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Ion Beam Analysis

Brief recall about the use of o beams in industry T

e MoV SiMS
ISR Using heavy ions melecular B
— analysed using ToFF Mass :\{k_/ = o ﬂ.
J - ..-‘ Spoctromelry  gputterad [ ;t;;g:s_:;;ﬂhl;(
The use of a-particles beams from a few MeV up to 25/30 MeV, has found valuable ’;7?'/.-" e
applications in the last decades in many fields, ranging from material characterization ' S T
analyses up to some manufacturing process in the industrial sector: it N /
{ (@) ) S
1. lon Beam Analyses (IBA) > RBS, ERDA, PIXE PIGE..... N e e A -
'._\ :ﬁﬂ‘?‘:ﬂchonsgwe charactenstic E:::;:‘ausippt;:ﬁ:m Fm;::.‘;“.:;?;ﬁﬁ:
2. New materials (i.e., composite ones) development -, resistance/hardness ( (@) ) ST eetaied ot
ipe g . . . . .. e N From https://uknibc.co.uk/SIBC/IBA.ph
performance modifications in micro-nano structured materials that have application in o —————— 2 _//_ - /SIBC/IBA.php
different sectors, like electronics, optics, aerospace, etc. Newtron Fe-15Cr-45Hi
radia
. . . . . . . 1450 "G to Fe-15Cr-45HI
3. Nuclear industry = high damage level in the lattice of structural materials receiving Em- 125 dpa mE
. - Fa-18Cr-258Hi Unirradiated
high neutron fluence levels (> 108 cm2), located: i
. .. e Fe-15Cr-25MI
a. close to core in fission fast nuclear reactors;
. . . From IAEA Nuclear Energies Series No. NF-T-2.2
b. inthe blanket region of future (e.g. ITER/DEMO) fusion power reactors,

caused by (n,xa) reaction routes—>, large productions of helium gas. These processes are

still very little known.

Accelerators (or alternative sources) able to provide 20 MeV or larger a-particle beams with

nA up to mA intensities may allow to conduct such studies.
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Other potential use of a-beams: emerging radionuclides (RNs)
production for Nuclear Medicine (NM) applications

* The new frontier of NM is the “theranostic
approach”, i.e. RNs combining properties specific for_
imaging and those for radiotherapy (e.g. local tumors

treatment) by using a single radiopharmaceutical ~_ /
product.

DNA

Therapy

* The most important theranostic RNs known
nowadays, i.e. having a nuclear decay pattern
suitable for both applications are

47Sc, ©7Cu,®*Cu, ¢’Ga...others...still to be found THERAPY (+ DIAGNOSTIC) = THERANOSTIC

* The theranostic approach may be also obtained with “theranostic pair” i.e. Isotopic RNs, one

specific for imaging, while the other one for therapy. The most known pairs belonging to this group
are 43/44Sc/47Sc, 61/64Cy /67Cu, 68Ga/67Ga, 149/152Th/155/161Th  and others ...still to be found
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Radionuclides & Radiopharmaceuticals: the essential probes in NM

4 Radiopharmaceutical: how it’s made )

Radioisotope

Provides the signal emission
by decay radiation

\v-ray f8 ][ﬂ S a ]

Chelator

Molecule holding one (or more)
radioisotopes in a stable way

Targeting agent

Small molecule or biological agent (Ab, ecc..)

- Biological target
(e.g. tumors cells)

Linker
olecule joining the chelator to
targetting agent

Better if overespressed by target cells

O)L Precision
Linker Medicine
o HN/YN\)L /b 0}_\
chelator ) NH, Otsese N
Ej I ‘"/\” {W LN‘C ‘N;" cooH THERANOSTICS
§ ;u / . |
Oy 0., Tc ...... 0:/( OH /"“‘ )j\ COOH ] Ta Molecular I
SO me exam p I e S Radionuclide Imaging
" Therapy Diagnostics//
[**™Tc]Tc-HYNIC-TOC [(4Cu]PSMA-617 L.
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The new scanner technology of hybrid tomograph




NM procedures in the world: some reference data (pre COVID-19 yrs)

In recent years (2018-2019) there have been about 40 MILLION clinical procedures in the world making use of

radionuclides (about 13 every 10 seconds!!).

* The demand for RNs in NM is growing at a rate ~ 5% every year.

* The use of radionuclides for imaging/diagnostic grows by an average of 10% every year.
In the USA more than 20 million procedures are conducted per year while in the EU there are about 10 million and in Australia, 560,000.

The Global Nuclear Medicine market, 2017-2030

NM procedures per year (world) - years 2018-2019: 40+ million

Therapy
PET total 8%

0, .
Other SPECT %

5%

USS$ billion

2030
= Radiotherapeuti © MEDraysintell 2018

80%
2017

B SPECT Tc99m M Other SPECT W PETtotal ETherapy

Source: * The global NM market reached ~ 5 billion USS in 2017, with a growth

WORLD NUCLEAR ASSOCIATION (https://world-nuclear.org) trend (pre—Covid 19) Of 5_7% (2016 data).

TECHNOPOLIS GROUP (https://www.technopolis-group.com/)
MEDraysintell (hitps:/fwww.medravsintell. com/) - _Growth is estimated between 14 — 26 Billion USS in 2030
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Trends in the search for new PET radionuclides: some reference data
(pre COVID-19 yrs)

* The expected growth rate (CAGR) for the use of PET « Trends in publications in the last 20 years (2000-2020)
radionuclides in the coming years is of the order of regarding the clinical and research uses of PET radionuclides:

5% (2019 estimate)

. PubMed search (Sept. 2021) number of publications on PET diagnostic radioisotopes
PET procedures sharing per year (world) - years 2018-2019 450

Ga-68, Cu-64, Zr-89, Rb;sz o 200
-124,C-11,N13, 015 4% ™ Ga-68 mCu-
6%

350

Zr-89 mSc-44

ml-124 mC-11

N
[
o
PUBLICATIONS

oo Ll.l.l.Ll.llthIll )

EF-18 B Ga-68 Cu-64 7Zr-89 1-124, C-11, N13 015 Rb-82 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
’ ’ ’ ’ ’ ’
YEARS

Fonte: PubMED search engine (Sept. 2022)
WORLD NUCLEAR ASSOCIATION (https://world-nuclear.org) Search criteria (e.g. Ga68): Search query: (68 Ga) OR (Ga 68) OR (68Ga) OR (Ga68) OR (68-Ga) OR
TECHNOPOLIS GROUP (https://www.technopolis-group.com/) (Ga-68) OR (68-Gallium) OR (Gallium-68)

MEDraysintell (https://www.medraysintell.com/)
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Radionuclides used in Nuclear Medicine

Gamma-Emitting Radionuclides Positron-Emitting Radionuclides
Isotope Half-life (hours) Decay Mode* production Half-life Max. Energy range(mm) production
11 20.4 mins 0.96 MeV 0.4 mm cyclotron
Tc-99m 6.0 IT generator
N—13 9.96 mins 1.20 MeV 0.7 mm cyclotron
1-123 13.0 EC cyclotron
0-15 123 secs 1.74 MeV 1.1 mm cyclotron
Tl-201 73.5 EC cyclotron F18 110 mins 0.63 MeV 0.3 mm cyclotron
In-111 67.3 EC cyclotron Cu—62 9.74 mins 2.93 MeV 2.7 mm generator
Ga—67 78.3 EC cyclotron Cu-64 12.7 hours 0.65 MeV 0.3 mm cyclotron
Ga—68 68.3 mins 1.83 MeV 1.2 mm generator
Br-76 16.1 mins 1.90 MeV 1.2 mm cyclotron
Alpha'Emitting Radiﬂnudides Rb—82 78 secs 3.15 MeV 2.8 mm generator
N Deca I De -124 4.18 days 1.50 MeV 0.9 mm cyclotron
Radlio de = =
. 3-emitting Radionuclides
Th-149 4.12 min 4077 (B+) 352
Bi-212 60.6 min 8785 727
64.00 h B 2280.1
Bi-213 45.7 min 8378 440
=] 8.02d B, v 970.8
Ra-223 11.4d 5348 269 !
153 =
Ra-224 3.62d 5094 241 = Lo By S
89 -
Ac-225 10.0d 5450 86 Sr 50.53d B 1496.6
177 =
Th-226 30.9 min 6338 111 Lu 6.73d By 498.3
Th-227 18.7d 5562 236 '%8Re 16.98 h B v 21204
Fm-255 20.1h 7022 16 185Re 3.72d B, Y 1069.5
32p 1426 d B 1709.0
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Some key points about established/emerging RNs p

* Most of RNs nowadays used in NM are massively produced by
using nuclear reactors (e.g., M099/Tc99m generators, the
most used radionuclide worldwide).

* Particles accelerators (p,d,alpha .....), e.g.cyclotrons/linacs (org
e-linacs producing a y-source) are becoming the alternative
supplying route of choice. (in some cases, the only way). Not
only for already established RNs, but also for the new
emerging RNs.

* To select the optimal RNs’ production pathway, it is
mandatory to probe all the possible nuclear reaction routes
(xs measurements) and determine the full map of isotopic.
contaminants.

=/
e iy

roduction for NM

Typical target (plate@

| density LEU-AI alloy

target solido ™

25 um foils

“ast target
Proton, deuteron ° = = — =

Target
oralpha beam

backing cooling

target Gas/liguido

Gas/liquid volume
| iradiated

Gas/liquid under
pressure

* For most of them optimal production route$
still needs to be cleared/investigated.

"zn(p.a)’cu
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Production of established/ emerging RNs in NM (some examples)

YT ACSITR 19/300 Cyclotron, »

Most accelerator-based radionuclides are nowadays,
produced by public/private facilities by using proton
beams:

- large network of low-energy Small Medical Cyclotrons
(SMC) ( Ep<20 MeV) based upon the well-established

The Cyclone-30 (15-30 MeV, 350uAmax)

Protons: 14-19 MeV, >300 LA (up to ~6 kW)

H- ion source technology (100% efficiency extraction by possible dual particie accelerations isotope-producing cyclotron, Kolkata-based
. . . Radiopharmacy and cyclotron unit Sacro Cuore VECC India
using stri pper foi IS) Don Calabria Hospital, Negrar (VR) Italy

- e.g. ACSI TR19/300 Sacro Cuore Don Calabria Q

Hospital (Negrar, VR) or IBA 18/9 (e.g. LENA, Pavia,ltaly); | ﬁ ;;_

- some mid-energy p,d,(ct) cyclotrons (i.e. Ep 20-35 MeV)
— e.g IBA Cyclone -30, Kolkata Research Center, India;

@5'7

The BEST BCSI 70p: dual exit , - The IBA Cycl -70: dual exit ..
> e.g. ARRONAX (France), ZEVACOR (Us), LARAMED W s ToMey, TS0pA max ~ W 3070 MeV, TS0uA max

- afew high-energy p,d,(a) cyclotrons (i.e. Ep>35 MeV)

- D future installation - D 15-35 MeV 50pA max
( Ita Iy) - 4He?* future installation - “4He?* 70 MeV 35uA max
SPES/LARAMED facility, Legnaro (Padua),ltaly isotope-producing cyclotron, ARRONAX,
Nantes,-France
INEN }&i 2" |WPBF, September 8, 2022 — Juan Esposito 11/




The new research infrastructure SP - S@ LNL: Selective Production

of _xotic (nuclear) Species

accelerator facility for research activity in different fields...

SPES /

exotic beams for science\'

SPES-B
The ISOL facility and the

acceleration of neutron-
richuns iclei.

SPES-6

radionuclides of medical interest

SPES-y | ( \
Study and production of novel 1 y
? 5
o,/ .
-_’; =
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The LARAMED project at INFN-LNL

The BCSI 70p, p-cyclotron (35-70 MeV, 750A) @

Research and technological development for innovative radionuclide

DIRECT technology

L Aboratory of
Radionuclides for
MEDicine

sotopes research area
(LARAMED)

- ] .
, Y =5 -

hnical plants +
tems

Ci

¥

rabbit s

2 Floor General t

CycJotron a& SPES
ISOL labs

- | s -

o - = _ S| RILAB radiochemistry lab
Esposito et al., LARAMED: A Laboratory for Radioisotopes of medical

interest, Molecules 2019
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- large radioactive amounts

- high/good quality (i.e. high Radionuclidic purity & Specific activities )

-

Nuclear physics studies

(Radiochemical \

processing
= gart B

(Solid Targe?

preparation

-

Radioisotope of interest
Main contaminant g

; Extraction/
igyliy  separation @

._.._.__,.‘ Dissolution @ I

Number of counts
= 2 8
g8 8 8

1=}

600

800 1000 1200 1400

Energy (keV)

Quality

control
Pure
radioisotope

— @

/Radiopharmaceutical productiom
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Current radionuclides under the spotlight of LARAMED project

Tc-99milisc-47iMn-52/518Tb-149/52/55/61fCu-67/64/61

APOTEMA/ pasTA  METRCIS REMIX COME/

TECHNOSP CUPRUM-TTD
J. Esposito et al, Molecules2019, 24(1), 20

molecules

Letter v
LARAMED: A Laboratory for Radioisotopes of ‘-‘.
|

Medical Interest T —

Juan Esposito 1Q, Diego Bettoni 1.2 Alessandra Boschi 3©, Michele Calderolla !, m'
]

Sara Cisternino {7, Giovanni Fiorentini 2, Giorgio Keppel !, Petra Martini 1-3*0, —
Mario Maggiore 1 Liliana Mou !, Micol Pasquali 1 Lorenzo Pranovi !, Gaia Pupillo 1 a
Carlos Rossi Alvarez !, Lucia Sarchiapone 1 Gabriele Sciacca !, Hanna Skliarova 1@,

Paolo Favaron !, Augusto Lombardi !, Piergiorgio Antonini ! and Adriano Duatti 4

g

7335[ Theratronics | Sge gy %A e
The brand new B70 cyclotron: Installed in May 2015, commissioning completed on Sept.2017
Dual simultaneously beam extraction cyclotron (E, = 35-70 MeV):

1° - nuclear physics research on RIBs (SPES project) : E=40 MeV , 1=200 pA (and future upgrades)
2° - applied physics (LARAMED project, neutron source) : E=35-70 MeV , 1=300 pA (upgrade 500pA)

NFEN e
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Accelerated o-beams: a new route for emerging RNs production for NM

Proton/deuteron cyclotron

9Zn(p,2p2n)°’Cu _.p-

Alpha-DTL (up to 10 MeV/u at least)

« 7m »
5mA ;He" . " e 2m aparticles A 4 44 a particles
mA 4He* ~
: RFQ fVEBT DTL —1——' \_\ / / »
0.06 MeViu 3 MeViu e \l' Pl /
«—r| |\Plasma
ECRIS 0.7 MW 352.2 MHz 1.1 MW —i
1 1
. V' y o particles
- Boron (natural or 11B) enriched target on silicon
substrate
- NB targets
®4Ni(o,p)®’Cu
P o B

p-11B ->3a fusion sources

In-target scheme

May, a new class of
high-power laser-driven
a drivers be envisaged for
such a goal?
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Main advantages/drawbacks of RNs produced by a-beams

Cross section (mb)

Some RNs may be produced only via a-particle induced reactions;

The Z of RNs produced is often +2 units than the target nuclide = chemical separation more specific and the
product can be obtained with very high radiochemical and chemical purity (mainly for radiometals);

The cross sections of some a-induced reaction routes: (a,xn), (a,p), («,d), (a,t) etc. are in general higher or

camparable vs. p/d route , mainly for the light and medium mass target nuclei.

-1
Thick Target Yield (TTY) = NH I (1 — ‘7“) f;z (d—E) o(E)dE ,due to (a,x) nuclear reaction routes are however

d(px)

lower than those using protons / deuterons, due to the quite larger a stopping power in materials

1T 1T T T T T —_—
800 - 2500 -
"Ge(a,n) Se =
600 T 20007
7 *As(p,3n)"Se
Ge(’He,2n)""Se 3 (p,3n)
€ 1500 n e T3 T
— As(p.3n)"Se % | As(d.4n)""Se
>
A _ % 1000
2 “As(d,4n)""Se =)
200 4 -1 S J
3 500+
E | ?ﬂGe(aln}T3Se
0 .| 2Ge(*He,2n)"*Se
0 +——T—r—r"r-toTfrT—TTT—T—

PR . T T A T = T 51015202530354045505560

Incident particle energy (MeV) Incident particle energy (MeV))

The example of the positron-emitter
3Se for PET

Thick target yields of calculated by the
excitation functions of

* 73As(p,3n)’3Se

5As(d,4n)’3Se

2Ge(3He,2n)’3Se

0Ge(a,n) 73Se

TINFN }65

ll|l
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Main issues of RNs produced by a-beams: need of a high intensity source

to get RNs yields comparable to those to produce by p/d beams therefore necessary to improve the o-
particle beam-on-target to the order of 500-1000 pA (i.e. ~ 3E+15 - 6E+15 a/s);

a-particles may be accelerated only as positive ions and the extraction process is more challenging.

The use of cyclotron for alpha particles has an intensity limitation (mainly related to the extraction system)
e.g..

* The IBA 70-30 MeV @ARRONAX (Nantes) is limited to 35 microA only

* The BCSI 70-35 MeV @ LNL (SPES/LARAMED) only allows proton acceleration (optimized).

The new technology now available for linacs DTL (ECRIS Sources), allows, better than cyclotrons, to supply
up to some tens MeV a-particles beams with at least 1 mA intensity.

* With the availability of high-performance linacs able to drive a beams, the production routes for well-
established as well as emerging RNs may be re-investigated.

* The quality of the final product strongly depends on the chosen target/projectile/energy parameters set
(e.g., ®’Cu, #/Sc, 103Pd, 185Re, °’Ru and *!!At......... )

2" |WPBF, September 8, 2022 — Juan Esposito 19/




RNs produced by different (p,d, X) routes and corresponding (a, X) ones:
Some examples

Mo ->°°"Tc generator
(the most used RNs in the world for 50+ yrs allowing SPECT imaging)

Innovative accelerator-based production routes for Mo (and *™Tc) comparing

the 1°°Mo(p,x)’’Mo and °Zr(o,n)*°Mo reactions

Cross Section [mb]

200 [ T e e

-
-~

TTTTTT T T T T T T ToTT
100

T
Mo(p,x)”Mo
Levkovskij, 1991 n
Lagunas-Solar, 1991
Lagunas-Solar, 1999
Scholten, 1999
Takacs, 2003 1
Udddin, 2004
Khandaker, 2007 -
Lebeda, 2010
Chodash, 2011 5
Gagnon, 2011
Alharbi, 2011 -
Tarkanyi, 2012
Manenti, 2014 —
Qaim, 2014
- TENDL -

i X0 40X e*00D> r+0

Energy [MeV]

Collection of experimental and theoretical cross section evaluations

of the 1°®Mo(p,x)°*Mo nuclear reaction

Cross Section [mb]

Collection of experimental and
1 theoretical cross section evaluations
4 of the %Zr(a,n)*Mo nuclear reaction

180 [—————————— T IR .
160 %Zr(a,n) Mo ]
C O Chowdhury, 1995 b
140 - A Puplllo, 2014 h
- — Spline curve 1
N B R | T S p—" TENDL
120 - ST it
100 |-
80 | =
60 |- 3 -
a0 1 l 3
C ¢ 1 i ]
C — -
L L T : { -
20F F el B o o ]
O e -_,-Ij ) l ‘ I I ) I~~-..l.....l .............. [ . - i . .
5 10 15 20 25 30 35 40
Energy [MeV]

G.Pupillo, J.Esposito, S.Manenti, F.Haddad, N.Michel, M.Gambaccini, Accelerator-based production of 99Mo:

INFN

Istituto Hazionals ica Huclcare:
Laboratori Hazional i Legraru
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a comparison between the 100Mo(p,x) and 96Zr(a,n) reactions, J Radioanal Nucl Chem 305 (10) 2015; 73-78
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RNs produced by different (p,d, X) routes and corresponding (a, X) ones:

Some examples

Mo ->°°"Tc generator

(the most used RNs in the world for 50+ yrs allowing SPECT imaging)

Innovative accelerator-based production routes for Mo (and *™Tc) comparing

the 1°°Mo(p,x)’’Mo and °Zr(o,n)*°Mo reactions

500 l_I LI I LI I L L I L L I T I T I rrri ] LI I LI I L | T I T I IIIIIIII | 1 6
» : . _I LI ‘ rrri I LI L | LI I LI I LI | LI | LI | LI | I rriri I LI | I rrri LI I_
450 L ............................ MO99pr0dUCt[0nV|a(pX)reaCtlonon100/Oenr|ChedM0100 .......... _: B Mo 99 producﬂon V|a ((1. n) reachon on 1000/0 ennched Zr-96
w00 E E, = 70-10 MeV: ®Mo Yield ' | ‘ | | ] T4 I s S R 1 o]
C O Qaimetal (2014) S SV A - E, - 2512 MeV: Mo Yield ,mm» .
- <& TENDL Q&W:f - i . 12 . PUpI“O et al. (2014) H . ’.’¢ [ SR
< - E,, = 40-10 MeV: “"Mo Yield | ‘ 1 < - 9y, g i | ; % +** : % .
_g 300 __L Qaim et al (2014) : 3 _E_ 1.0 — E = 20-10 MeV: “"Mo Yield-- -------------- ------------ oo e ’0 -------------- ------------- ---------------------- ]
% 250: ..‘ _: z 9.8-— 777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777 ‘ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr _-
2 a0f 13 o hlgh SA 9S’Mo may be pro but very Iow yield ]
- ; i > Yo
WO B E ngh cu rrent OL bea mo‘(' 10—100 mA) are requwed
] 04 ;
E K to keep current glgeé??ator technology ;
et —E 0.2 o N “.”0%5330 """""""""""""""""""""""""""""""""""""""""""""""""""""" -
¥ "~ : : H : : : : : : ] : i ; OO0 5 ]
_‘«/‘”l I 1111 I 1111 1111 l L1111 l L1111 I 1111 ] L1111 I 1111 I 1111 l 1111 | 1111 I 1111 I 11117 0 O‘- 2! )4 0‘ e I L1y I Ly | L1 | Ly | L1y I L1 | L | L1 I L1y I
05 10 15 20 25 30 35 40 45 50 55 60 65 T 0.00 001 002 003 004 005 006 007 008 009 010 041 012 013
Target thickness [mm] Target thickness [mi]
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Some examples

RNs produced by different (p,d, X) routes and corresponding (a, X) ones:

211AS (T1 /2 =7.2 hr) ->a particle emitter (very attractive radioisotope for cancer treatment).
Mainly produced by 2%°Bi(o,,2n)?11At route in few GBq quantities

Major concern: main contaminant 21°At that has to be minimized due to its decay product Po-210 which is an alpha
emitter and binds chemically to the bone marrow

Cross-section (mb)

1200

1000

800

600

400 -

200

29Bi(a,2n )" At

1985-Lambrecht+
2004-Hermanne+
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State of the art and background experience on emerging 4/67Cu radiometals

Cu-67 (T,,, = 62 hrs) promising radionuclide for Theranostic and Radio Immuno Therapy (RIT) applications, as single isotope,

or in pair with 5Cu (B*-emitter, T,, =12.7 h).

e ©54Cuis ALREADY used in nuclear medicine for PET diagnostic procedures
o ©%Cuseemsto provide excellent results also in THERAPY for brain tumors

What will it happen by using ’Cu ?

o 87Cu’s limiting factor: Still lacking a REGULAR availability worldwide

o Only recently become available in US in enough quantities for medical research

applications (DOE-IP)

o Production capability upon request @ ANL-LEAF via %8Zn(y,p) nuclear reaction

(BNL through the %8Zn(p,2p)

o = %7Cu future supply in Europe: Goal both for ARRONAX and LARAMED!!!

Theranostic = Therapy + Diagnostic

Cu-67
61.83 h
B-:100%

(Zn-67) 209.0
300.2

393.5

0.115
0.797
0.220

THERAPY

B energy
[keV]
51
121
154
189

Bint Auger Auger
[%6] [keV] [%6]
1.1 0.99
57 7.53
22.0 83.65
20.0 Mean B3-

19.14
6.87
12.09
: 141 keV

Drug Discovery Today - Volume 23, Number 8+ April 2018

Teaser Copper radioisotopes are emerging as potent tools for developing unprecedented
clinical approaches for cancer treatment by exploiting the intrinsic biological properties of
ionic copper and the richness of copper chemistry.

The emerging role of copper-64
radiopharmaceuticals as cancer

theranostics

Alessandra Boschi', Petra Martini’,
Emilija Janevik-lvanovska® and Adriano Duatti®

! Department of Morphology, Surgical and Experimental Medicine, University of Ferrara, 44121 Ferrara, Italy
2 Faculty of Medical Sciences, University ‘Goce Deléev; Stip, Republic of Macedonia
* Department of Chemical and Pharmaceutical Sciences, University of Ferrara, 44121 Ferrara, ltaly

Copper radionuclides are rapidly emerging as potential diagnostic and
therapeutic tools in oncology, particularly ®**Cu-radiopharmaceuticals for
targeting neuroendocrine, prostate, and hypoxic tumors. Unexpectedly,
experimental results are also revealing the impressive biological behavior
of simple [**Cu®*] ions. For example, it has been demonstrated that
administration of ionic [**Cu®*] in physiological solution allows the
selective targeting of a variety of malignancies. These remarkable
biological properties appear to be crucially linked to the natural role of
copper ions in cell proliferation. Here, we review the current status of
®*Cu-radiopharmaceuticals in molecular imaging and cancer therapy.

Introduction

Molecular imaging [1-6] is a fascinating concept that has deeply influenced modern diagnostic
imaging and therapy. However, its definition is rather vague and does not fully meet the strict
requirements of a rigorous scientific concept, resulting in an ongoing lengthy debate. In an
attempt to develop a definition that includes its most relevant characteristics, the Society of
Nuclear Medicine and Molecular Imaging (SNMMI) proposed the following statement:
“Molecular imaging is the visualization, characterization, and measurement of biological pro-
cesses at the molecular and cellular levels in humans and other living systems’ [6].

Some ambitious interpretation entails that the meaning of the term ‘molecular’ should be
interpreted as the level of spatial resolution that can be attained by methods used for imaging
biomolecules inliving systems. Only when the same atomic-scale resolution typical of structural
chemistry is achieved can the molecular attribute be applied. However, this result is still beyond
reach because there is no available imaging technology capable of truly detecting single
molecules in living tissues with atomic resolution.

Another interpretation suggests that molecular imaging corresponds to mapping the distribu-
tion and activity of molecules in living tissues. This description is linked to the concept of a

molecular imaging agent that is defined as a “probe’ used to visualize, characterize, and measure
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RNs produced by different (p,d, X) routes and corresponding (a, X) beams:

Some examples

67CU (T1/2 =61.83 hr) -> B /y decay (under the spotlight of international community. May be used
both for therapy and associated diagnostic applications. A very promising theranostic radionuclide.

Produced in almost pure form (but limited amount) with the 79Zn(p,o.)’Cu or 7°Zn(d,o)®’Cu in selected energy
ranges by p/d beams. An alternative interesting route is ®*Ni(a,p)®’Cu on highly enriched (>99%) ®*Ni targets

°Zn(p/d.x)*"Cu

40
Zn(d,x)*'Cu . *Ni(a,p)®’Cu
i :Tg;:‘if';[ (’32'&21[;12] TN Table 2: “"Cuand **Cu production yields obtained by using proton, 35 | () ! o This work
i TENDL-2021 deuteron and a-beams on Zn, **Zn, and **Ni enriched target ma- = Tanaka 1960
f,-' ial . I =130 |_Lﬂ| and T.. = 24 h 30 @ Antropmr.‘.IQBE
=N - i ¢ =25 % Skakun 2004
E TENDL-2021 Beam Target Energy Thickness  “Cuat  *“cuat £ —fit This work
5 30 range (MeV) (mm) EOB(GBg) EOB(GB) 5 5 —TENDL-2019
2 - 3
@ Protons  ""Zn 25-10 1.22 3.0 - f 5l
é 20 “5Zn 70-35 6.43 17.5 150§
"iZn GE=45 i.61 22,2 10 © 0t
Deuterons "“Zn 26-13 0,68 &3 - 3
107 Alpha SAN 30-0 0.15 1.0 - 5
0 T T T T T T T ot — -
0 5 10 15 20 25 30 35 0 10 20 30 40 50
energy (MeV) Energy (MeV)
Fig 4. Experimental cross sections of the 64Ni(a,p)67Cu reaction in
Figure 2: %’Cu production cross sections induced by deuteron and cogmparison with the earlier experimental woﬁksp)
proton beams on °Zn targets. ’
; . l S.Takacsa, M.Aikawab, H.Habac, Y.Komoric, F.Ditréi Z. Sziics, M.Saito, T.
G.Pupillo, S. Manenti, F.Groppi, J.Esposito, F.Haddad, Nuclear . . C
J P 'l be o d' ;:)p ’ J F; :j ! Murata, M. Sakaguchi, N. Ukona, Cross sections of alpha-particle induced
ata for light charged particle induced production of emergin . , .
_f g. _ S i o o f G - reactions on natNi: Production of 67Cu, Nucl. Inst. Meth 479 (2020) 125-136.
medical radionuclides, Radiochim. Acta 2022; 110(6—9): 689-706 x ) 24/
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RNs commonly produced by (o, X) reaction routes

Table 1: Radionuclides commonly produced using the a-particle beam.

Radio- T,,» Radiation Nuclear Energy Yield” Purity References Other investigated
nuclide emitted reaction range (MBg/pAh) (%) to reactions®
(%) (V&) production [Reference]
S 21.1h £(100) T Aljee, 3p)*" Mg 140 — 30 1.5 =99  [96, 57] pait,p)** Mg (cf. [56, 57D
op 2.5 min BT 100 F Allee,n)* P 2410 ca 100" 999 [60,61] 2g(n,t7"P [61]
S 7.6 min BT (100)  *Cl{r,n)f*K 23 7 ca. 4™ =998 [62-67] *®Ar(p,n)*K [68]
M ar(p,3n)*K [69,70]
PK 22.2h B (100) " Ar(e,p)CK 21— 10 7.0 075  [F4-T6] “ca(y,p)"K [77,78]
“Cain,p) K [79]
TBr 57.0h  EC(99.3) " As{e,2n)” Br 28 16 6.6 =999 [B4—BT7] se(p,n)"Br [38,89]
FT 0T "5e(p,2n)7 Br [B9, 90]
Br(p,3n)"Er — T Br [91, 92]
“Br(d,&n)" Kr — " Br [93]
*SRu 1.65h  EC(85.0) “**Mole,n)* Ro 28 14 2409 =99  [97, 98] "ado He, xm)*Ru [97, 98]
BT (15.0)
*Ru 2.9d EC(100) ™Mofexn)™Bo 28— 16 1.87 =998 [97-99] "o He,xn)  Ru [97, 98]
T Gd 38.1h EC(99.7) "™Smie,n) '"¥Gd 23712 48 =998 [100, 101] Y em(*He,3n)"¥Gd [100, 101]
B (0.3)
20 g 7.3h EC(58) *Bile,2n)*'At 28— 10 17.5 =99  [81,104-110] ***Th, @ U(p,spall)*''At [112]
o (42) R LLxn " Bn — A [113, 114]

....and other interesting RNs for NM
applications produced by different (p,d, X)
routes may be explored by corresponding
(o, X) beams....

Table taken from:

¥ Calculated from excitation function.

™ This is saturation yield.

Y value extrapolated to 100% enrichment of * Mo.
™ At 15 h after EOB.

® For comments on these reactions, see text.

S. Qaim et al., Uses of alpha Particles, especially in Nuclear Reaction studies and
Medical Radionuclide Production, Radiochim. Acta 2016; 104(9): 601-624
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Conclusion and future perspectives

* A great deal of radionuclides for NM applications is currently produced, on a routine basis, by using
proton beams, both for imaging (PET/SPECT) and therapy.

* Many interesting radionuclides may be produced by exploiting (o, X) nuclear reaction routes, which
allow in many cases both radionuclidic and radiochemical purities levels unattainable with more

conventional processes (protons).

* This production process is currently limited by the availability of intense enough accelerated alpha
beams.

* However new technologies are now at the frontier: the high intensity (i.e. up to ~ 1 mAe, 6E15 s1),
energy modulated (4-10 MeV/u) alpha-DTL under study at INFN-LNL.

The challenge: high-intensity alpha sources, driven by the p(11B, a)8Be — in short p-11B ->3« reaction

and triggered by high-power laser systems, with enough repetition rate to avoid solid target pulsed
thermal stresses, may become in the near term a new class of a drivers to be employed for such a goal?
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