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Learning outcomes

* Know the difference between
reactor and accelerator produced
radionuclides

 Basic understanding of how
radionuclides are produced in a
nuclear reactor

 Estimating a production yield and
evaluating a production strategy
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Bone metastases
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Cyclotron
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Nuclear
reaction

or

Radioisotope
production

from reactor
to production facility

Radiochemical
grade product

from reactor &
to production facility >~

Radiopharmaceutical
product

* Labeling (if required)

«Active Pharmaceutical - Dispensing
Ingredient> (API) - Sterilization
- Purrification : Suall(lty Control
* Quality Control REKagiig

+ Shipping

* Dispensing
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http://www.nuclearmedicineeurope.eu/nuclear-medicine

Production methods

Reactor produced Cyclotron produced
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General classification

« Radionuclides for SPECT

« Reactor and cyclotron produced

« Radionuclides for PET

* Cyclotron produced

 Radionuclides for therapy
» Reactor produced
* Naturally occurring
 Accelerator produced
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Nuclear transmutation
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B decay

* B~ decay: proton (quarks: u, u, d) = neutron (quarks: u, d, d)
* B* decay: neutron (quarks: u, d, d) — proton (quarks: u, u, d)

Quarks Beta+decay: p == n+p-+ v

2 2 1
Proton =uud=+-+-—2=+1
Neutron=udd=+2—=—2=0
3 3 3
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Neutron — nucleus interactions

* 3 main types
» Elastic collisions = scattering (billiard ball interactions) — Moderation (slowing down neutrons)

« Neutron absorption
* Nuclear fission — Nuclear chain reaction (splitting of atoms)
* Nuclear transmutation — Isotope production

* Nuclear cross section — Describes probability of a nuclear reaction to occur — characteristic area
— Higher nuclear cross section => higher probability of interaction

— Expressed in barn (1024 cm?)

« Thermal neutrons — Larger probability of interaction

— Larger effective neutron absorption cross-section

C—

— Can be absorbed more easily by an atomic nucleus
— Creates more heave isotope of the same chemical element (often unstable)

NEUTRON ACTIVATION .

PRISMAP Training course

sckcen | jmaw
Belgian Nuclear Research Centre




Neutron activation

Process where neutron radiation induces radioactivity in materials
— Atomic target nucleus captures free neutron, becoming heavier and entering excited state
— Immediately followed by gamma emission (photon) — (n,y) reaction
— Typically yields an unstable (i.e. radioactive) activation product
— Emits particles to become stable again — electrons (8°), He (a), neutrons, fission products
— Half-lives range from fractions of a second till many thousands of years

— Production of neutron-rich isotopes

o P-BP-V

sck cen | jmew
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Neutron activation

Prompt gamma

emission B particle

Neutron
capture

=

Decay gamma
emission

Radioactive

as decay

AX A+%X* A+1X

-

A+ 1X* A+ 1X

Z+1 Z+1
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PROJECTILES

Neutron activation gimplified)
A=A, e M

A= Ntarget ) Ktarget' Otarget QPreactor (1 —e

* Aiotope = activity of isotope (Bq = s7)

* Niarger = Number of particles in target

* Kiget = isotopic and chemical purity of the target (enrichment) Il

* Oy, target = CrOss section of target for neutrons (barn = 10-24 cm?) l

© @0 = Neutron flux (neutrons/cm?/s) :

* Asotope = radioactive decay constant of produced radionuclide (s™') I
=1In(2) / 1.2, isotope \

* Y adiation = target irradiation time (s)

PRISMAP
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i1 ® @
IE 0 b CROSS SECTION o

i &
Il- ¢ ® ® ‘:}\/TARGET NUCLEUS

THICKNESS X

)\isotope ‘tirradiaiton )

Not considered
+ Self-shielding in the target
*  Flux variations

*  Burn-up of the target material
with time

-_—es - - - -

« Subsequent neutron capture

N\ /
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Neutron source

Production of neutron-rich radionuclides require neutrons
— Neutrons are bound to a nucleus, and do not exist free for long in nature

— Neutron source needed
— Nuclear fission

10"
— Nuclear reactions induced by radioisotopes
*Be(d,m '°B
L] L] lo mkk wm
— Accelerator-induced reaction " Ao
4
3 ]
8 ’Be(y.n)
Neutron yield y-dose rate'®’ g1 F——
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Source: G.R. Choppin, J.R. Rydberg, J.-O. Liljenzin, C. Ekberg, "Radiochemistry and Nuclear Chemistry”
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Neutron source - Fission

Nuclear fission 23°U(n,f) yields fission products + +2.5 n® + energy (ca. 200 MeV)

— Highly efficient neutron source

— Nuclear chain reaction — needs to be controlled once critical

é 92
J

o---M6 ““ — 5 ENERGY 23'n
q :
on R
235 N
9 U 26 x I
92
1 p
Unstable 56
nucleus

— Takes place in a nuclear reactor
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Neutron source

fission

\b fission
\ product

/ fission
® — o —
neutron \
\ fission
nuclear fuel product neutron does not
. absorber fission
-
neutron
absorber
does not
fission
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Neutron energy

235 A
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oV \
141 o
Unstable 56
nucleus

23>U(n,f) — Unstable 23U nucleus ‘explodes’, ejecting fission products and neutrons at
high kinetic energy and velocity

n+ 23°U - 3%y 5 fission

—
—
—
-
0.4
é 03
B
Z
V 02
=
% 0.1
_ 0.0 —
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Neutron Energy (MeV)

-section (barns)

“*\) Fission Cross

Release of neutrons from nucleus requires exceeding binding energy (7-9 MeV)
'Fast neutrons’ — 1-20 MeV, traveling ca 20,000 km/s

Low probability of being captured by >3°U atoms (or other target atoms)

Not very suitable for maintaining fission reaction or radionuclide production

G-
544
'P'“
I|
4 q]
i
34 I]N‘I. |
.&"‘L.
Vi
2 "I’L'\.___L
‘H“'\—\.._\_\_-_
. P
1 . —
T
104 105 10'3 18
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. ? % _,Q v ENERGY d3'n
Neutron energy - @ % |

23>U(n,f) — Unstable 23U nucleus ‘explodes’, ejecting fission products and neutrons at
high kinetic energy and velocity

— Release of neutrons from nucleus requires exceeding binding energy (7-9 MeV)
— 'Fast neutrons’ — 1-20 MeV, traveling ca 20,000 km/s

— Low probability of being captured by 23°U atoms (or other target atoms)

— Not very suitable for maintaining fission reaction or radionuclide production

— Neutrons must be slowed down without being captured
Transfer of energy to a moderator

l

19
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Neutron energy

* Neutron moderation — Reduction of the initial high speed, i.e. high kinetic energy, of the free
neutron

 Conservation of energy — reduction of energy = transfer of energy to another material, i.e. the
moderador (= the medium)

+ Performed by a large number of successive collisions with a material that scatters strongly, but

absorbs weakly — High neutron scatter cross section

Energy is predominantly transfered by elastic collisions
Most efficient removal of E, | by moderating nucleus with near-identical mass

'H is an almost perfect choice (m, » m,)

Maxwell-Boltzmann distribution of E,
H,O, D,O, graphite, Be

sckcen | jmaw
Belgian Nuclear Research Centre

A X

neutron

Z
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Neutron energy

Fuel
element Moderator

707

&
%

2
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Neutron energy

‘Neutron temperature’ — indicates a free neutron’s kinetic energy (eV)

= 1 3
e F = Emn<\}n2> = EkBT

m,, = the neutron mass
v,? = the average squared neutron speed

kg = Boltzmann constant (1.38E-23 J/K = 8.62E-5 eV/K)

« 1 MeV - T = 7.7E9 K (thermodynamic temperature)

 Fast neutron: 1 - 20 MeV — 7.7 — 154 billion K — ‘Hot neutrons’
* Neutron energy comparible to energy of surrounding particles — ‘'Thermalized'’
— Thermal neutrons (= 0.025 eV, traveling at 2.2 km/s)
— Energy corresponding to most probable speed at 300 K (H,O medium in water tank)

(<]

L ll2sk

Relative neutron flux
D

N

300 K

o

2,000 K

5

o

PRISMAP
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A a neutron’s life of deceleration

é equilibrium

&

©

a

a

£

=R

=

3

o

w

1 meV 1eV 1 keV 1 MeV 1 GeV 22
thermalized epithermal/fast high-energy

neutrons
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Research reactors

» Developed and designed for material testing
* Purpose = neutron flux irradiations and impact studies
 Powerful high flux neutron source — ‘Neutron factory’
* Not for electricity production — All produced heat is evacuated by cooling water = by-product

» Allow for ease of access to neutrons
— Access during operation
— Shielding compatible with installation of experimental
devices

 Provide flexibility in utilization
— Configuration and operation parameters can be varied

PRISMAP
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Research reactors
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NDA

ol. INTRODUCTION

A. FURPOSE OF PROJECT AND PHASE I

Under terms of a contract with the Centre d’Etudes pour les
Applicationgs de I’Energle Nucleaire {CEAN), the Nuclear Development
Corporation of America (NDA} mdericok the design of an englneering
test reacior for Belglum. This reactor is intended to provide CEAN
with|a test facility of greatest overall usefulness|in a fulure power reactor
e ment program. Inasmuch as the present CEAN graphite reacior,
BR 1, already provides Jow neutir¢n flux facilites, a basic objective of

this program was to provide |high flux test facilities of ready accessibilit}q

24
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Research reactors

Reactor Top Gover

Flux results from power and size
* Thermal spectrum most favorable

Shroud Gooling Water Outlet

Cooling Water Inlet

1. Compact design s e 1)
. } +10 X @ 50mm
2 ) Wate r COO | I n g ““!" Reactor Vessel

Reactor Core - Be Matrix

3. Metallic
 Pool type reactors allow for
» Easy access
* Shielding
* Heat sink
* Large (= high power) reactors allow wider range
of conditions
 Flux ranges and reactivity variation
« More flexible core configuration

Cooling Water Outlet

Shroud Gooling Water Inlet

Grid

Reactor Support

Reactor Bottom Cover

;
'

25
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Research reactors

Flux results from power and size

» Thermal spectrum most favorable
1. Compact design
2. Water cooling
3. Metallic

 Pool type reactors allow for
« Easy access
» Shielding
* Heat sink

* Large (= high power) reactors allow wider range

of conditions

 Flux ranges and reactivity variation

« More flexible core configuration
sckeen ||
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Research reactors available

Arctic Ocean

Total

840 Reactors

in 70 countries

GL

Operational

226 Reactors

n Pacific Ocean Norts in 54 countries

Ycean

Indian

South w $ Ocean
Atlantic
Ocean

Under construction/Planned

20 Reactors

in 15 countries

South
Pacific
Ocean

27
Source: IAEA Research reactors database, https.//nucleus.iaea.org/RRDB/ (February 2024) .. c.inp 1rainin g course
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Research reactors
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Maximum Thermal Flux, n/cm?-s
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& CP-1 \ 1E+13
1940 1950 1960 1970 1980 1990 2000 2010

Start of Operations
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Research reactors

HFR - Netherlands

MARIA - Poland
@ LVR-IS - Czech Rep

s CYNG

ILL HFR, France

OPAL - Australia

@ SAFARI - South Africa

29
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Research reactors (current capacity in EU)

/ \

| !

[ [

[ [

I I+27 EU
, | ‘ PRISMAP
| e |

[ < - ‘ it W [

| BR2 - SCK CEN RHF - ILL MARIA - Polatom [

\ dy, Up to 4x10™ neutrons/cm?/s (flexible) ®,,, up to 1.5x10'5 neutrons/cm?/s ®,;, up to 3x10™ neutrons/cm?/s /

1x10'5 neutrons/cm?/s (pressure vessel) P
sclk cen iy LVR-15 - CICRR HFR - NRG FRM Il - TUM 30
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Research reactors (future capacity in EU)

JHR - CEA PALLAS - NRG
Operational: ca. 2032 Operational: ca. 2030

SCI{ Cen Traisnar 31
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Potential difficulties

 Proliferation of fissile material = Conversion to LEU (< 20% 23°U enrichment)
» Ageing research reactor fleet = Most reactors were constructed in 1960s
 Strong support by public subsidies

« Operation cycles altered with maintenance cycles

- Severe safety measurements

 Current research reactors were designed and optimized for material testing, not for medical
radionuclide production

* Irradiation positions are limited, especially the very high flux ones
— High demand = high competitions = increasing prices

— Find alternative high thermal neutron sources (e.g. CANDU commercial power reactors)

32
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_ Nuclear reactors Cyclotrons

Target material irradiation by charged particle beams.
Inlcuding nuclear reactions that transmute the material
into radionuclide of interest

Principle of production

Transmutation base

Advantages

Disadvantages

SCI{ cen +PHISMHP

Belgian Nuclear Research Gentre

Target material inserted in the neutron flux field
undergoes fission or neutron activation transmuting
into radionuclide of interest

Neutrons

Production of neutron rich radionuclides, mostly for
therapeutic use

High production yield and production efficiency
Centralized production: one research reactor able to
supply to large regions, in some cases even globally

Extremely high initial investment cost

High operational costs

Considerable amounts of long-lived radioactive
waste

Long out-of-service periods

Trouble to back-up in case of unforeseen downtime
Demanding ligistics, often involving air transport
Public safety concerns

Non-proliferation treaty concerns — Conversion to
LEU

p, d, t, 3He, a or heavy ion beams

Production of proton rich elements used as B*
emitters for PET scans — diagnositc use
Decentralized production allows for back-up chains
High up-time

High specific activity in most cases

Small initial investment in comparison to nuclear
reactor

Lilltle long-lived radioactive waste

Regional network of cyclotrons and complex
logistics needed for short-lived produced
radionuclides

Radionuclide production limited depending on
installed beam energy

Lower production yield

33
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Therapeutic Diagnostic
radionuclides radionuclides

NPP Research

Alternatives
el76y reactors

(NPP, SHINE)

nat] 59Co

. Alternative natKr
@ (SHINE)
Research ]
reactors @ 54N @
AN ~ Accelerators
168, . natTe [20-35] MeV
ef8Zn|
/ - 5 B
185Ra ~ ! /G i
L /25 Y A ST S :82 :
i . > Rb__:.
‘ rd \\‘ ....
e152§m ~ . f‘1asRe,, elto |-
232 IE
reprocessing Th
2| N
226Ra Accelerators Accelerators
< 20 MeV | — > 35 MeV
egsMo| pseee=
100 na
Accelerators natg e™Mo -

sckcen
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Production strategies

1. Fission 23°U(n,f)

2. Neutron activation (n,y) of highly enriched targets
» Carrier added
* Non-carrier added

e 92
@
ENERGY

I

2 v
d--+0 = —
1
On S
235 \“A
92

236 " J
141
Unstable @ 56 B
nucleus
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Production strategies

IIIIIHEHHHIIII\
'lliiHHHHHiE!Il1
Target

Recycling

Sales
Distribution

=
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Radionuclide

137]

S

>1Cr
1535 m
161Th

166H0
177y

90y

188\\//188R @
125]

192|

Half life Application Production method

66 h/6 h 2354 fission
SPECT sEMo(ny) Mo
8d 235 U fission
130Tg(n,y) 131 Te - 13|
| | | | | | | | _’ | | .
28 d 0Cr(n,y)>'Cr
46 h 152Sm(n,y)'*>3Sm
6.95 d , , 160Gd(n,y)1®'Gd—1"Tb
Radionuclide 65 66
27 h therapy Ho(n,y)'*°*Ho
164Dy/(2n,y) 166Dy —166H0
6.65 d 76Lu(n,y)""7Lu
176Yb(n,y) 77Yb—177Lu
64 h Y (n,y)?°Y
69.8 d/17 h 186\\/(2n,y) 183W —188Re
60 d rachth 124 (,y) 125mXe - 125]
rac era
74 d y BY ¥r(n,y)1%2Ir
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6.0072h
IT (143, 2)
o

v141

Production strategies - Fission

Fission 23>U(n,f)
— Produces wide range of fission products

— Predominant way for ®Mo/?™Tc production, 3!l and '33Xe are by-products
— Initially by use of HEU (90-95% 23~U), now by use of LEU (<20% 23°U)

P0235;.Y990m,N235y A t
- N99Mo = a 2 [1 99Mo ] (v = fission production probability)
99Mo
10
1-131 Reference HEU LEU
_235 _235
| Mo.99 Tqrf_:jet - (93% U) (19.8% u)
Mo vield, Ci 530 540
S Total U (235U), g 16 (15) 924 (18)
E 0.1 1 239Py, HCi 30 720
E 234,285,238, uCi 1280 840
0.01 Total a, pCi 1310 1560
0.001 : : : : :
60 80 100 120 140 160 180
SCII\ Ehen “eizhar Atomic Mass Number Source: https.//www-nds.iaea.org/sgnucdat/c1.htm 39

PRISMAP Training course



Mo-99/Tc-99m production

— Used for diagnosis in hospitals (SPECT imaging)
— 99Mo yield accounts for 5-7% of fission products

— 9Mo/?°"Tc generators, locally milked for #°™Tc

— Currently the working horse in nuclear medicine (80% ~ 40 million procedures)

- 9Mo (t;,, = 2.75d), ®™Tc (t;,, = 6 h) — Supply chain is race against time!

Heavy Fission Product

. radioactive decay
Sa/jf/] i T, =6.0 hours
Y =140 keV

o B+Y 12% B
_ ission
o radicactive decay 7 radioactive decay >
\l / T,, =275 days T,, =21E5years
U-235 @

61%  Mo-99 Ru-99

Light Fission Product
sclk cen

+;
PRISMAP
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Mo-99/Tc-99m production

— Used for diagnosis in hospitals (SPECT imaging)

— 99Mo yield accounts for 5-7% of fission products

— 9Mo/?°"Tc generators, locally milked for #°™Tc

— Currently the working horse in nuclear medicine (80% ~ 40 million procedures)

- 9Mo (t;,, = 2.75d), ®™Tc (t;,, = 6 h) — Supply chain is race against time!

Saline | 1 #mTcO,” . : 1,000 E %Mo
charge _ in saline ; 
G 100 E }
Porous glass disc 0.22 pm é e
>
Adsorbent e
(aluminium oxide with =
Mo0,2) <<(.> 10 L
Plastic E
Lead shielding nousing ; V\‘\ f / /
i Elute Generator
0 | I ST T T T N
0 24 48 72 96 120

“BRISMAR”

sck
Belgian Nuclear Research Gentre

Time in Hours
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Mo-99/Tc-99m production

1. Target manufacuturing (LEU)

___________________________________________________

2. Production by 23°U(n,f) 107t

3. Chemical extraction

OBS.. A-B <2Zmm

Target criteria

* Properly sized to fit into the irradiation position/canister

* Must contain a suffient amount of 23°U to produce required amount of *?Mo

* Good heat transfer properties to prevent over-heating during irradiation

* Provide a barrier to the release of radioactive products during and after irradation

 Target material must be compatible with chemical processing steps to recover and purify Mo

42
PRISMAP Training course
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Mo-99/Tc-99m production

1. Target manufacuturing (LEU) '

2. Production by 23°U(n,f)
3. Chemical extraction

Phase composition in primary UAl; ingot.

UAL, UAL, UAI,
wit% wit% wi%

871 +03 102 +0.3 N.D

UAL, ingots after induction melting
(87 wt% UAL)

sclkcen | i

Belgian Nuclear Research Gentre

(see OBS.)
10 —»| B «

(see OBS.)
» A le10min75)

130%2 2.4 (min)

OBS.. A-B <2Zmm

Phase composition in the finished target.

UAL, UAL, UAL, uo U0,
wit% wi% wit% wit% wit%h
0.3+01 30.1+ 15 681+ 1.6 03+£01 1.3+02

Pass1  180°transverse 180° longitudinal Pass 2
rotation rotation

Hot-rolling to convert UAI, into UAI; nad
UAIl, according to picture-frame technique

N.D = not detected.

: Cladding (Al) /

UAIx meat completely surrounded by
aluminium (cladding), guaranteeing removal
of heat + isolation from reactor environment

(0 wt% UAL)

43
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Mo-99/Tc-99m production

1. Target manufacuturing (LEU)
2. Production by 23°U(n,f)

3. Chemical extraction

R

A

!‘i

sck cen | jmew
Belgian Nuclear Research Gentre

4

'S
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Mo-99/Tc-99m production

sckecen | imaw Video shared by the courtesy of CEA, kindly provided by Dr. M. Libessart 45
pelglan Nuclear Research Gentre https.//www.youtube.com/watch?v=eMWaVurRX78 PRISMAP Training course



https://www.youtube.com/watch?v=eMWaVurRX78

Mo-99/Tc-99m production

1. Target manufacuturing
2. Production by 23°U(n,f)

3. Chemical extraction

U-Mo particle

Fuel meat

¥

SJese S s

e ML ¥

Al matrix

=
Al-alloy
cladding

(a) Dispersion fuel

U-Mo foil
/

L ¥

. = :

* Al-alloy
cladding

(b) Monolithic fuel

Dissolution of target

by NaOH

Yields a NaAlO, + Na,MoO, solution

and solid oxide/hydroxide residu
products)

sclkcen | i

Belgian Nuclear Research Gentre

(U and most fission

Fission Mo
Targets (UAI,)

Dissolving process

Dissolution of target
in alkaline solution

Uranium filter

T T

U filter generation

Vacuum tank

¥

PO S S S ————

Lodine removal

Lodine adsorption
column

Chemical treat.

Al precipitation

Other solid wastes

Aluminum precipaates (solid)

used lodine column

Conditioning

Optimization for the
saparation of "Mo

“Mo separation

Separation column

Intermediate level
liquid wastes

Lodine removal
xenon delay column

bgers
e EESTI

Further purification

Purification columns

FM final product

QcC/
packaging &
transport

46
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Mo-99/Tc-99m production

SC I{ cen +.,.,.5M,.., Source: IRE a7

Belgian Nuclear Research Gentr https://www.youtube.com/watch?v=COFfTSLmKOE&t=13S prisMAP Training course



https://www.youtube.com/watch?v=C0FfTSLmK9E&t=13s

CUrium

LIFE FORWARD

TARGET IRRADIATION IN
REACTORS

Preparation and planning of
irradiiation in the reactors,
based on demand and many

Duration, quantity, positioning
in the reactor matrix and costs
of reactor use

2 Targets are produced in
\ France, in steps from raw

transported by truck
6 [rradiation in reactor by bombarding

Transport to P
nuclear reactors IV -y y
from France b
SE 8@
) ~ ,] ”l /\\ o/
"3 ﬁ G Qﬁ-& &\
5:"‘2“1‘ \ b ;_““a -
1 6 8
+8 days irradiation
@ TIECAMCAL: 2-year lead-time +1day cooling & transport  Reactor From here time-constraint
to obtain Uranium avallability transport and handling due
to radioactive decay
3 4 5 6 iz 8
7 compiex: Strict (inter-] national Production planned  Complex balancing of - Constraints in Special, expensive and International logistics
— U3NSPOrt laws, one monthin advance,  all rackiati i g  heavy containersneeded  fequire extra regulation
regulations and licenses  based on forecast constantly changing  per reactor (7500kg : 160gr targets ratio]  and licenses
6 9
SAFETY-CRITICAL: Radiation process Precise and physically
<an be disrupted demanding work using
for safety fobotic arms
2 6
A UNFORSEEN: Dependent on suppliers for Actualyield from the
uranium & target production reactor can vary from

1day processing
& distribution

10
Highly skiled
professionals with years
of training needed

n

Zero margins for
errors by operators.

Process is dependent on
many materials from
other suppliers

International logistics
require extra regulation
and licenses

COMPLEXITY OF GLOBAL MOLYBDENUM-99 SUPPLY CHAIN

From target production to generator delivery

(G) Generator production
(M) Molybdenum production  Maryland Heights (G)
(R) Reactor

99% DELIVERY
DESPITE COMPLEXITY

GENERATOR PRODUCTION

1day from receipt
to distribution

Dependence on transporters:

plane captains can refuse
radioactive cargo

Weather conditions
can stop or limit
transport

7 20
Very high production volume with no Nuclear medicine specialists
margin for error: 3000 generators/wk and patients depend on
for 2500 hospitals in 100 countries perfect execution of all steps
)
Previous steps in the
value chain are invisible
to hospials & pharmacies

Petten (G, M, R)




Mo-99/Tc-99m production

HFR (Netherlands) BR2 (Belgium)

091

A JK VARIA (Poland)
~

Curium (Netherlandsl A LVR-15 (Czech Rep)

IRE (Belgium)
o
Research reactor Pt i
B pipl NTP (South Africa) ~ OPAL (Australia)
~ .
. . SAFARI (South Africa .
pl Processing facility ...\ ( ) il ANSTO (Australia)

sckcen

Belgian Nuclear Research Gentre
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Mo-99/Tc-99m pro

sclkc..

Belgian Nuclear Research Gentre

BR2
HFR
LVR15
MARIA
OPAL
SAFARI

BR2
HFR
LVR15
MARIA
OPAL
SAFARI

BR2
HFR
LVR15

MARIA

OPAL
SAFARI

U-235
Targets

Reactor
Target Irradiation

July 2022
[Frisal su Mo| Tu'\‘\' ™ Frbu Su Mo"ru .v. 1'm Frl _,. Su[Mo|Tu \.\o‘vn Fr s Sul

u[Mo|Tu[We|Th[Fr|Sa ]
30|31|

«‘4‘25726127.28&9‘
Week 30

August 2022
Tu[We|Th|[Fr[Sa[Su[Mo[Tu N'IT" rn,aT'u Mo| Tu [We| rn Fr [Sa[Su[Mo|Tu]

9 [10/11 |2 13| NHS 16/17|18 19‘20"1 122/23(24[25] 26| 27/28(20(30(31

‘Ho Yul Th "l". Su Ho
1 2\3 4/5|6|7|8

s.plombor 2022
[Tn[Fr[Salsulmo|TulWe|Th] Fr|Salsulmel Tu .'v."rn Frl [sa[su Hm‘l’um/. Tn Fr[Sa[Su] MoIT
[1]2]3]a|5]e|7|8|o10[11[12]13]14 |
Week 36

uction - Security of supply

Mo-99
Processor

[NucLEAR
MEDICINE
EUROPE

Mol
Petten
Rez
Otwock Swierk
Menai
Pelindaba

’Ylill( LEAR
MEDICINE
EUROPE

Mol
Petten
Rez
Otwock Swierk
Menai
Pelindaba

[NUCLEAR
MEDICINE
EUROPE

Mol
Petten
Rez
Otwock Swierk
Menai
Pelindaba

Purified
Mo-99

Mo-99/Tc-99m
Generators

-

Generator
Manufacturer

Hospitals,
Pharmacies

B.Ponsard

15000

10000

6000

CV week

- - " 50
PRISMAP Training course



Mo-99/Tc-99m production

Pencior S Operating Mo-99 irradiation | Irradiation capacity per week | Irradiation capacity per year | Estimated end of
g days/year weeks/year (6-day Ci Mo-99) (6-day Ci Mo-99) operation

8 600 249 400 2036
HFR LEU 265 38 6 200 235 600 2030
LVR-15 LEU 210 30 3000 90 000 2028
MARIA LEU 200 36 2 200 79200 2040
OPAL LEU 308 44 3200 140 800 2057
SAFARI-1 3000 130 700 2030
ANSTO 3200 140 800 2057
CURIUM LEU 52 5000 260 000 Not Known
IRE LEU 52 3500 182 000 At least until 2032
NTP LEU 44 3000 130 700 At least until 2030

sckcen | feer *!

Source: B. Ponsard, SCK CEN  prISMAP Training course



Production strategies — Neutron activation

—— ® ®
e i T ®
. . PROJECTILES ® ®
Neutron activation AX(n,y)A+1X st E U —
e e—— 0 Q‘ / } :nacn NUCLEUS

— —A; -t -
A= Ntarget . Atarget' Gtarget . (I)l'eactor . (1 — @ “isotope 1rradlalton)

n,
Carrier added — 41X o), . ¢
= direct route
B.
) (n,y)
Non-carrier added - AX [ A+lx
= indirect route

52
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Production strategies — Neutron activation

I

PROJECTILES 0 0

CROSS SECTION 0

@
e TARGET-NUCLEU! S

Neutron activation AX(n,y)A+1X

Il

THICKNESS X

— iy .t; . .
A — Ntarget . Etarget' Gtarget . (I)reactor . (1 —e isotope lrradlalton)

Main factors that determine the production yield of the radionuclide

of intrest are:
g
* Energy of the neutrons and the neutron flux ¢
 Characteristics of the target material (purity, enrichment, matrix, ‘ il
dimensions) } \
« Activation cross-section for the desired reaction W

aJ T T ™y
mmmmmmm
........

Cross-section of '7¢Yb

53
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Radionuclide m Application Production method

PMo/?°MTc 66 h/6 h 235 fission
SPECT sEMo(ny) Mo
131] 8 d 23> | fission
13°Te(n,y)131Te—>131I
,1C 28 d 50Cr(n,y)51Cr
I153Sm 46 h 152Sm(n,y)'*>3Sm I
| 6" To 6.95 d o 180Gd(n,y)''Gd—-1¢"Tb |
Radionuclide
166Ho 27 h therapy 185Ho(n,y)'®*Ho
164Dy/(2n,y) 166Dy —166H0 I
|177Lu 6.65 d 76Lu(n,y)""7Lu I
176Yb(n,y)"77Yb—177Lu
| ooy 64 h 89Y (1, )20Y [
188\\//188Re@ 69.8 d/17 h 186\W(2n,y)188W — 188Re I
125 60 d - 124)g(n,y) 125X e —125|
rac era
‘192Ir 74 d y BY 191Ir(n,y)192Ir ,

54
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Neutron activation — Examples

Er 166 | Er 167 | Os 188 | Os 189 | Os 190
33.503 . 13.24

Ona < 7TE-D

c 1610 + 1040

Ru 99 Ru 100 Ru 101
12.76 12.60 17.06

005+ 040 T 233, e

IT(9), &
y 68

o 0.130

sclicen | imer >
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Production strategies — '’’Lu example

X ¢
176Lu(n,y)"7Lu (o, = 2057 barn) but '76Lu(n,y)""’"Lu (o, = 2.8 barn) LuMark’

Lu-177 chloride

Hf177 | Hf178 | Hf179

14m|1.09s RUELE 31a | 4.0 Wi 25.05 d 18.67 s RkXX]
23 o ¥ IT 257 ‘
277 |iT228.. y578 |ITs9.. (21), e7|IT

5 e 0267 EENEIEERE Y454 |161... ]
7. |y208 EEVEEEM: 326 [CEEEEEI63.. e G0.445§
1 379. + 37~1~ + 30 g vy 214 +41

176Yb(n,y)!"’Lu (o, = 2.85 barn) e“d°"l‘)‘e5it';

Y

5
m
e
2
32
m

Tradeoff between 2.599 160.4 ¢

£0.2
# ¥ 208
228.

» Specific activity Yb 176 \

’ + vu Bql;nl:r:"r
W === 11.4s [RVELIEN 6415
«  Chemical and radionuclidic purity \,285 >
150,62, - P .

— Depends on available target material and final application

*  Production yield

56
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Production strategies — '’’Lu example

176Lu(n,y)'"’Lu (o, = 2057 barn) but ""°Lu(n,y)"""™Lu (o, = 2.8 barn)

114s (VR TE 6.41s
A('77Lu) = 1115 TBq at EOI A('7mLu) = 86 GBq at EOI

— SA("7Lu) = 1115 GBg/mg T T T \
! X :
|
A('77Lu) = 527 TBq at EOI+7d ' LuMark® . e o T T =N
u-177 chloride I . .
— SA(""7Lu) = 527 GBg/mg ! SA > 500 GBq/mg at ART - ‘ ctivation parameters |
N . ! B 100% enriched target I
I
17%Yb(n,y)""’Lu (oy, = 2.85 barn) | @y = 3E14 neutrons/cm?/s !
A("77Lu) = 1.5 TBq at EOI ! . o b I - No epithermal or fast neutrons |
. endolucinY | | - I
— SA("7Lu) = 4106 GBg/mg : beta ; P No self-shielding :
|
A("7Lu) = 0.8 TBq at EOl+7d oA = 3000 GBa/mg at ART, | * 7daysiradiation |
............. - |
— SA("7Lu) = 4106 GBg/mg . 1 g target .
sckcen | mer A= Ntarget " Oth, target ° (I)th,reactor ) (1 o e_lisompe.tirr) ) e_lisompe.tmd 57
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Production n.c.a.

sckcen | 1w

Belgian Nuclear Research Gentre

177Lu — General approach

Transport

Transport

1. Ampoule
crushing
2. target
dissolution

—>

3. pH
adjustment
target
solution

®

| Loaded = gll;;l:iée
sample
Sample
— | separation 1 Stronger
interactions
Stationary
I phase Weaker
interactions
. Eluted
g; féﬂztc'ggi —hb br molecules‘%
77Lu conversion to chloride Target recycling
Final ['"7Lu]LuCl; for and QC
dispensing
QC

|
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Target preparation

Target criteria
* Properly sized to fit into the irradiation position/canister
« Sufficient amount to produce desired amount of activity

* Good heat transfer properties to prevent over-heating
during irradiation

* Thermally stable compounds to prevent pressure build-up
and target failure — typically metal or oxide compounds

* Provide a barrier to the release of radioactive products
Suality control during and after irradation

Target recovery and  Target material must be compatible with chemical
recycling processing steps to recover and purify desired radioactive
compoud

\Waste managems

59
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Target preparation

Target matrix should be suitable for neutron activation

— Radiolanthanides: typically Ln,O; target material sealed in a
quartz glass ampoule (1 mm wall thickness) in cold welded
aluminium irradiation can

Ln(N°3)'XH20 Ln203

More time-consuming target @ | Simple target preparation ©
preparation
Easy to dissolve for chemical © | More challenging to dissolve
separation
| H i Not h i

Blality control ygroscopic nature ® ot hygroscopic ©
Low thermal stability, increased ) | High thermal stability, ©

Target recovery and risk of ampoule failure enhancing target stability

recycling Lower density = lower loading ) | Higher density = higher ©
capacity loading capacity

\Waste manages

60
PRISMAP Training course




Target preparation

 Target matrix should be suitable for neutron activation

— Radiolanthanides: typically Ln,O; target material sealed in a
quartz glass ampoule (1 mm wall thickness) in cold welded
aluminium irradiation can

— Metal compounds (e.g. '8W rings, 17°Yb in SHINE process)

* Ampoule size limited to dimensions of aluminium irradiation can

— Relatively uniform, but small variations between different
research reactors

Quality control 6?&
Target recovery and If ﬁ
recycling ’

\Waste manages

61
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177Lu production — Target quality

Hf 170 Hf 171 Hf 172 Hf 173 Hf 174 Hf 175 Hf 176 | Hf 177 | Hf 178 | Hf 179
16.01 h 295s | 121h 187 a 236h 0.161 70.0d 5.24

) A 2.010"% a
g 125 24, 126,67 |e
v 165,621,120 [['=2 107 85 | v 124, 297, 140 |a 2.500 e
S 2 gm ___|m 311... c 549 v 343... 235, . . \
Lu 169 Lu 170 Lu 173 Lu 174 Lu 175 Lu 176

2.012d 6.70 d 137 a 142d ] 97.401 2.599

- = IT(59.), e
p... 272,79, 101... 'r45. &7, e';
T 84, 1280, 2042|iT (71) o r(%z

c 34.3 273..)

Yb 171 Yb 172 ‘ Yb 173 Yb174

14.216 21.754 16.098 31.896
|

)56 |01.3, 6p0 < 1E-6|c 155, ons < 1E-6l5 63, 0p 0 < 2F-5

v57,532..,e 141898 816
m p...
\
_______ N e, . Qs
177
sclcen |y L - ight affect target recycling _ 1 | Migh affect specific activity Tluy

Belgian Nuclear Research Gentre
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161Tbh production - Target quality

[B73.. [} £3W, L3D... T e [FE P272._ [SEZNIT 211, = [FEENED
153 | Dy154 | Dy155 [DYEEG Dy 159
Ah 3.0°10% a 9.9 h 0.056 144.4d
1. =
= Br09,1.1...
a 287 227 g ¥ 58, e”
Th 153 Th 154 Th 155 Th 156 Th 158
2.34d F2Th9994h 2150 532d 23h (244 h|535d 10.70 = 180 a
E T IT B8 =
z .. Lra S 3 z e ;534 B
L 7ly212,110,002 1420 P2 B |y 87,105, 180 F.. | |wes  |B : IT (110}
2 170, 83... T 1374... |262... F? |vso |azzz. [y (54). e g
151 Gd 153 / 6
20d 2404 d O D
1.08-10%* y)
103, 70...
43 o 2147, o 755 g 22460 0 100
Gne 0.007 One 0.033 3-). 3 9 do
150 Eu 152
369 a 96 m|2.312 hj13.51 413)!] m
£ = ' v
Br... 61 G 0.7
¥ 334 e ;' }1,5 IT o} e
233 ¥ 80... 3 Y 6B
524, A 101...
A9 []
———————— \ — — — — — — — — — 1

SCI{ cen +PR|5MHP

Belgian Nuclear Research Gentre

: Might create long-lived waste 1

a3, 037

IT 238

no
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161Tbh production - Target quality

|873... T LG, LS. T e [135...
153 Dy 154 Dy 155
4 h 3.0°10% a 9.9 h
1. .
= B*09,11..
o 2.87 v 227...
Th 153 Th 154
2.34d F2Th9994h 2150
2 s
g f... ELHS 3 =
L Tly212,110,202 420 e B
3 170, 83... i
151 Gd 153
20d 2404 d
1.08:10*a |,
v 97,103, 70...
43 o 2147, o 755 o 22460
Gno 0.007 Gne 0033
150 Eu 152
369 a 96 m|2.312 hj13.51
£ = '
Br... 61 G 0.7
¥ 334 e o }1,5
433 ¥o0... 3
534, ;
A9 []

SCI{ cen +PR|5MHP
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s, bl B

Tb 155
5.32 d

Z
v &7, 105, 180
262...

/]

MG |8 [v 166 |BIOp@53m]= [z72_ [SEENNIT 211, o [FBEgENNN[TED. c17_ |8 IT 238
Dy 157 8 Dy 159 60 6
8.14h & 144.4d
g ... 2
¥ 326... 0006 ¥ 58, e 0
Tb 156 Tb 157 Th 158 :
53h|244h 535d 7la 10.70s | 180a U
: |k :
; e IT [110] %0
B 'I;T5|:| 199 (54}, e- r
G .
i ¥
0
46.0 m
IT (D),
v 6B
101...
N
________ T
Might create long-lived waste 1 | MIght réduce

no e

Might reduce production yield

;| Ses/\ [Smer 1 (NG COUISE
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Stable isotope enrichment

 High radionuclidic purity and specific activity required
— (Highly) enriched isotopes needed

* Enrichment techniques

- Distillation — only works effectifiely when large relative mass differences between
different isotopes of an element — light isotopes

« Gaseous centrifugation — only works when gaseous compound of the element exists.
Most cost-efficient for enrichment of elements too heavy for distillation

 Electromagnetic isotope separator (EMIS) — magnetic and electronic forces separate
charged isotopic species. More costly to operate and smaller production quantities

T—
=

65
PRISMAP Training course

® +;
N PRISMAP
Belgian Nuclear Research Gentre




Stable isotope enrichment

BCHDﬂN

o-@- .-

Ni [ Cu Zrl Ga ESE Br Kr

Pd Ag _g:d In Sn |[Sb Te nxe

* Lanthanides

** Actinides

Ennichment by distillation, chemcal or
photochemical method

Ennchment by electromagnetic method

Mo ennchment possible, only a single
isotope in natwal product

sclkcen | i 66
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Stable isotope enrichment

No enrichment neede}
(a 5|ngle isotope)

~

Isotope import from
distillation process

\. J

/fSﬂtDpE import frnn;\

electromagnetic
separation

SIONS
O. . <> EU current su;;plv portfolio

\ (through gas centrifugation) /
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Quality control

Target recovery and
recycling

\Waste manage

Target material scarcity

Scarcity of highly enriched target material
 High enrichment factor and high chemical purity needed

 Very high dependency on Russian calutrons (WWII era
technology)

— Can separate almost every stable isotope, but costly to
operate and relatively small quantities only

— Market dominated by Russia

— Situation is slowly changing — but new initiatives are
expensive and time-consuming

— Most initiatives focused on 7¢Yb supply for 77Lu
production

Source: Co-ordinated Approach to the Development and Supply of Radionuclides in the EU -

N°ENER/D3/2019-231 - Final Report 68
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Quality control 4 £ LY

Target recovery 3
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Transfer of irradiated targets to hotcell for decanning
— Cooling of irradiated targets — decay of short-lived radio-contaminants

‘aCtlvatlon - — Opening of aluminium irradiation can

— Preparation for shipment in dedicated transport containers
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Transport of activated target material

[ E(.f " - il g =" @
K | ﬂ-l —ﬂﬂ ILQ\
Radiochemical

Reactor processing facility
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Isolate radionuclide from target matrix

Develop efficient separation methods, guaranteeing
« High quality end-product
« High target recovery and regeneration
» Appropriate waste management

Easy scale-up and cost-efficient RS
« MBq scale — GBq scale S

_ « GBq scale — TBq scale

fargfite overy and « Simple, robust and fast

fcydmg A  Automated and remote-controlled

P aWeontrol * Insensitive to target contaminants
« GMP compliant

' \lood Le B D
Lu:Yb ratio 1:104-106

Waste managems 7
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Lanthanides — Separation strategies

Small difference in affinity for coordinating ligands
* Extraction chromatography

* Extractant physically impregnated onto solid support Mobile phase
 Heavier lanthanide binds stronger to extractant AR v v v v
* Lighter lanthanide elutes first I—‘ LI

» Strong cation exchange
* Functional groups resin (usually SO3’) I:J
 Chelating ligand in mobile phase Ny N e - :J Sy
* Heavier lanthanide binds stronger to chelating ligand |_| |_|
 Heavier lanthanide elutes first Ln#1 Ln#2

— Obtain high-purity fractions
— Separate micro amounts for macro amounts

73
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Extraction chromatog
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Strong cation exchange method

0.13 M 0.175 M 0.5 M 1M
: * Crashed 1 00 'S.b.sc Sm. ) Zn .CO’CE
ampoule
1 Syringe 1 - 80 i Eu
— — Yb ¢
Pump 2 Pume 1 35"‘ it 101 Tb Nd Ir
I o
. Syringe 2 E‘ 60 i ]
Filter — - N C__FHoosmi = Gd
< 40 I
coumn funa) - :
4 E * I
20 - / |
Reactlo.n vess:-el ® ®
-+ [target dissolving) 0 s i. \ / \
] | 9"’ 0 20 40 60 80 100 120 140 160 180 200
e borle Volume (a—HIBA) [mL]

Fig. 2 Schematic diagram of the

sckcen | 1w
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'®'Tb chemical separation system

Fig. 1 Elution profile of '*'Tb separation from the irradiated target material and side products (10 mm x
170 mm Sykam resin column, 8 mg '*Gd,03, 0.6 mL/min eluent flow rate)

N. Gracheva et al, EENMMI Radiopharm. and Chem., 2019 75
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Separation

] o o [

Production environment — typically hot cells in a clean room facility

Lead shielded hot cells

Processes (fully) automated
Hot cells equipped with telemanipulators for remote handling

Rarg@ifeCovery and
ecyClng

tkﬁuu/conwot

Waste managenis 76
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Waste managenis

Separation

] 2w o J e

Production environment — typically hot cells in a clean room facility
» Lead shielded hot cells

* Processes (fully) automated

» Hot cells equipped with telemanipulators for remote handling

« Dispensing and sterilization

« Packaging
Dose calibrator Dispensinginte Autegsg Activity
177y bulk vial activity ) utociaving measurement
vials vials d kag]
measurement and packaging
p
. Ti
A *
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High quality product — Tested according to Eur. Phar. guidelines

Needed to guarantee product quality for medical use

Radionuclidic purity (gamma spectrometry)

Chemical purity (1CP-MS/ICP-OES)

Radiochemical purity (radio-TLC)

Activity concentration (dose calibrator)

Specific activity (dose calibrator + ICP-MS/ICP-OES)
Radiolabeling (apparent molar activity) (radio-TLC)

Biocompatible (endotoxin + sterility)

* Certificate of analysis

78
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Certificate of Analysis

EndolucinBeta 40 GBg/ml Radiopharmaceutical precursor solution

Lot No.: Lu-22-346-01 Time of Manufacturi
o ime of Man "9 |13 08.2022 11:00
Serial Nou: 11103081-0-0 [CET]:
Customer: SCKE-CEN
Activity [GBq]: 8.3 ART [CET]: 20.06.2022 12:00
Vaolume [pl): 238 Expiry Date [CET]: 22.08.2022 11:00
Chemical Form: Lu {3+) in aguecus 0.04 M HCI solution
Packagimg: 2 ml type | glass vial, closed with fluorotec coated bromobutyl septum and center
hole crimp cap
Test Specification Unit Result
Activity per Vial 1 (@0- 110 % complies
of the activity stated on the label
Radioactivity Concentration 1 38-44 GBg/ml |22
(Dose Calibrator)
g Appearance Clear and coloress solution n.a. complies
ldentity Lu-177 113 ke gamma line sxisting na. complies
(Gamma spectrometry) 208 ke gamma line existing
ldentity Chloride (Ph. Eur) White precipitate visible n.a. complies
pH value (pH indicator strips) 1-2 n.a. complies
Specific Activity (ICP-M3) 2 |z 3000 GBg/mg | 3020
Chemical Purity (ICP-MS) Fe= D.25 pgiGBq | <0.01
cormected to Lu-177 activity at EQOS Cus= D5 uglGBg | <0.1
Zns 05 ug/GBg | =0.1
Pb= 0.5 pgiGBg | <01
Yh-176 = 0.14 ug/GBq | <0.01
Sum of impurities £ 0.5 pgiGBg | <01
Radionuclidic Purity 3 |¥E-175= 0.01 % <0.01
{Gamma spectrometry) Sum of other impurities £ 0.01 % <001
cormected to Lu-177 activity at EOS
Radiochemical Purity (TLZ) 2 00.0 as 177LuCI3 % 100.0
" et = Q Radiolabeling Yield (TLC) 2 88.0 % 909
aI g eI y a based on radiclabeling with Lu-177 of
DOTA-dervate, molar ratio 1:4
f ecyC Bacterial Endotoxins (Ph. Eur.) = 20 EUml | <2
Sterility (Ph. Ewr.) Sterile n.a. Sample taken
1 Result taken from In-Process Conbrol, value decay-cormectad o ART ART. Activity reference time
2 Result taken from Release | Retest of AP, value decay-comacied bo ART EO%: End of shelf e
\X/aste l’ﬂaﬂag 3 Result taken from Release | Refest of AP, value decay-comected to EOS - D05 Result
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Transport of purified radionuclide

. ! ° ' ,\_/"\. N\
e "‘r | L& i . S8

;. \ R §©

Radlopharmaceutlcal
company

Radiochemical
processing facility

Hospital
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Target
Recycling
v

 Target material is scarce and highly valuable
* Needs to be recovered from separation process matrix
— Conversion to the oxide (or other suitable compound)

* Needs to be suitable for re-irradiation, i.e. safe handling by

reactor operators (acceptance criteria set by reactor
management)

» Removal of long-lived radio-contaminants

— Decay strategy

Target recover
recycling

— Reprocessing strategy

« Proper characterization and QC

Waste manage 81
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Irradiation

Radio-chens
processing

Quality contiial

Target recoNs
recycling

| Waste mar

) ) N

* ldentification of long-lived radio-contaminants in each fraction

* Depends on purity of target material

« Appropriate waste collection and treatment strategies
* Liquid waste
+ Solid waste

« Appropriate selection of materials used for irradiation (e.g.
quartz quality)

— To be considered during design of the radiochemical process
and selection of appropriate target material!
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Nuclear research reactors are
powerfull thermal neutron sources

Crucial for manufacturing of

medical radionuclides
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27 EU

Medical Radionuclides
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