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Why terbium?

2 FDA-approved agents
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S. Zhang, Signal Transduction and Targeted Therapy 10, 1 (2025) ) radioligand

By studying Tb molecules, we also learn about other lanthanides

W. Wojtaczka | EMIS XX 2025 | Whistler, Vancouver | KU LEUVEN ow




Auger /

3 radiation « radiation conversion
3 electrons
Lf \ o‘& ® o
— ) ‘
Range C@‘ ') L w
o iy
\ few mm 40 — 100 pm < 500 nm

lonisation Tb 149 Tb 152 Tb 155 Tb 161
42m . 41h :;m e17.5 h 5.32d 6.90d
patte m R ;’,i’ lfg g,}f :37; (0.5 06...
v 796; y 352; ¥344; 586; 105;... 126;49;75...
165... 165... an... 2MM... 180, 262 €

All modalities in nuclear medicine

Long range Short range Chemically |dent|c?l
Less complex DNA damage More complex DNA damage Elega Nt theragnostlcs
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o-Therapy
PET (B*)

Tb 149

41h
£
a 3,97
+ 1,46
y 352, 165...

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Addendum to the ISOLDE and Neutron Time-of-Flight Committee

Terbium-149 for targeted alpha therapy
11 January 2023

Nick van der Meulen!, Cristina Miiller!, Anzhelika Moiseeva!, Colin Hillhouse!, Pascal Grundler!, Stuart
Warren!, Maryam Mostamand!, Ana Katrina Mapanao!, Avni Mehta!, Karl Johnston?, Ulli Koster®

C. Mller et al. 2017 EJNMMII radiopharm. chem. 1, 5
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o-Therapy

PET (B*) PET (B*)

Tb 149 Tbh 152

41h 17.5h
£
o 3,97 >
p+ A B+ 3.0, 2.6, 2.0...
v 352, 165... v 344,271, 586...

C. Mdller et al. 2017 EJINMMI radiopharm. chem. 1,5 R. Baum et al. Dalton Trans 2017;46:14638-46

W. Wojtaczka | EMIS XX 2025 | Whistler, Vancouver | KU LEUVEN ow




o-Therapy

PET (B*) PET (B*) SPECT (y)

Tb 149 Tbh 152 Th 155

415 17.5h 5.3d
>
a 3,97 £ £
p+ 4 B* 3.0, 2.6, 2.0.. v 87,105, 180...
v 352, 165... v 344,271, 586... e

C. Mdller et al. 2017 EJINMM I radiopharm. chem. 1,5 R. Baum et al. Dalton Trans 2017;46:14638-46  C. Muller et al 2014 Nuc Med Biol 41:e58-e65
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SPECT (y)

a-Therapy . B-Therapy
PET (B*) PET (B*) SPECT (v) Auger-e” Therapy
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Mmany cases of compassionate use
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Possible production routes of Tb

S TERTHERA

®

NEA (2020), BR2-reactor of SCK-CEN, OECD Publishing, Paris

Tb 149 Tb 152

41h 175h 5.3d

IN mMost cases mass

63026 20, separation required
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Medical grade 149:152,155TDb product

Mass separation for
isobaric selection
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Isotope Separation OnLine

Overview of ISOL facilities and production technigques Jodo Pedro Ramos &
MacDonald AB, Fairmont Chateau Whistler 10:30 - 11:00
Development of molecular beams at ISOLDE Mia Au
MacDonald AB, Fairmont Chateau Whistler 08:30 - 09:00
e 7
- ° o ° b ° @
° .
mass separation
° :
extraction
°
|4 = intensity of the driver beam .
— °
I — I N ole N, = # target a‘toms . :
RIB d""t o = cross section of the reaction
€ = total efficiency — ) — S|itS

driver ® .
beam € = Eglease Eion Esep Etransport experiments N

@ @ @ 9.0, /collections
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1. Diffusion

1 foil 4 foils 40 foils
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Foil thickness [um]

for 25um foil >95% of Tb with In the case of foil welding,
half-life 1h should leave the foil the release efficiency decreases

R. Kirchner NIMB 70,186—199 (1992)
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2. Effusion

>> 60 000 collisions in a Ta target

Random walk in the Taf!JZB target

Tb 0.03s sticking time at 2400°C for Ta*

— average delay on the order of hours
(Dy ~0.0003s sticking time — 100x faster)

Leitner PhD thesis 2005

_ﬂHads
Ta=Tpe RI

*lower limit! Estimated through Eichler systematics. U. Koster PhD thesis 2000

W. Wojtaczka | EMIS XX 2025 | Whistler, Vancouver | KU LEUVEN ow




Tb is “sticky”
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proton number Z

100

40

Development of molecular beams at ISOLDE

MacDonald AB, Fairmont Chateau Whistler

1000 2000 3000 4000
boiling temperature (°C)

5000
M. Au PhD thesis 2023
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Forced Electron Beam Induced Arc Discharge

At ISOLDE referred to as VADIS (Versatile Arc Discharge lon Source)

-------------------------------------------------------------------------
-

magnetic field o
: oJolololo What can we optimise?
: [ Variable parameter Effect
insulators : release
M ion load
U target temperature neutral load
anode — ® : equilibrium point for chemical reactions
=] : 9 9 ‘ over long times: target microstructure evolution
hot , ° electron energy
cathode o o %o E’ ) ® . ¢ & o o RIB electron trajectories
—e v ¢ " I anode voltage electron density
- : : ion source magnetic field ion survival
u @ cathode temperature dissociation\ionisation
m = plasma conditions
cathode su pport beam shape (extraction and transport efficiency)
L composition fluorine availability
o : gas injected partial pressure ne?ltral SPECIes pressure
grap hite su pport : time since fluorination . Horine saturation
A : chemical equilibrium on target surfaces
e S ........ g ....... % ....... E ........ g .......... ~" HV
o i
° :‘loenusjcrals ARIEL: New infrastructure, new opportunities for target and ion source development Fernando Alejandro Maldonado Millan
electrons MacDonald AB, Fairmont Chateau Whistler 09:20 - 09:40
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Offline tests
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Temperature dependence

- Already observed
<1500°C

- Appearance temp. depends on
oxygen content and CF, saturation

Response to change in electron

Beam current (nA)

Tb

102! x- ThF \
»- ThHFF x
10%: .
100_
10—1_ - ‘ , , ‘ , J
800 1000 1200 1400 1600
Target temperature (°C)
1076; y y
50V 200V
5 100V — 250V
107": -~ 150V

S 8] 2]
o o o

Beam current (nA)
N w
o o

10+

1400 1500 1600 1700 1800 1900 2000 2100

Tb

% TbF *
* TbF2 *

*

Target temperature (°C)

"bF,*/TaO *

bombardment energy £ 10
- Cannot shift sideband distribution ~ §*
10—105
10-11t L T 5560 210.‘
Mass (u)
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Offline extraction at MEDICIS

Irradiation
3 days

Tbh-149 Isotope | Sideband A/q | Ain-target Al Acollimator| Efficiency
) d [MBq] [MBq] [MBq] %
ays Gd-149 | GdF, | 187 | 748 (11) 127(7) | 5452 | 017(1)
Tb-149 | TbF, 187 | 3090(90) | 0.015(3) | 0.045(6) | 0.0005 (1)
Tb-155 | TbF, 193 | 1130 (20) 1.25 (4) - 0.11 (3)
Tb-155 Difluoride extraction
) . o
3 days Tb-155 efficiency 0.1%

- comparable to laser ionised Tb @ MEDICIS

Difficult to disentangle influence of different parameters
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Online extraction @ ISOLDE

N Mass scans

Beam Current (A)

Mass (u)

30% CFy  --—-- 80% CFq 94% CF,
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Online extraction @ ISOLDE

Mass scans
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O revs

Online extraction @ ISOLDE
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Target temperature (°C)
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What we saw, what we didn’t see

Higher yields than RILIS Tb
No neutron rich Tb observed

No Tb on Dy shielded masses
* 154, 156, 158, 159 not observed

108
— ® e ® o
g o
b4 70 *
% 10 *
*;ZU’ ®
o
©
© 106} -
> _
& |
= CF, 80% A * CF,94% A
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5 , ! , . . .
10°60 10T 102 105 10% 105  10°
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Dy 163

Dy 160
24 896

2329
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25475
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814h

Dy 158

0.095

Dy 159
145844
107

Tb 159
100

Dy 164
28.260

L

Positive ID X Negative ID \Unableto
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What'’s limiting Tb release?

Production limit

 Not alot of Tb is directly produced in the foil
- most of the Tb is a decay product of Dy
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What'’s limiting Tb release?

Effusion limit

 Tb produced in the foil is not released
* Tb we see is the decay product of Dy
- Dy completed part of the pathway

Y
Proposed mechanism:
Dy assisted release
@®
@ A @ N
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What'’s limiting Tb release?

Effusion limit

 Tb produced in the foil is not released
* Tb we see is the decay product of Dy
- Dy completed part of the pathway

Y
Proposed mechanism: ,
Dy assisted release
@®
@
- ®
® =
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What'’s limiting Tb release?

Production limit
or effusion limit

Effusion limit

No 1°°Th observed
No n-rich Tb observed

No stable or long-lived Tb observed
when there is no feeding from Dy

Offline extraction:

1010

Production yield (particles/uC)

104,

199TbF, efficiency: 0.0005(1)%

155TbF, efficiency: 0.11(3)%

1084

107_

106_

105_

100! *©

LI ¢ Dy
ioTb
Smooth, L,
no jump t
FLUKA in target production \

144 146 148 150 152 154 156 158 160 162
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v (787..) |g,m v 227...
(2 4
Th 149 Tb 155 Tbh 156
42m | 41h 5.32d 53h [244h|535d
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"?%969 53;3 v 87,105,180 E T 71’9555:4
165...  |165... 262... p?  lyso |1222..
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Molecules allow for co-collection of Tb
and its parents <1900°C

Dy facilitates release of Tb

TbF, yields not competitive with RILIS Dy

for medical isotopes online
9Dy RILIS >1%9TbF, > *9Tb RILIS

© © OO

Molecules advantageous for offline extraction
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What’s next? Short-term

@ We need to rethink the target itself
oo * New materials — TaC? Others?
o .
T * New geometries

Configuration Shape of foils

of foils

B A B

Il OO
HHAHB\

- Tafoil

|
I
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Long term: Tailored systems

Redefine what is needed for medical isotope production

“standard” ISOL medical mass separation
Efficiency Efficiency
Rapidity Rapidity
Selectivity Selectivity
Versatility Wersatiiby
Scalability

New facilities with more powerful proton beams
- New challenges

There is a lot still to be done.
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