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Outline

e Standard radionuclides in medicine for patient care

 New radionuclide applications: novel radionuclides

e Emerging production methodologies

e Exotic routes of production

e Accelerator-generated neutrons and photons for production
Example: ?22°Ac (diversity in production methodologies)

e Conclusions and perspectives
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Radionuclides Commonly used in
Nuclear Medicine

Diagnostic Radionuclides

= For SPECT = For PET

y-emitters (100 — 250 keV) B* emitters

9mTg, 123] 201T] 1C, 13N, 150, 18F,
(used worldwide) %8Ge (%8Ga), 82Sr (°2Rb)

(fast developing technology)

Therapeutic Radionuclides (in-vivo)
- B'-emitters (32P’ QOY’ 131|, 153Sm, 177|_u)

- a-emitters (211At, 223Ra)

- Auger electron emitters ('In, 129])

- X-ray emitter (193Pd)

(increasing significance)

About 60 million patients investigated per year.
Production methods generally well developed.

IJ JULICH
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Changing Trends in Medical
Radionuclide Production

e Some concerns regarding production of standard
radionuclides

- Insufficient batch yield of the product

- High levels of radionuclidic and chemical impurities
- Low specific activity

- Jeopardy in the supply chain

Improvement efforts are constantly underway

 Major research efforts are, however, devoted to
development of novel radionuclides

- Needs depend on new medical applications

9 JULICH
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New Directions in

Radionuclide Applications
 Theranostic approach

(combination of PET/Therapy: Personalized medicine)
64Cu/67Cu, 86Y/°0Y, 68Ga/1""Lu, etc.
(“matched” or “analogous” pair)
Radiation dose assessment via PET
* Bimodal imaging: MRI/PET
(use of radioactive contrast agents: °2Mn, %2Fe, 147Gd, etc.)
e ImmunoPET
(tumour localisation using antibodies labelled with positron emitter, e.g. 89Zr)
 Radionuclide targeted therapy
(use of B~ or a-particle emitter, e.g. 18%Re or 22°Ac)
* Radioactive nanoparticles (preliminary stage)

Metallic radionuclides are versatile.

9 JULICH
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Radionuclide Targeted Therapy

= Direct use of metal radionuclide rather seldom
= Special demands on radionuclide and chemistry

(trivalent metals very attractive)
Chelator

Scheme ¥
- Radiometal (chelator)
- Linker

- Targeting vector

Targeted
cell

Targeting vector

Radiometal

« Radiometal tightly coordinated to chelator (DTPA, DOTA, etc.)
« Linker (amino acid, PEG, etc.) connects chelator to targeting vector
« Targeting vector (peptide, antibody, etc.)

(reaches biological target through cellular receptor, antigen, etc.)

IJ JULICH
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Novel Radionuclides in Medicine

= Non-standard positron emitters
- to study slow metabolic processes

- to quantify radiation dose
Examples: #*9Sc, 92Mn, %2Fe, 9°Co, 64Cu, %8Ga, 83Sr, 86Y, 897r, etc.

= Novel low-range highly-ionising radiation emitters for targeted
radionuclide therapy
Examples: 4’Sc, 6’Cu, %1Tb, 177Lu, 18Re (B -emitters);

117mgn, 193mpt (Conversion and Auger electron emitters);
211AtL, 22°Ac (o-emitters)

This talk gives an overview of developing methodologies for
production of some radionuclides.

Emphasis is on metallic radionuclides.
(especially trivalent metals, e.g. rare earths)

9 JULICH
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Four Pillars of Radionuclide
Development Work

Nuclear data
- decay properties
- production cross sections

= Developing irradiation technology

= Chemical processing
- isolation of radionuclide and recovery of enriched target material

= Quality assurance

- radionuclidic, radiochemical, chemical, specific activity

In this talk, some selected aspects are discussed.

9 JULICH
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Emerging Production Methodologies

- Selective use of nuclear reactors
(production of special therapeutic radionuclides)

Versatile use of small medical cyclotrons (E, <20 MeV)
(production of non-standard positron emitters)

Special use of medium-sized cyclotrons delivering
o-particle beams

Increasing use of intermediate energy

cyclotrons/accelerators
(growing interest to produce therapeutic radionuclides)

Use of LINACs

IJ JULICH
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Selective use of Nuclear Reactors in
Production of Novel Radionuclides

« Conventional reactors

&

Examples:  4’Sc (T.,= 3.3 d) via 4Ca(n,y)*’Ca (T.,= 4.5 min) =
161Tb (T,,= 6.9 d) via %°Gd(n,y)'®'Gd (T.,= 3.7 min) i
177y (T,,= 6.7 d) via "78Yb(n,y)"77Yb (T,,= 1.9 h) 5

1538m (T,,= 1.9 d) via '52Sm(n,y)'%3Sm, followed by mass separation

(ORNL, Missouri, McMaster, Mol, Warsaw, Sydney, Buenos Aires, Seoul, Beijing,
Mumbai, Islamabad, Cairo, etc.)

(Enriched targets; emphasis on chemical separation and quality assurance)

- Fast breeder and power reactors
- Simulation studies on 2?6Ra(n,2n)??°Ra reaction for production of 22°Ac (T.,= 10.0 d)
(Investigations underway in Japan, USA, etc.)

9 JULICH
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Selective use of Nuclear Reactors
(cont'd)

* TRIGA reactors

Examples: 64Cu (T.,= 12.7 h) via 83Cu(n,y)?*Cu, followed by Szilard-Chalmer’s process

67Cu (T,,= 2.6 d) via 87Zn(n,p)®’Cu

19Au (T,,= 3.1 d) via 19%Pt(n,y)1%°Pt (T,,= 31 min) iX

Small scale production
(Mainz, Vienna, Ljubljana, Dhaka, etc.)

See several contributions on Reactor Production under
Track 1.1 of this conference

9 JULICH
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Versatile Use of Small Medical Cyclotrons
(E = 20 MeV)

About 600 small cyclotrons in operation; ca. 1000 more being installed
Patient care via PET; novel radionuclides for research

Two e-learning courses on radionuclide technology organised
every year jointly by Korea, IAEA and WCI
(see contribution by Qaim et al in Track “Education” of this conference)

« Technology using gas/liquid targets for routine production of PET
radionuclides is well developed and commercially available.

* Technology for production of non-standard positron emitters using enriched
small solid/solution/hybrid targets is under constant development.

 Critical evaluations of existing nuclear data have been done by IAEA
(see Medical Portal).

see several contributions under
Track 1.2 of this conference

9 JULICH
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Production Methods of Non-Standard Positron Emitters
First Developed at FZJ using Low-Energy Reactions on
Highly Enriched Targets

Major production = Energy range

Nuclide route [MeV] Application
38K (7.6 min) 38Ar(p,n) 16 — 12 Cardiology
51Mn (0.8 h) 50Cr(d,n) 10— 4 B‘?;,"Ed;‘magl‘)”g
55Co (17.5h) 58Ni(p, ) 15— 7 Tumour imaging;
54Fe(d,n) 10— 5 neuronal Ca marker
61Cu (3.3 h) 5"Ni(p,n) 15— 7 Theranostic
64Cu (12.7 h) 64Ni(p,n) 12— 8 Radioimmunotherapy;
Theranostic
SBr (1.6 h) 74Se(d,n) 12— 8 Bromopharmaceuticals
"®Br (16.2 h) 6Se(p,n) 15— 7 Radioimmunotherapy
82mRb (6.5h) 82Kr(p,n) 14 — 10 Cardiology
86Y (14.7 h) 86Sr(p,n) 14 — 10 Theranostic
%mTc (0.9 h) %Mo(p,n) 13— 8 Quantification of SPECT
120] (1.3 h) 120Tg(p,n) 13— 8 lodopharmaceuticals
124] (4.2 d) 124Te(p,n) 12— 8 Tumour targeting; dosimetry

For list of original references, cf. Qaim, Nucl.Med.Biol. 44, 31 (2017).

« Suggested production methodologies for 4Cu, 86Y and 124] taken over by industry
* |n some cases new accurate cross section measurements needed near reaction thresholds.

9 JULICH
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Cross section (mb)

Nuclear Data Near Reaction Threshold
Example: Yttrium-86 (Theranostics)
(T.,=14.7 h; EC =72.8 %; B* = 27.2 %)

8Sr(p,n)®Y reaction
Data discrepant (shown by Zaneb et al, ARl 104, 232 (2015))
New measurement under international cooperation (FZJ, LBNL, Debrecen, Dhaka, GCUL)

Uddin et al, RCA 108, 747 (2020)

1600
1 86c.. 86g+xm ® 88.inch (LBNL)
| Sr(p,n) Y e BC1710 (FZJ) = Good agreement between
O Roesch et al.,, 1993[8] .
O A LevKkovskii ¥0.82, 1992[26] new exPerlmental data
1200 - X Delaunay et al, 1963[25] and theory
Polynomial fit
R = Good agreement between
] ¢ calculated yield and batch
800 - : ‘% % production yield
= Discrepancy removed
400 - = For production at low-
1 energy accelerators,
I accurate measurements in
0 +4or————— : threshold regions are

5 10 15 20 25 30 recommended

Proton energy (MeV) ‘J J U L I C H

Mitglied der Helmholtz-Gemeinschaft February 2026 15 Forschungszentrum



Special Use of Medium-Sized Cyclotron

with an a-Particle Beam

For detailed review see: Qaim, Spahn, Scholten, Neumaier RCA 104, 601-624 (2016)
Commonly Produced Medical Radionuclides

Radionuclide  Nuclear reaction Energy range Application

30P (2.5 min) 2TAl(a,n) 24 — 10 MeV PET

38K (7.6 min) 35Cl(a,n) 22 — 7 MeV PET

""Br (57 h) >As(a,2n) 28 — 16 MeV SPECT

21At (7.3 h) 209Bi(a,2n) 28 — 10 MeV Targeted a-
particle therapy

Clinical scale production of 211At constitutes major application of the a—particle beam
(Consortium of laboratories in USA, Europe and other countries)

a-particle beam especially suitable for production of Auger electron-emitting isomeric
states, e.g. 1177"mSn, 193mpt, 195mpt

Production of tracer quantities of some rare-earth isotopes is possible.

a-particle induced reactions are under investigation in many

laboratories. 9 JULICH

Mitglied der Helmholtz-Gemeinschaft February 2026 16 Forschungszentrum



Increasing Use of Intermediate Energy

Cyclotrons/Accelerators
(E =30 -200 MeV)

« Growing interest in production of radionuclides using both protons and
deuterons of intermediate energies

* Production using both charged particles and secondary neutrons is
under investigation

(Most of the studies, however, deal with cross section measurements)

Examples: (Use of Charged Particles)

28e (T, = 8.4 d; EC (100%)) =22 40— 70 MeV

2As (T,, = 26.0 h; B* (88 %); EC (12 %)) PET

§7Cu (T,, = 2.6 d; B~ (100 %)) 30— 80 MeV 8"-Therapy
225A¢ (T, = 10.0 d: a (100 %)) 100 — 200 MeV a-Therapy

Several laboratories are engaged in this area of work

IJ JULICH
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Selenium-72 (T,,= 8.4 d; EC (100 %))
(Parent of positron-emitter Arsenic-72)

Mitglied der Helmholtz-Gemeinschaft

Several production reactions investigated

Intermediate energy protons on "°As very promising but database was weak.

DeGraffenreid et al. RCA 107, 279 (2019) and Fox et al, PRC 104:064615 (2021)
extended the database, but discrepancy observed

SAs(p,4n)’2Se Reaction

160

€ Nozaki et al. (1979) [18]
4 M
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Theoretical analysis of data by
Amjed et al. RCA 109, 525 (2021)

- Nuclear model calculations describe
the data well up to 45 MeV. Beyond
that energy they differ widely.

* Production of 72Se is feasible.

« Small scale "2Se/"?As generator
production has been
demonstrated.

Extensive theoretical, experimental and technological work

is needed above 50 MeV.

February 2026
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Copper-67 (T,,=2.6 d; B- (100 %)

Useful for targeted radionuclide therapy

Charged Particle Production
0Zn(p,x); °Zn(d,an); ®8Zn(p,2p); **Ni(a.p)

Nuclear data measurement

35-:
] and analysis

ZC s (Julich, Lahore, Ispra,

1% Nantes, Legnaro, BNL,

2 2 Chiba, Seoul, etc.)

g o

* ] / Production

s 7 7znd,an) , - via $8Zn(p,2p)¥’Cu E, = 80 — 30 MeV

(BNL, Gunma)
e - via %Zn(p,0)*Cu E, = 30 — 20 MeV
Ni(a,p) -1
(Julich, Dresden, Seoul, etc.)

| e ] g I ' T d 1 ¥ 1 n ] " 1

10 20 30 40 50 60 70 80
Incident particle energy (MeV)

= (Clinical scale production of 6”Cu using both (p,2p) and (p,a)

reactions has been demonstrated. 9 JUL|CH

Forschungszentrum
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Exotic Routes of Production
 Heavy-ion Induced Reactions

(in combination with radiochemical separations)

Example: Production of some special rare-earth radionuclides
cf. review: Naskar and Lahiri RCA 110, 725-737 (2022)

Yield of product is low; only tracer quantities available.

e Spallation Process

(in combination with on-line mass separation)

CERN/PSI;
Example: 14°Tb (a-emitter); 152Tb (B*-emitter) CERN/MEDICS;
) ] . other Projects
Extensive technological effort is involved.

(see several contributions under Track 1.3 of this conference)

Alternative low-energy (p,x) and (d,x) reactions on enriched target
isotopes are under investigation, e.g. 1°2Gd(p,n)’°2Tb at Saclay.

@) JULICH
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Use of Accelerator-Produced Fast Neutrons

o d/Be beak-up neutrons for radionuclide production via (n,xp) reactions.
cf. Spahn et al., RCA 92, 183 (2004); Al-Abyad et al., ARI 64, 717 (2006).

Production of d/Be neutrons Neutron spectrum and excitation functions
Qaim JRNC 322, 1257 (2019)
ye TENDL 2023
E{Jﬁiiﬂg k 200
water Flux g’ e d(Be) neutron spectrum ]
= ‘ monitor foils Dy 18OF (Eq=30 MeV, 0°) ]
WS T;-é zan 882n(n,x)®7cu 1™ r_g
c @ =
d-beam \:’, e £15 100} J.., £
I l :> §§ I I I:‘ Neuh—ons %g 75 :100 §
Be-target—{Z24") £2 1 £
% i~ Jo &
Samples 8 as|
f=—50mm —=] i ! LA i 1 o
"o 5 10 15 20 25 30
Neutron energy (MeV)

Clinical scale production of 6’Cu through 8Zn(n,np) reaction demonstrated
Nagai et al., Front. Nucl. Med. (2025), 5:1657125

Further development of technology is called for

IJ JULICH
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Use of Accelerator-Produced Fast Neutrons
(cont'd)

- d(Be) break-up neutrons also useful for radionuclide production via (n,2n) reaction

Example:

- Experimental and simulation studies on 226Ra(n,2n)?2°Ra 5 225Ac (Berkeley)

« Development of highly radiant proton accelerators to produce fast neutrons

- in progress in several laboratories (e.g. Mol, Julich, Lanzhou, etc.)

Examples of potential use in production of

- 100Mo(n,2n)**Mo E, oo

ECB"
- 124Xg(n,2n)123Xe —— 123|

- 225Ra(n,2n)??°Ra B 225

Extensive technological and radiochemical efforts are involved

9 JULICH
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Use of Photon-Generating LINAC in
Radionuclide Production

= Photonuclear Reactions: (y,p), (y,n), etc.
Considerable progress in technology for photon production

Photon production target Bremsstrahlung spectrum and data of
photonuclear reactions
Ly —— Photon flux 1 4es
- - = "%Mo(y,n)*Mo .
10 0 ——— **Ti(yp)*’Sc b
.g - 120 —~
@ 10? | £
- N E{ -_1005
\/\/\7’ o 10° {80 B
e - | 5a
Y S 10* 1% £
Sample § 440
Water-cooled i e
Tungsten o la
converter . CI) é 1I0 1I5 2I0 2I5 3I0 3IS 4l0 45

GBq amount of 87Cu produced in USA via %8Zn(y,p)- procEé“asrgsy Urther efforts continue

at several places to produce other isotopes, e.g. 4’Sc, °Mo, 22°Ac, etc.

IJ JULICH
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Example: Production of Actinium-225
(T.,=10.0d; E, = 5830 keV; |, = 100%)

(targeted a-particle therapy) useful in itself as well as for providing 2"3Bi (T,, =
46 min; E_, = 5900 keV) through generator system.

Production Routes

Separation from nuclear (max. 100 GBq Karlsruhe, ORNL

waste per year

226Ra(p,2n)?2°Ac Radioactive target; cross section Karlsruhe, Minchen,

E,=15-30MeV database weak; technology partly several companies in
developed Europe and USA

232Th(p,x)??°Ac Cross sections measured; Los Alamos,

E, =100 - 200 MeV technology in development Brookhaven, Moscow

226Ra(y,n)225RaB__)225 Ac  Inconcept (LINAC based) USA/Canada

226Ra(n,2n)225RaB—>225Ac In concept (Reactor and USA/Japan
accelerator based)

All methods of 22°Ac production need further development.

9 JULICH
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Conclusions and Perspectives

* Medical radionuclide production technology is well established;
yet constant research is mandatory to improve the quality of
known products and to develop novel radionuclides.

= Research reactors and low to medium energy cyclotrons will
be further used for production of radionuclides.

= Small medical cyclotrons are ideally suited for production of
standard and non-standard positron emitters. Targetry is
demanding. Accurate data in threshold regions are needed.

= g-beams are useful for production of special radionuclides.
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Conclusions and Perspectives
(cont'd)

* Enhancing use of intermediate-energy charged-particle accelerators
in production of therapeutic radionuclides.

» Efforts are underway to produce radionuclides using high-energy
photons from LINACs and fast neutrons from highly radiant
Intermediate energy accelerators.

* Increasing significance of mass separation methods.
* Increasing need of modern separation techniques.

» Radionuclide research for medical applications is a vibrant field; its
future perspectives are very bright.

9 JULICH
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