solid gray lines. Dotted lines

depict electronic states that are hardly accessible from the ground state with either

° — -1 direct or two-step excitations. It is noted that all transitions to the = 0~ states
I P 48 ) 866 cm have low probabilities and are not shown here. T, values (cm=") are shown.

e D.=57,214 cm™
[1] Athanasakis-Kaklamanakis and Au, (2023) CERN EP newsletter
[2] Dobaczewski, Engel, Kortelainen, Becker, Phys. Rev. Lett. 121, 232501 (2018)
[3] Athanasakis-Kaklamanakis, Au, Kyuberis, Zilch, Wibowo, Skripnikov, Reilly, Lalanne et al., in prep. (2024)
[4] Skripnikov et al., J. Chem. Phys 159 124301 (2023)
5] Skripnikov et al., Phys. Chem. Chem. Phys 22 18374-18380 (2020

i

-60 -40 -20 0 20 40 60
Wavenumber (arbitrary offset) / cm™1

Table 2 Molecular constants X and W& = 6X/r*® (e/ag* ag = 1 Bohr)
calculated at different levels of theory, given in square brackets

Mol. State X[HF] X[CCSD] Xx[ccsD(T)] P W) [ccsD(T)]

AcF 'St —2022 —1569 —1593 1.16 —8240
AcN =Y —10580 —9415 —8950 1.16 —46295
AcO" 't —13362 —11600 —11302 1.16 —58461
ThO 'X* —3965 —3187 —3332 1.17 —17085
EuO" (% —2475% -2140° —2114° 1.09 —11677%
EuN (f)* -1975° -1847°  —1890° 1.09 —10419°
TIF 17 9111 7262 7004 1.13 37192

“ The spin-orbit part of the GRECP operator has been omitted in the
calculation. Therefore, we give only the configuration of the molecular state.
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F I = d b t t t EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
u o rl e e a m s c u rre n S a u s Proposal to the ISOLDE and Neutron Time-of-Flight Committee

(e((\‘a Laser ionization spectroscopy of AcF

KOS September 28, 2021
 RaF,: developed, available* Q i
gy, S

M. Athanasakis-Kaklamanakis'?, S.G. Wilkins?, M. Au*®, R. Berger®, A. Borschevsky”,
K. Chrysalidis®, T.E. Cocolios?, R.P. de Groote?, Ch.E. Diillmann®1°,
K.T. Flanagan''2, R.F. Garcia Ruiz?, S. Geldhof?, R. Heinke®, T.A. Isaev'3,
J. Johnson?, A. Kiuberis’, A. Koszorts!, L. Lalanne?, M. Mougeot!, G. Neyens?,
L. Nies!4, J. Reilly'!, S. Rothe?, L. Schweikhard4, A.R. Vernon®, X.F. Yang'®

* AcF,: developed, available*

 NpF,, PuF,: observed
 PaF,, ThF,, UF,: not observed
« ScF,, TbF,: ongoing development "&w.

 VF,: requested

Image published in EP
Newsletter, CERN (2020)

* TbF, TISD beamtime (2024)
« PaF, from external samples (2024)

Protactinium chemistry at ISOLDE from external sources

September 22, 2023

M. Au'?, M. Athanasakis-Kaklamanakis'?, L. Nies!, K. Blaum! C. Duchemin'®,
Ch.E. Diillmann®>¢_ C. M. Fajardo-Zambrano?, P. F. Giesel”, M. Heaven®, L. Lambert!,
D. Lange!, U. Koster”, G. Neyens®, D. Renisch®®, S. Rothe!, Ch. Schweiger?,

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

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

ISOLDE
PUMP STAND
© 2019-2022
CERN

ISOLDE OFFLINE 2

' scenes: Offline developments

CERN
\
S
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Material developme

n

N\

Reactive/corrosive
gases

<! = -

Mass markers

Particle size

Open porosity

CE/RW SY
\

~Z Accelerator Systems
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ts

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

Release

Beam Intensity =0 -j-N;- ¢
N; — Number of target atoms

j — Proton flux [cm-?]

o — Cross section [mb]

¢ — Efficiency [%]

M. Au | INT-24 | Seattle, USA
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lonization
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Release

lonization

Material developments

N\

Reactive/corrosive

gases N

Mass markers Beam Intensity =g -j - N;- €

N; — Number of target atoms € = Ediff €is Esep
j — Proton flux [cm-?]
. Particle size o — Cross section [mb] S I 1
¢ — Efficiency [%] ‘ /276
« Open porosit u — diffusion delay parameter
Penp y G — grain size _m?D
H oz

Adapted from:
J.P. Ramos. EMIS XlIl, CERN, Geneva, 2018.
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Release

Material developments

RN\

.,A':J‘ £
Y e ¢

lonization

Reactive/corrosive

gases T N\

Mass markers Beam Intensity =g -j - N;- €

N, — Number of target atoms € = &diff Eis€extEsep
j — Proton flux [cm2]
+ Particle size o — Cross section [mb] e ueT, 1
¢ — Efficiency [%] : \/ 127G
«  Open porosity u— dlffgsm.n delay parameter 2
G — grain size [ = m“D

7
Small G, high T > Increased &g

Increased ¢4isr 4mmmp Increased sintering and grain growth

~Z Accelerator Systems
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Non-actinide development and characterization lab

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

- . G

EDMS : 2596262........

Production of nano-LaOH + multiwalled

carbon nanotube powder pellets for g 1 -;.’" ] y 4« Gas pycnometry
: Y S Apparent density
determination

i Carburization
pumpstand

Target development,
sintering studies

Reactor setu ‘ . L
P Photos courtesy of V. Berlin, E. Reis, L. Lambert, S. Rothe TGA-MS — Reaction kinetics

08.03.24 M. Au | INT-24 | Seattle, USA



https://edms.cern.ch/document/2596262/1

The Nanolab: Production and Research

EDMS No. 189693 V-0 _ Fi ua
Oxide lab Carbide lab |

:

Oxide lab

5 Glove boxes

* 4 connected in T shape: non-pyrophoric
* 1 inert atmosphere: carbides
Production alternating with development Storage
capsules

Photos courtesy of L. Lambert
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lon source developments

 FEBIAD-type ion sources [1,2]
« Electron energy and source optimization

* lon source systematics
« Cold (room-temperature) environments

* 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

 FEBIAD-type ion sources [1,2]

« Electron energy and source optimization

* lon source systematics

« Cold (room-temperature) environments

* 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

 FEBIAD-type ion sources [1,2]
« Electron energy and source optimization

Copper cathode

Photo electrons Anode Extraction electrode

° Ion source Systematlcs not resistively heated
- = Laser
" 215 nm
Gas
« Cold (room-temperature) environments injection G [ B — 1
© lon e Electrons

* 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)

Anode voltage -
0..500V

Repeller

electrode lon extraction

electrode
Exit
plate 4x new
orifices

@ =6mm

mirror
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Offline upgrades for molecular beam development

for molecular beam development and diffusion studies [
\V [Th;IRMA-V

IMPLANTATION
CHAMBER

Wiktoria Wojtaczka', E. Reis**, M. Au®, M. Bovigny?, T.E. Cocolios’, S. Stegemann? S. Rothe?
'KU Leuven, IKS, Leuven, 3000, Belgium, *CERN, ISOLDE, CH-1211 Geneva 23, Switzerland,
*University of Duisburg-Essen, 45141, Essen, Germany, Johannes Gutenberg-University, Mainz, 55099 Mainz, Germany

Residual gas analyser:

RGA SRS 200 Motivation Diffusion of Th out of Ta 107 Diffusion without CF4
The ISOL (Isotope 1. Tb was implanted in Ta foil 2 - § XN
Separation On-Line) (extracted as a terbium fluoride wq| 9c THF (178.00)
method is widely used for o\ beam with FEBIAD ion source) 2
1 production of radioactive 2. The chamber was isolated and 8,
ion beams. Isotope baked =
extraction via molecular > 3. The foil was heated in vacuum £ 0
. sidebands [1,2,3,4] has ;ﬁj:s N 0 2100°C to observe Tb release & 0 20 40 80
) e m O e CO n ro O aS S S e m S a n a r I a potential to provide access — 4. The foil was cooled down Time (s)
to less volatile elements 5. 1bar of CF, was injected into SR .
that are otherwise not Adapted from: 1. Ramos. EMIS XIl 2018 the gas line 5 o Diffusion with CF4
possible to extract out of 6. The foil was heated again to E
re S S u re S Dual pressure the target. 2100°C to observe Tb release. o4
X gauge 3
Calibrated 82 i
gas leak = . The set up g T (159.000
Ton beams are implanted into the sample, after which an oven heats ) 2 -~ 07500
. - . There is ~100x more Tb species 30 THF (178,00)
up the sample to release implanted species which are subsequently \eoced before CF miect £
T B studied in the RGA. released before CF, injection. & 0 20 4 60 80
- Heat screen Time (s)
[l tiogiatiataatiet - utiofietietete ettt ettt : ﬂm i Implantation feollimator
:mass marker vdu\\ foil S 10" Bakeout after diffusion with CF4
: excess Ba The shape of Tb species release  £3 . 1%, g
. before CF, injection closly " ToF (178.00)
. Heat screen 4 £
. CF, readback corresponds to that of F at the 22
: 4 Pressure same temperatures - some F was 8
' valve Implantation still present in the chamber. gl
: o flange R %
+ Surrface e &0 50 100 150 200
. { VAT valve There is a heating coil wrapped around the system used for bake Time (s)
O out. A gas system with a calibrated leak allows for injection of vola-
Ion source — A ith librated leak all for injecti f vol
: tile gases for diffusion studies. During bake out that followed the 5 Fluorine partial pressure
Prmmemmes R U diffusion tests, the signal of Tb H
extraction Proof of concept species was comparable tothat 10
Ar was implanted in Ta foils to study the release profile in the during the tests - some Tb 5 ” ‘\ — beforecr
RGA. The temperature of release was observed to be 20A condensed on chamber walls g - ater CFa
which corresponds to 1200°C, measured with Ircon Modline 5 during the release out of the foil Sig
= infrared thermometer sensor. after CF4 injection. 2
© 10° Ar release e o B o 0 9
3 Time (s)
£
0! Outlook
§3 The system has been successfully used for diffusion studies. Qualititaive insight,
mass g2 complementary to mass scans on FC, has been gained into Tb diffusion out of Ta. This
. =1 insight will be used in future online tests using molecular extraction.
separation N Several upgrades are planned to allow the chamber to remain hot during the isotope
&5 w0 20 30 a0 soo 0 760 release to prevent species from condensing on the chamber - this will be most important
Time (s) for refractory species.
355nmy  _ o ___ 1

(112 Balot ‘Raioacive mclecuor besms 5t CERN- L "Opportunies for 5104230202165 (2023) (3] U.Kste 3 "Im) possble 1SOL besms.” . Py, Specil Topcs 150 2007) 285-291

Turbo pump

MagneToF

hese @021 ().

532 nm

TIC . Eur Coram 417 (2021 4086-4097. 5] Ly, Off-Lin sope Separator, 1994, URL s cds com < record 2691985

@15, Stegemann et

RFQ Faraday To_F
Cup drift 2
section

Cup 1

YOL2 RILIS [1] Au et al. (2023) NIM B. 541 (144-147)

[2] Wojtaczka et al. (2023) ICIS’23, Victoria, Canada
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Precision
experiments

Discussion G

sensitivity

Observables

RIB facilities, ISOL method:

1 : . . . -
Radioactive species are available Production Theory
* yield » nuclear structure
* purity « molecular structure
RaF, AcFx: * isotopes/molecules - CPV sensitivity
2 Initial characterization of new
probes -
Feasibility, Benchmarks
_ . Statistics
3 Offline developments: formation, Online experiments
characterization « characterization

4 Towards precision measurements: a question to the workshop?
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