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Measurement of branching and energies distribution of light charged particles
during a radioactive decay

Table 1
Advanced list of the candidates for Tamgeted Auger Therapy.

PSI

Period Radionuclide tw ta Decay Common Common energy  Common energy Mumber of e Production method
Blother Dnghiermudide,  sode Energy B™ + Auger”  (Auger + ce) <015 keV 0.15-15 keV  1.5-10 keV  10-20 keV  20-50 keV =50 keV
radionuclide years X+, } ce, <50 keV,
ke ke ke

I n mn n v i Vil vin X X X X Xm v XV

7 Bk-245 449d B500 EC, & 34 132 168 X Y+Z 18 058 - 0a3 Accelerator
Am-239 12h 24,100 EC 239 1GE Ha X Y42 36 0.Ea 058 04as Accelerator
Pu-237 45d 2144000 EC 52 16 47 X Y+Z 14 041 036 1] Accelerator
Mp-239 244d 24100 B 173 260 368 X Y+ 2Z 23 05 052 LBO Reactar, generator
U-237 6Ed 2, 144000 B 146 197 402 X Y+Z 24 072 045 1.89 Reactor 4 ms,

[generatar)
U-231 424 32,760 EC 8.1 711 a4 X Y42 29 086 065 038 Mccelerator
Th-231 26 h 32,760 B 257 165 589 X Y+Z 28 12 075 146 Reactor 4 ms,
[generatar)

Pa-229 154 TR0 EC, & Accelerator + ms

G T-201 3d Stable EC a3 43 16.8 X! ¥! 28 040 005 032 Accelerator
Heg-197 64 h Stable EC 70 GG 134 X2 ¥ 26 034 = 0ED Acoelerator, reactor
Pt-195m 43d Stable IT 76 183 516 x* ¥¥ 45 o77 087 123 Reactor, accelerator
PE-193m 404d 50 IT 13 137 21.8 x4 ¥4 38 042 - 1 Accelerator
Ir-193m 104 Stable IT accelerator
Ir-189 13d Stable® EC 81 48 219 X Y 28 007 030 031 Accelerator
Os-191 154 Stable® B 8D 135 28 X Y 3 005 2 076 Reactor + ms
0s-189m Gh Stable IT 2 ] -] X Y L6 072 031 - Generator
Ta-180m B2h Stable EC. B 48 55 0.1 X Y 21 - 008 03s Accelerator
Ta-177 57 h Stable EC &7 24 11s X Y 22 - 0.08 12 Accelerator
L1777 67d Stable B 35 157 a5 X Y 03 - 017 098 Reactar
Yh-169 324 Stable EC 309 124 k-] X Y &7 on 0.19 049 Accelerator, reactor
Tm-167 92d Stable® EC 145 128 20 X Y 34 - 02 062 Accelerator
Er-165 10 h Stable EC 38 B 8 X Y 20 - 0.05 - Accelerator
Ho-161 25h Stable EC 61 33 2.8 X Y -3 051 037 00s Accelerator
Th-161 69d Stable B 35 198 A3 X Y -2 039 0.69 101 Reactar
Th-155 534 Stable EC 138 2 16.8 X Y 36 016 0.16 17 Accelerator
La-135 19 h Stable EC, |'."':' 36 7 [ x5 15 08 - 0.08 - Accelerator

5 Cs-131 974 Stable EC 3 i 7 X 15 08 - 0w - Reactar
I-125 60 d Stable EC 42 19 | X 3 24 - 033 - Reactor
-123 13h Stable EC 171 28 75 X7 18 1.0 - 012 16 Accelerator
Te-125m 584 Stable IT 36 109 182 X 289 24 - 029 097 Generator
Sh-119 38 h Stable EC i 26 25 X 28 15 068 028 - Accelerator
Sn-117m 14 d Stable IT 158 161 &7 X 18 09 - 0.1 112 Accelerator
In-111 28d Stable EC 405 34 7 x? 19 1.0 (IR ] 005 016 Accelerator
Cd-107 6.5 h Stable” EC.p* 34 g 103 X 32 1.7 01s 0a7 04as Accelerator
Pd-103 174 Stahle” EC 16 44 H“ X 32 1.7 028 091 - Accelerator
Rh-103m 56 m Stable IT 2 38 38 X 15 08 012 09 - Generator
Te-Em (] 211,100 IT 126 16 28 X 1.1 L1 002 - LI ] Generator

4 Ge-71 11d Stable EC 4 5 5 25 12 042 o1 - - Accelerator
Ga-B67 78 h Stable EC 158 36 (13 35 1.7 0E1 - - 033 Accelerator
Co-60m 10m 53 IT, B 7 58 44 28 137 0E0 - - 04ag Generator
Co-58m 92 h 0192 IT 2 3 3 27 13 046 075 025 - Accelerator
Cr-51 28d Stable EC E £ ] 4 4 32 15 068 - - oo Accelerator

3 Ar-37 35d Stable EC 0z 26 26 X Y 083 - - - Accelerator




Illustration of the tracks of a-particle, B-particle, and auger e- radiation
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1'7:"’. B Particle Radiation
Range:10-1,000 cells
LET: 0.1 - 1.0 keV/pm
Energy: 0.05 - 2.3 MeV
a
- <
= }4_‘/‘//"' a Particle Radiation
- Range: 5 - 10 cells
LET: 50 - 230 keV/pm
Energy: 4 - 10 MeV

Auger Electron Radiation

A US Range: <0.5pm
LET: 4 - 26 keV/pm
Energy: low (eV - keV)
a3 Tumor cells ] Normal cells

To effectively utilize Auger electrons in nuclear medicine, it is essential to have precise knowledge of their complete
energy spectrum emitted per nuclear decay.

Shi M. et al. Alpha-peptide receptor radionuclide therapy using actinium-225 labeled somatostatin receptor agonists and antagonists. Front Med. 2022;9:1034315.



Measurement of branching and energies distribution of light charged particles

during a radioactive decay

Table 1

Advanoed list of the candidates for Targeted Auger Therapy.

Period Radionuchde tyw th Decay Commaon Common energy  Common energy Number af ¢ Producton method
. B s I R e B” 4 Auger®  (Auger + ce] <015 keV 0.15-15 keV 15-10 keV  10-20 keV 20-50 keV 50 keV
radionuclide years X4+, tce, <50 keV,
ke ke ke

1 ] m v Vv Vi Vi vin X X X X X xav xXv

7 Blk-245 494 8500 EC, 234 132 168 X Y +Z LB 058 - 083 Acoelerator
Am-239 12 h 24,100 EC 239 168 M9 X Y +Z 36 g9 0.58 085 Acoelerator
Pu-237 45d 2,144,000 EC 52 16 14.7 X Y+ Z 14 041 0.36 1] Accelerator
Mp-239 244d 24,100 B 173 260 B8 X Y+Z 23 05 0.52 LED Reactor, generator
u-237 6.8 d 2,144,000 B 146 197 402 X Y+ Z 24 072 0.45 189 Reactor <+ ms,

[generator)
U-231 42d 32,760 EC 821 711 474 X Y+ Z 29 086 065 038 Arvcelerator
Th-231 26 h 32,760 B 257 165 589 X Y42 28 12 075 146 Reartor + ms,
Fa229 154 TEB0 EC,

G T-201 3d Stable EC HE] 4 168 X! ¥! 28 040 005 03z Accelerator
Hg-197 G4 h Stable EC 0 GG 134 x? ¥ 26 039 - 0ED Accelerator, neactor
Pt-195m 43d Stable IT 76 183 516 x? ¥ 45 077 0.E7 123 Reactor, accelerator
Pt-193m 404d 50 IT 13 137 218 Xx* ¥+ 38 042 - 1 Accelerator
Ir-193m 10d Stable IT accelerator
Ir-189 13d Stable® EC 81 48 219 X Y 28 007 0.30 031 Accelerator
0s-191 15d Stable® B 80 135 28 X Y 3 005 2 076 Reactor <+ ms
0s-189m Gh Stable IT 2 2 - X Y L6 072 031 - Generator
Ta-180m B2h Stable EC.p 48 55 10.1 X Y 21 - 0.08 03s Accelerator
Ta-177 57 h Stable EC 67 24 119 X Y 22 - 008 o1z Acoelerator
Lu-177 6.7 d Stable B 35 157 85 X Y 03 - 017 098 Reactor
Yh-169 3zd Stable EC 309 124 ko X A 6.7 [IAR] 019 099 Accelerator, actor
Tm-167 924 Stable®” EC 145 128 20 X Y 34 - 02 062 Accelerator
Er-165 10 h Stable EC 38 8 8 X A 20 - 0.03 - Accelerator
Ho-161 25h Stable EC 61 33 298 X Y -3 051 037 005 Accelerator
Th-161 69 d Stable B 35 198 293 X Y -2 039 0,69 101 Reactor
Th-155 53d Stable EC 138 £ 168 X Y 36 016 0.16 017 Accelerator
La-135 19h Stable EC.B 36 7 (] x5 15 08 - 0.08 - Accelerator

5 Cs-131 974 Stable EC 3 7 7 X 15 08 - 0 - Reactor
I-125 60 d Stable EC 42 19 19 x5 3 24 - 033 - Reactor
1-123 13h Stable EC 171 28 75 X7 18 1.0 - 012 016 Accelerator
Tie-125m 58 d Stable IT 36 109 182 X 29 24 - (1] 0e7 Generator
Sb-119 38 h Stable EC 3 26 26 X 28 1.5 068 028 - Acoelerator
5n-117m 144 Stable IT 158 161 &7 X 1.8 L1k] - 0.1 L12 Acoelerator
In-111 28d Stable EC 405 34 7 x 149 1.0 [INR} 005 016 Acoelerator
cd-1a7 65 h Stable” EC. B 34 87 o3 X 32 1.7 15 0a7 085 Acoelerator
Pd-103 17d Stable” EC 16 44 H X 32 1.7 028 0971 - Acoelerator

PSI

The problem is most effectively
addressed using Monte Carlo
simulations based on decay rates
calculated for isolated atoms. Itis then
highly desirable to experimentally verify
these results, specifically the predicted
number of Auger electrons produced
per nuclear decay and their energies.

Very few experimental data so far
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Accurately determining the number of e- Auger e per nuclear decay for 2°|
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The measurements were performed with two spectrometers.
For 50 eV to 4 keV (LMM Auger and K CE ), the DESA100
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Measurement of the intensity ratio of Auger and conversion
electrons for the electron capture decay of 12|
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SuperCMA (Staib Instruments) was used. An Electron

Momentum Spectrometer was used for higher energies, up to

40 keV
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Accurately determining the number of e- Auger e per nuclear decay for 2°|
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Figure 2. The measured spectrum (dots) of the K-CE and LMM Auger electrons. The solid red line is the calculated spectrum based
on BrlccEmis scaled to the K-CE line. The contribution of the conversion electrons (blue, dashed line) and the strongest individual
Auger electron contributions (thin green lines) are indicated as well. The lower panel shows the residual of the fit and the non-zero
difference indicate that the theory underestimates the Auger intensity, relative to the CE intensity.

4. Conclusion and discussion

PSI

Phys. Med. Biol. 63 (2018) 06N'T04 (6pp) M Alotiby etal
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Figure 1. The KLL Augerand L;, L,-CE spectrum as measured in a single run. The red line shows a fit of the KLL spectrum with
eight peaks following the approach of Larkins (1977) (residuals in lower panel). The blue line shows a description of the KLL

spectrum based on the BrlccEmis calculation (Lee et al 2016) which was scaled such that the calculated L; CEline has the same area
as the measured one. The calculated Auger spectrum, normalised in this way, has an area that is smaller than the observed one.

The combined K CE—LMM Auger measurement indicates that the experimental relative Auger intensity is about
15-20% higher than the calculated one. The same order of magnitude of difference was found for the KLL Auger
intensity compared to the L,-CE intensity, in spite of the fact that the energies involved were rather different and

that two different spectrometers were used.



Challenges in Obtaining Auger Electron Experimental Spectra

PSI

Preparation of the e-
Auger source

¥ Tb monolayes 3

Measurement and
interpretation of the
resulting spectra

Production of the e
Auger radionuclide




Challenges in Obtaining Auger Electron Experimental Spectra PSI
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Challenges in Obtaining Auger Electron Experimental Spectra

SINQ - Swiss Spallation Neutron Source
(ILL High-Flux Reactor, CERN's MEDICIS
facility)

PSI

Isotope and Target Chemistry Group

Preparation of the e-
Auger source
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Preparation of Lanthanides e- Auger emitting radionuclides sources PSI
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» Sources must be mechanically stable.

» e should have the same probability of interaction with the source nuclei. Thus, sources must be
homogeneous and have uniform thickness.

» Must be thin enough (few nm) to let e~ pass through.

» The production method must have high yields, almost quantitative, due to the cost of the source material
and be reasonably fast due to the short t,,, of the radionuclides.

» The ideal source is a monolayer of a radionuclide in its elemental state.

» Lanthanides are typically metals, so their "elemental state" would refer to their pure metallic form.



Methods for Preparation of Lhs e- Auger emitting radionuclides sources

PSI
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Methods for Preparation of Lns e Auger emitting radionuclides sources

PSI

electrodeposition
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Physical Phase Deposition

Vacuum Chamber

» Uniform depositions
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Methods for Preparation of Lns e Auger emitting radionuclides sources

PSI

electrodeposition

N &

drop on demand molecular plating
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physical vapor deposition

self-assembly monolayer



Drop on demand

» High Yields (about 100%)

> Not uniform
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Electroplating from aqueous and non aqueous solution

Standard Reduction Potentials
in Aqueous Solutions at 25 °C

Oxidizing Agent

dlel

Increasing Strength of Ox

+ 4+ + +++F A+ F A+ +

2e”

2HY + 2e”
8H* + 5e”
3e”

2e”

4H* + 4e”
14H* + 6e”
2¢e”

4H* + 3e”
o

2e”

-

2H,0 + 4e”
2¢e”

2e”

2¢e”

2e”

2e”

EEEEEEE] EEEEEEEEEEEEEERI I'EERYE

Reducing Agent
2F
2H,0
Mn?* + 4H,0
Au
2CI7
2H,0
2Cr* + 7H,0
2Br
NO + 2H,0
Ag
217
Cu
40H"
Cu
H, + 2H,0
Pb
Sn
Ni
Fe
Cr
Zn
H, + 20H"
Mn
Al
Mg
Na
Ca
Ba
K
Li

=
c
)
<
o
=
o
3
o
5
£
%
1‘.
i

Reduction
Potential (V)

2.87
1.78
1.51
1.50
1.36
1.23
1.23
1.07
0.96
0.80
0.54
0.52
0.40
0.34
0.00
-0.13
-0.14
-0.26
-0.45
-0.74
-0.76
-0.83
-1.19
-1.66
—2.37
—2.71
-2.87
=291
=2.93
-3.04

PSI
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Hz(g) —
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0 Acid 7 Base 14
pH

Pourbaix diagram for water

cathode

Ag(s)

cathode:
Ag*(aq)+e” —>Ag(s)

anode:
Ag(s)— Ag*(aq)+e”

(a)

Figure 17.7.3: Electroplating. (a) Electroplating uses an electrolytic cell in which the object to be plated, such as a fork, is immersed in a solution of the metal to be
deposited. The object being plated acts as the cathode, on which the desired metal is deposited in a thin layer, while the anode usually consists of the metal that is
being deposited (in this case, silver) that maintains the solution concentration as it dissolves. (b) In this commercial electroplating apparatus, a large number of objects
can be plated simultaneously by lowering the rack into the Ag" solution and applying the correct potential. (CC BY-SA-NC; anonymous)




Electrodeposition from IL

Standard Cathode (Reduction) Half-Reaction

Standard Reduction Potential E° (volts)

PSI

-3 -2 -1 0 +1 2 +3
| | | T I T |

Li*(ag) + e = Li(s)
Rb* + e = Rb (5)
K*(ag) + & = K(s)

Ba’® + 2¢ — Ba(s)
Cs*(ag) + & = Cs(s)
Ba®*(aqg) + 2e- — Ba(s)
Sr¥*{aq) + 2e- = 5r(s)
Ca?*(aq) + 2e- = Ca(s)
Na*(ag) + & = Ma(s)
Mg(OH)z(5) + 2e”= Mg(s) + 20H
La*" + 36 = La(s)

Mg (aq) + 26 <= Ma(s)
Ce’* + 3= Ce(s)
Al{OH)s™ + 3& = Al(s) + 40H™
AR + 36— Al(s) + 6F~
Be’® + 2¢ — Be(s)
B{OH)s™ + 3& = B(s) + 40H™
AP*(ag) + 32" = Al(s)
U+ 38 =U(s)

Zn0; + 4H™ + 4 = Zr{s) + 2Hz0
SiFZT + 46 = Si(s) + 6F
Zn(CN)2~ + 26— Zn(s) + 4CN

Zn(OH)g*™ + 2 = Zn(5) + 40H™

MnZ* + 2e = Mn(s)

-3.040 Water (0.1 M KCI, C)
Acetonitrile (0.1 M TEABF,, P1)

-2.98
-2.93 NC; anion group EtNH;
Emim
Bmpy
BuyN

-2.92

-2.92

-2.91

HS0,
CF5C0,
H,PO,, CI
NO,

BF4 OTI
-2.38 PFE

-2.356
233 | | | | I | |

Li Mg RE Al Zn TM Cu Ag Pd Pt AuCl,
-3 -2 -1 0 +1 +2 +3
oo E (V vs. SCE)

-1.811 J. Park et al., 2014

-1.676

-2.89 Cymim cation group

-2.84

-2.713

-2.687

-2.310
-2.07

-1.66

For all lanthanides the reduction potentials

-1.37

oY are almost the same, ranging from —1.09
1.265 (for Nb) to —2.35 V (for Pr)

-1.17

See poster of Noemi Cerboni



PSI

Molecular plating (MP) technique

ETH:zirich
Platinum Wire Anode (+)
Pd® Pd® Pd°
e
Pd® Pd® Pd° ) ge T @e \I/

Pd° Pd® Pd° '

Tb* b3+ Tb3+

Pd° Pd° Pd°

. Pd® Pd° Pd°

Pd Cathode d Pd MP
2H,0+2e > H,+20H"
3 OH" +Ln% = Ln(OH), v

» High Yields (90/98%)
» Almost uniform layer
» Thickening of the deposit layer due to co-

precipitation of other compounds




Coupled reduction (CR) technique

ETH:irich

Tb3* Tb** T3+

Pd® Pd® Pd°

. Pd° Pd® Pd°

Tbxpdy .
CR

xPd+Ln0O,+zH, > LnPd, +zH,0



Self-assembled monolayers (SAMs) i PSI
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lonic liquid  PSI

Proposed method: production of thin, homogenous, and uniform targets via electrodeposition
of micrograms or even nanograms of exotic radionuclides from ionic liquid electrolytes

Is a saltin the liquid state. At least one ion has a delocalized charge and one component
is organic which prevents the formation of a stable crystal lattice
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Cations commonly found in ionic liquids. Anions.

Page 22



	Slide 1: Advancing Auger electron therapy: Developing methods for high-resolution spectral characterization of radioisotopes 
	Slide 2: Measurement of branching and energies distribution of light charged particles during a radioactive decay 
	Slide 3: Illustration of the tracks of α-particle, β-particle, and auger e- radiation
	Slide 4: Measurement of branching and energies distribution of light charged particles during a radioactive decay
	Slide 5: Accurately determining the number of e- Auger e per nuclear decay for 125I
	Slide 6: Accurately determining the number of e- Auger e per nuclear decay for 125I
	Slide 7: Challenges in Obtaining Auger Electron Experimental Spectra
	Slide 8: Challenges in Obtaining Auger Electron Experimental Spectra
	Slide 9: Challenges in Obtaining Auger Electron Experimental Spectra
	Slide 10: Preparation of Lanthanides e- Auger emitting radionuclides sources 
	Slide 11: Methods for Preparation of Lns e- Auger emitting radionuclides sources 
	Slide 12: Methods for Preparation of Lns e- Auger emitting radionuclides sources 
	Slide 13: Physical Phase Deposition
	Slide 14: Methods for Preparation of Lns e- Auger emitting radionuclides sources 
	Slide 15: Drop on demand
	Slide 16: Electroplating from aqueous and non aqueous solution 
	Slide 17
	Slide 18: Molecular plating (MP) technique
	Slide 19: Coupled reduction (CR) technique
	Slide 20: Self-assembled monolayers (SAMs)
	Slide 21
	Slide 22: Ionic liquid

