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Production of Rl => human injectable drugs (ba
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= Pharmacopea — spec

= GMP production

= Safety

- Cost, distribution,.. “




Once upon a time... in a Belgium physics research center

o Ayoung researcher who had imagined a new
cyclotron...

e Producing 5x more output

o Consuming 3x Less energy than any existing
cyclotrons...

o Arevolutionary cyclotron Cyclone 30 was invented
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IBA is a now high-tech medical company with 4 BU’s (ba
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IBA RadioPharma Solutions

Global Solutions provided by EXPERTS
for a SUCCESSFUL project
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Energy ranges & example of IBA cyclotrons (ba
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Cyclotron for PET : Cyclone® KIUBE

g



PET isotopes production (ba

v Rather short-lived isotopes: Radioisotope | Half life Decay(%) | B*Endpoint(MeV) | Principal Nuclear Reactions
* local supply/m-hous? m— —— §+99.8, BC 02 asal N (p.a)IC
« Small distribution radius o~ p— o 100 1% m———
5O 122 sec B*99.9,EC0.1 1.723 :::E::ﬁz
v" Rather low E proton: ) -
- Compact cyclotrons 16-18MeV ‘. g 1098min | *969,EC3.] 0635 ﬂ‘“:;w
Sicy 341 hr p* 62, EC 38 1.205 mt;g
v OrG i £l £Cu (gen.) 9.73 min p*97.8,EC22 2934 SCu(p,20)2Zn(9.1 hr) - “Cu
r n !
riaenerator concep ‘ Cu 127 hr B* 19, EC41, 40 0.657 Ni(p.n)4Cu, Zn(in,p)*Cu
8Ge ©Rb (gen.) 75 sec p* 96, EC 4 3.35 BRb(p,4n)2Se(25 d) —» 2R
€ JelE) . wy 14.7hr B* 34, EC 66 1.248, others %Sr(p,n)*eY
270.95d H
14 415d p*25,EC75 1.533,2.134 HTe(p.n)' 1
Adapted from Gonzales, Cyclotope




Ep on 180(p,n)18F
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Factor 2 by choosing the right
energy !
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A STORY OF CYCLOTRON INNOVATIONS

Targets
~ 150 HA
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IBA Cyclone KIUBE, what to learn from it (2015-2016) (ba

Optimization of “conventional cyclotrons” still possible and driven by new simulation tools !

24 Tons




what to learn from it (1/6)

90’s — 21st century tools
- Improved magnet design (OPERA3D)

(:foa




what to learn from it (2/6)

90’s — 21st century tools
- Improved magnet design (OPERA3D)
- Improved vacuum design (Comsol) : H- (transmission 50% -> 70%)
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what to learn from it (3/6)

90’s — 21st century tools

- Improved magnet design

- Improved vacuum design (Comsol)
- Optimized central region

- Motorized source positioning for better orbit centering & ease of maintenance




what to learn from it (4/6) (ba

90’s — 21st century tools

- Improved magnet design

- Improved vacuum design

- Optimized central region

- Optimized extraction optics
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Cross section [mb]

what to learn from it (5/6)

1000

750

500

250

Isotope | Energy on target
[MeV]

Zr-89 14-15
Cu-64 11-14
Y-86 15
Ga-68 13
—12Zn-68(p,n)Ga-68
—1Zn-68(p,2n)Ga-67
0 10 20 30 40

beam energy [MeV]

v H- stripping enables (fixed) variable
energy extraction (13 - 18 MeV)

v" Avoid energy degraders in “plug-in”
target assembly

v Avoid ‘radial stripper’ & external dipole
v Avoid ‘radial stripper’ & target
mechanical position
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IBA Cyclone KIUBE Custom Energy (6/6)

Trajectory
adaptation flange
13 Me

Long stripper fork
13,14,15, 16 MeV
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A compact, internal Twin source cyclotron 18 MeV

Vacuum
Performance 40 i
300 |.IA 4 pumps
Flexibility CVCLONE® Reliability

13-18 MeV KIUBE 2 ion sources

8 ports 4 strippers /port

EP16169489, EP16169480
EP16168494, EP16169497
EP16171282
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LIQUID target 18F : 2,4 kW in 4 ml

Nb insert

Al body

L “"‘"‘Wfﬁ m /f%ﬁw 7

g | ﬁﬂﬂfﬁfﬁfgmﬂ ;‘Fﬁ

_’x///////

cooling diffuser (single piece)

Conical 5 Conical 8 Conical 12 | Conical 16
Filling volume 1,8ml ~2.3 ml ~2.7 ml ~4 ml
Current 45 pA 70 pA 100 pA 135 pA
Activity output 5Ci 8 Ci 12 Ci 16 Ci
(2h) 185 GBq 296 GBq 444 GBq 592 GBq




Novel routes of production: 8Ga & ¢4Cu

Complete %8Ga production process from liquid target up to the final injectable drug for human use:

. m,uL e , - e 68Ga
[ - ﬁ = PSMA
DOTATATE
DOTANOC
Ga-68 target Purification:
® : .
Cyclone® KIUBE Cu-64/61 target Synthera ® Extension Labelling: Synthera ®

bica LS 7 B

Collaboration with the University of Coimbra - U




Flexibility

-




RadioChemistry- Synthera®+ Family for 18F-chemistry (ba.

+80

Synthera®
worldwide

 BETTER
Multiple runs of multiple tracers

= SMARTER
Accessory-based ‘IFP’

= STRONGER
Consistent yield and high uptime




RadioPharma Solutions : INTEGRALAB

CYCLONE®KIUBE SYNTHERA®

INTEGRALAB®
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Cyclone KIUBE extended option (beam line + solid target ) (ba

Cydotron lobby
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Figure 23: Cyclone® KIUBE with short beam line (vault)




OPEX for Cyclone KIUBE (ie ‘PET cyclotron’) (ba

= What is the power requirement (cyclotron & associated equipement)? (beam on and standby mode)

Table 19: electrical power requirement and consumption

Total main power Installed Consumption
Cyclone® KIUBE 100 70 kVA 45 kW
Cyclone® KIUBE 150 85 kVA 55 kW
Cyclone® KIUBE 180 95 kVA 60 kW
Cyclone® KIUBE 300 100 kVA 65 kW

Vacuum stand-by (eco mode) 5kVA 3 kW

Table 11: chilled water requirement and connection

The chiller minimum heat 55 kKW (cyclotron)

removal capability

Flow 100 I/min

Buyer water-cooling between min 6° - 16°C max
temperature INLET




Cyclone® IKON 13-30 MeV

29



30 MeV for ‘SPECT’ isotopes production (ha

/ Rather long-lived isotopes:

TI-201 28-30 T1-203(p,3n)Pb-201 » Centralized supply
111 25-28 p Cd-112(p,2n)In-111 » Overseas shipment
+ Gov — Large pharma cmpy
Ga67 2528 D Zn-68(p,2n)Ga-67
-123 22.30 D Xe-124(p,2n)Cs-123
1600 - . :
v Higher power and often fragile targets :
s i + External targets in dedicated vault
P Y i ) » Extraction to long beam lines
* unas-o. .
Eiof + Gamem - Beam optics to manage
“E soo [ 'rjef'mew” * Beam losses to avoid
E Table 4
@ 600
S Specification of thallous (T1-201) chloride injection
400
Half life 73.1 hours
200 Energy of gamma rays 0.068 to 0.082 (Hg K X rays)
0 s Radionuclidic impurity T1-202< 1.9%
15 20 25 30 35 T1-200< 1.0%
Particle energy (MeV) Pb-203 < 0.25%

FIG. 2.40.1. Excitation function for the **Tl(p, 3n)*" Pb reaction.



Cyclone 30 MeV proton for SPECT

15- 30 MeV variable Energy proton
Up to 1.2 mA proton (~ 36 kW)
Mainly for SPECT isotopes (p,2n) (p,3n)
~ Compact cyclotron ( 60 Tons)

W
S
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— IBA Cyclone 30




Solid target & beam line - target vault (ba




Capitalizing on the Cyclone ® KIUBE design
= o create a compact, high-energy and high-current Cyclotron

30 Tons

= |ndustrial cyclotron
= >15% injection efficiency
= >97% acceleration transmission
= >99% extraction efficiency
= >99% beam line transmission

(:/oa




Two exits — 3 ports each (ba

= Up to 2x 2 long beam line 13-30 MeV
= Up to 2x 1 target at 18 MeV




Machine with complete target range & IBA chemistry (bo.

Xenon gas target High power 30 MeV High power PET Nirta® PET liquid
for 123 solid target solid target and gas targets




Installation first site ongoing (beam on tgt sept 2023) (ba
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Production of PET generator : Ge68 / Ga68

Cross section (mb)

100 -

—A— Thiswork
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e Porile
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——Fit this work
——Fit of 3
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Particle energy (MeV)

70

(bo

Low yield reaction
Long lived Ge68:

— Need high beam
current ~500pA

— Long beam time
~4-5 days

= And low melting
point of Ga !

AccApp, Brugge 2013; 68Ge production (Adam Rebeles)



Cyclone IKON layout — fully redundant layout a

= extended 26 m x 24m inc doors
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OPEX Cyclotron IKON only (b_a

3.4.1 Electrical power for distribution cabinet (PS9)

Voltage 400Vac +/- 5%
- E LEC 350 kVA Frequency 50 /60 Hz +/- 2Hz
= C h | | |er 200 kW h eat |Oad Electrical supply Network type 3ph- 4 wires 4 wires / Star mandatory (3P+N+PE)
Electrical supply Earthing System TN-S
earth impedance < 10 ohms
hook-up to PS9 200 kvA Power distribution

3.4.3 Electrical power for anode power supply cabinet (PS8)

ie requirement in chilled water for the cyclotron water package interface are: _
400Vac / 480Vac
Voltage Either 400Vac 50Hz or 480Vac 60Hz
+/- 5%

Nominal flow 350 1/ min Frequency 50 / 60 Hz +/- 2Hz | Either 400Vac 50Hz or 480Vac 60Hz
Heat Load capacity 200 kW Electrical supply Network type 3ph - 3 wires (3P+PE)
Dissipated power 150 KW Electrical supply Earthing System TN-S
earth impedance < 10 ohms
Minimum load during standby 20 kw i

hook-up to PS8 150 kVA Anode Power supply




Cyclone® 70P - specific use

40



Cyclotron High Energy segment 35- 70 MeV proton (ba

H— SBAIT 9ABS pue 8oUR




Co production of interesting PET generators (ba

Example: iThemba Labs target system

Rb target to Sr82 Ga alloy target to Ge68

AR
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70 66 42 35 15 MeV

Figure 6. The tandem Rb/Ga targets mounted on a bayonet-mount plug,
Instruments 2018, 2, 29; doi:10.3390/instruments2040029 N



Conclusions (bo

Cyclotrons offer a robust and conventional technology for various
radio-isotopes production PET & SPECT

Optimization (‘State of the art’) of existing cyclotron technology
still boosts production rates, reliability & flexibility

Do not forget chemistry unit, QC system, GMP labs & process




The story of Cyclone KIUBE, Cyclone IKON and the 70P (ba.

PET isotopes SPECT & PET & Generators PET Generators & SPECT
Ge68

- 18 MeV 13 - 30 MeV 35 - 70 MeV
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= Use of accelerators for direct production of Tc99m

NuPECC report 2014

W 99mTc
W 2017l
w131l
w123l

M PET

M Other

IBA Rhodotron HE

IBA Cyclone’s

Protect, Enhance, and Save Lives
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