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Abstract The radoisotope production hascrucial role irmedical diagnostic
imaging or therapy. Historicallythe radionuclides werproduced using accekted
beams or nuclear reactor¥he radioisotopes aresedto precisely loalize the
pathological process treat the iliness by selectively targeting thesiieg a bioactive
molecule as carrieiThe applications of radioisotopes fimolecularnuclear medicine
require high specific activitywhich can be usually obtained using nuclear reactions
induced by high intensity accelerated beashdight charged particlesr neutrons
comingfrom nuclear reactors.HE radioactive element is transmuted from ttrget
isotope and can bseparated by @mical proceduresThe present @chnicalDesign
Reportproposes the study afedicalradioisotope production usirggnew routeby o-
inducedreaction mechaniswhere thereaction crossectionsareas lowas 0.1 barn
We propose an experimental setup festingthis alternative methodsing the intense
gammaray beamat ELI-NP facility, with an irradiation area, a target transport system
and a test aredn intensity of 16 o/s for the new gammaeamat ELI-NP will allow
in the first stage the possibilitio obtain radioisotopes in quantitieand specific
activities(1i 2 mCi/g)suitable formedical research

Key words:medical radioisotopghotonuclear reaction, gamma beam
facility, radioisotope progiction

1. INTRODUCTION

In nuclear medicine, a branch of medicine and medical imaging, radioisotopes
are used for diagnostic and therapeutic purposes. In nuclear medicine procedures,
radionucldes are combined with compounds or biomolecules to form
radioplarmaceuticals. These radiopharmaceuticals, once administered to the patient,
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can preferentially localize to specific organs or cellular receptors. This property of
radiopharmaceuticals allows nuclear medicine the abtitynage the extent of a
pathologi@l process in the body, based on the cellular function and physiology,
rather than relying on physical changes in the tissue analosatment of diseasge
based on metabalior specific uptake may also be awmplishedrelying on the
tissuedestructive pwer ofhigh linear energy transfeadiation.

Over 10,000 hospitals worldwidese radioisotopes in medicine, and about
90% of the procedures are for diagnosis. The most common radioisotope used in
diagnosis is techneti®9m, with more than 40 milliopprocedures per e (with
16.7 million in USA in 2012 an850,000 in Australia), accounting for 80% of all
nuclear medicine procedures worldwide. time USA over 20 million nuclear
medicine procedureare performedoer year among 311 million people, and in
Europe about 10 million among 500 million people. The use of radiopharmaceuticals
in diagnosis is growing at over 10% per year.

The global radioisotope market was valued at $4.8 billion in 2012, with
medical radioisotopes accounting for about 80% of #rid,is poised to reach about
$8 billion by 2017. North America is the dominant market for diagnostic
radioisotopes with close to half of the market share, while Europe accounts for about
20% (Ref.[1]).

Molecular imaging (MIl) has been described in théeréiture as a
multidisciplinary field that combines imaging research, molecular biology,
chemistry and medical physics. Molecular imaging is an essential tool in oncological
research in cell apoptosis, gene and nucleic-lbagd approach, angiogenesis,
tumor hypoxia and metabolic imaging and its potential to redirect optimal cancer
diagnosis and therapeutics were demonstrated. Although various imaging modalities
have been used in molecular imaging, to date the majority of clinical applications
are in the ield of nuclear medicine. Many diagnostics applications are based on
positronemitters for 3D imaging with PET (positron emission tomography) or
gamma ray emitters for 2D imaging with gamma cameras or 3D imaging with
SPECT (singlephoton emission computetbmography). A high sensitivity of
detection systems is the main advantage of nuclear medicine methods using tracers
at very low concentrations. With extremely low amounts of radiotracers and single
dose administration, any biochemical effect on the osgaiis not expected. This is
desirable in a diagnostic procedure, such that normal body functions are preserved
while information is collected. However, the intrinsic advantages of nuclear
medicine diagnostics requires that the radiotracers hefetively high specific
activity such that the injected radiotracer is not accompanied by too many stable
isotopes of the same (or a chemically similar) eler(mzd Ref[2]).

The radioisotopes anesedalsofor therapeutic application$argeted systemic
therapis are very important in diseases that are-looalized,e.g. leukemia and
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other cancer types in an advanséate, when already multiple metastases have been
created. In the vast majority of cases, there is no curative treatment available for
quantitativdy large groups of patients with disseminated adenocarcinomas (breast,
prostate, colorectal, lung and ovarian tumors), malignant gliomas and melanomas,
neuroendocrine tumors and squamous cell carcinomas (lung, esophagus and head
neck tumors). For most dig¢se patients, a palliative effect and/or prolonged survival
can at best be achieved with chemotherapy. Other, or complementary, treatment
modalities Fig. 1) seem therefore to be necessary to achieve considerable
improvements in the treatment of commopey of disseminated malignant diseases,
e.g immunotherapy, an@ngiogenesis therapy, gene therapy or radionuclide
therapy in Ref [3] and [4]. Radionuclide therapy is based on the same effect
mechanism as external radiation therapy, namely inductisevafre DNAdamage

and is therefore a form of radiotherapy. However, radionuclide therapy is placed
among the new forms of biolodyased therapie§ig. 2) because it is dependent to

a large extent on antigen and receptor expression and the biologicak facto
regulating thatsee Ref5]. Combining a bieconjugatewhich can target the cancer

cells with a suitable radioisotope, such as a-émergy electron emitter, allows
irradiation and selective destruction of cancer cells, minimizing the side effects tha
otherwise occur in full body irradiation techniques. When peptides are used as bio
conjugates, the technique is called Peptide Receptor Radio Therapy (R&#eT)
Ref.[6]) or radicimmunotherapy (RIT) if antibodies are used inst@ef.[7]). The

high specific activitiesare required forcarrier-free radioisotopes used in such
therapies to avoid receptors blocking with biomolecules carrying stable isotopes,
thus minimizing therapeutic effects. The goal of systemic targeted radiotherapy is to
be efficacous, yet determining a minimal toxicity on normal tissue. Its key
characteristic is that using a biomolecule (antibody, antibody fragment or peptide)
as carrier, a higher amount of a radionuclide can be delivered to cancer cells than to
normal tissue. Unkie chemotherapy, systemic targeted radiotherapy is cancer cell
specific.

Optimization of the therapy for individual patients remains a goal of clinical
practice. Development of nevadiopharmaceuticals for bothistigraphic tumor
imaging and systemicrigeted radiotherapy and their availability are crucial factors
influencing the expansion of clinical nuclear medicia® shown ifkef.[8] and B].
Radionuclide imaging can identify those patients who may benefit from subsequent
targeted therapy by providing regional information on the distribution of the target.
An ideal situation may be when the imaging and the therapeutic compounds are the
sameagent. Theranostics refers to the development of molecular diagnostics and
targeted therapeutics in an interdependent, collaborative manner with the goals of
individualizing treatmentRef.[10].
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Fig. 11 Schematic illustrationf strategies for tumor therapy. The new approaehedased on
biology concepts

Fig. 21 Schematic illustration of potential targets for radionuclidedpy in a primary tumor or
metastasis area. The radionuclide labelled targeting agents cando® taeget canceasissociated
blood vessels (a), lymphoma cell associated targets (b), growth factors or receptors on disseminated
cells from a solid tumor (c) or on such cells that already have formed metastases (d), or matrix
components in the tumor arég). The red stars indicate radioactive nuclides on the targeting agents
(here antibodies).
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While it may not be obvious, the choice of radionuclide is a very important
decision and depends largely on the clinical utility of radiotracer.fTiparticle
emitting radionuclidesg(g.®’Cu, Y, 134, 177 u, 1%Re, and®Re), Auger electron
cascadese(g *4n and*?¥) and U-particle emitting radionuclide(g 2*At, 2'%Bi,
2138j, 22%Ac, and?2'Th), with high linear energy transfer in tissiaee suitable for
therapy. Many factors must be considered when choosing a therapeutic isotope and
the ideal isotope for one treatment modality may re@ppropriate for another.
High-energy b particles such a¥®Y and%Re are not efficient for killingsingle
disseminated cells or small metastases, since only a small fraction of the electron
energy is deposited in such small targef.[11] and[12]. Radionuclides emitting
low-energyb particles such a¥/°Cu, 3 and'’"Lu andU-particle areoptions, but
a large amount of radionuclides per cill needed, thereby requiring veell-
developed targeting process and labeling with high specific radioactivity. The
physical halflife of the radionuclides should preferably be in the same order of
magniude as the biological hdlife of the radionuclideconjugate. An overly long
physical halflife increases the amount of radionuclides that must be delivered to the
tumor cells to achieve the therapeutic levels of decay before excretion. A short half
life may not allow sufficient time for the tumor targeting process to take place,
resulting in the majority of the radioactive decays occurring in the vicinity of healthy,
and often sensitive, tissues.

Significant advances have recently been made in the characterization of new
molecular target structures, cellular processing, pharmacokinetics and modification
of radionuclide uptake in targeting agents. There is also improved understanding of
the factorsof importance of choice of appropriate radionuclides for imaging and
therapeutic applications, and the development of theranostics for dual imaging and
therapy holds promise for accelerated drug development and translation into clinic.
Taken together, thisuggests that this field is on the verge of experiencing major
advances.

Currently, more than 80% of the medical isotopes are produced by nuclear
fission in nuclear research reactors and the rest of them are supplied by particle
accelerators, cyclotronar linacs, or by other methodslistorically, Hevesy first
used®*P in 1935 to study phosphorous metabolism in rats. Since that time, the
development of cyclotrons, linear accelerators, and nuclear reactors have produced
hundreds of radionuclides for pot&th medical use. The history of medical
radionuclide production represents an evolutionary, interdisciplinary development
of applied nuclear technologiRef.[8]. In the last decade howeydhnere has been
an acute shortage of fission produced medicabismtopes with at least six periods
of severe disruption since 2007, due to aged and unreliable operation of the reactors,
proving that the reactor based mad of production is not secyreee Ref[9]. At
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the same timeit is worth noting that all medical radioisotopes were originally
manufactured by other mechanisms. In addition, radioisotopes production by other
means than by reactor methods can have relevant advantages. For gkanple
radioisotopes production with cyclotrons offers severalisigmt advantages over
nuclear reactors. One of them is that the volume of radioactive waste produced by
cyclotrons is much smaller and less hazardous than that resulting from research
reactors. Also, the production is decentralized and the cyclotroedanated near
hospitals, which enables easy delivery of pharmaceuticals to patients. In addition
the risk of transport accidents is very low and there is no risk due to rpolear
accidents, because there is no need for controlled chain reactions.

As an example of the shift in radioisotopes production, after an intense debate
in Canada, iMay 2008, the Atomic Energy of Canada cancelled the construction of
the reactors Multipurpose Applied Physics Lattice Experiment (MAPLE | and II)
due to a desigrfault, and opted for future isotopes production with particle
acceleratoraVore recently, it has been advanced the idea that intense gamma beams
can open many new possibilities in nuclear physics and its applications. Such beams
can be used to pump a gofrdction of the nuclear ground state population via
excited levels into an isomeric state. Gamma beams can efficiently excite a nucleon
(neutron or proton) into an unbound state leading to pthssociation and creation
of a new isotope. Using the newdne facilities compact targets could be exposed to
the gamma radiation and undergo photonuclear reactions sugbé@sg ¢, n), €, p)
to form radioisotopeRef.[13]. After a suitable irradiation time, a radioisotope with
high specific activity is prodied. After the usual radiochemicsieps(such as
dissolving the target, thermal separation, chemical purificatipharmaceutical
formulation andquality control) aradigoharmaceuticaproduct iscreated. The
produced radioisotope may also be used dirdotl nuclear medicine applications
or it can be used for radiolalid) of biologically active molecules, resulting in
radiopharmaceuticals for use in diagnostic or therapeutic nuclear medicine
procedures.

Alternative routes for reliable production efrerging radioisotopewill open
the way for completely new clinical applications of radioisotopes. For example
195mpt could be used to monitor the patient's response to chemotherapy with platinum
compounds before a complete treatment is performed. In targeted radionuclide
therapy the shomtange Auger and conversion electrons resulted 6Pt could
enable anighly localized treatmentAlso, the 1°™Pt low-energyo transition can be
used for SPECT imaging*Cu, %*Cu, 24, and ®3Ga (also called unconventional
isotopes) are recently evaluated for this éRef.[14-18]).
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2.PHYSICS CASE

2.1 Demand and supply ofcurrently used radioisotopes

The reactor productionf radioisotopesggenerally leads to neutron excess
radionuclides. They mostly decay Iy emission and are therefore especially
suitable for radiotherapy. The cyclotron produced radionuclides are mainly neutron
deficient and they decay by electron capture (EC)boremission. They are
particularly useful for diagnostic studies. The positrorttemd can be produced only
at cyclotrons. For production of some nuclidesth nuclear reactors and cyclotrons
are extensively used such that their roles are complementary. Worldwide, there are
about 400 research reactors and about 500 cyclotrons. Mdséraf are at least
parially used for production of naécally useful radionuclidedRef.[14].

The nost currently used radionuclidie medicine igechnetium-99m ¢°"Tc),
the key medical radioisotopeDue to thecrisis in 2008 inthe supply for
molybdenur9 (°**Mo), hundreds of thousands patients were denied diagnostic
imaging tests based &f"c. Some of the tests could be performed by alternative
techniques such as PET, but at a higher pratkers, by using less adapted
radioisotopes. Moshowever had to be postponed or cancell@éte demand wa
high andlatestdisruptions in supplies as well as the planned closures of nuclear
reactors determined tiNuclear Energy Agency (NEA) to become involved in global
efforts to ensure eeliable supplyf *®Mo and its decay producéf™c.

Until recently, fivematerials testing reacto{MTRs)produce about 95% of
world demand foP®Mo by neutron induced fission 6#°U targets highly enriched
(HEU): NRU reactor in Chalk River, Canada; HFR in Petten, Thaétktnds; BR2
in Mol, Belgium; OSIRIS in Saclay, France and SAFARI in PelindabahS4fuica.

All are older than 40 year3he sepeation of the®Mo out of irradiated argets is
performed at fourcenters: AECL separates tA#o in Chalk River andVDS-
Nordionpurifies it in Kanata, Canada; Covidien in Petten, The Netherlands; IRE in
Fleurus, Belgium and NECSNTP in Pelindaba, South Africa (according to the
European Nuclear Society, ENSJhe NRU reactor produces about 40% of the
required*®*Mo. The threeEuropeanreactors together produce i4%% and the
remaining is produced iBouth Africa and smaller acterRef.[15)].

The current status of the above mentioned production facilities in operation is
asfollows:

- NRU reactor started operating in 1957. T™¥iRU reactor was initially scheduled

to close down in 2005. Howevet continued to be operated with a number of
shutdowns and it is expected to close in 2016.

- OSIRIS (70 MW) will be shut down as of Dec. 31, 2015 date confirmed by the
French government.



S854 M. Bobeicaet al. 8

- BR2 is scheduled to operate at least until 2016 and there is no technical reason to
stop its operation before 2020, provided that adequate fuel remains available and that
the licensing authorities agree. The BR2 is still one of the most powerful research
reactors in the world.

- After having been stopped in 2008 for about six months due to corrosion problems,
the High Flux Reactor HFR (located in Petten and operating since 1961) has been
authorized by the Dutch regulatory agency to remain operational avhiégev HFR
(Pallag will be constructed according to the Nuclear Research and Consultancy
Group (NRG) the company that operates the reactor.

Regarding the secure supply of the most commonly used diagnostic
radionuclide®®™Tc, presently produced by fission of highly enrick&d, it is likely
that the industry would modify the industrial production process to be able to cope
with the use of lowenriched?®U (t hereby reducing the danger
proliferation). The dependencen nuclear reactors will howeveremain. If at the
same time some countries in tECDarea (Organiation for Economic Co
operation and Developmeatrea) may decide a utilize a few modern research
reactors for production dission®Mo, the situation may improveéref.[14].

According to NEA, since 201the current demand foMo is no longer
12000 6-day curies per weekl'he temporary reduction in demand occurred as a
result ofthe 20092010 supply shortages and adaptive steglsiding: better use of
available®®Mo/**™T ¢, more efficient elution Mo generators, substitute diagnostic
tests/isotopesetc. Based on current market praesic market participants have
estimatedhe current demanat between $00 and 1Q000 6day curies per week
Ref.[17]. The future demanevasestimated byhe NEA until 202Q and is expected
to increase steadily, \ith the production capacity is expected to plunge starting in
2016(see Ref[18)).

A new perspective of medical radionuclidesimergingthrough extremely
significant developments that are currentking place in organ imaging. The
dynamic andjuantitative nature of PET (and recently to some extentSHECT)
is being coupled with Xay tomography (CT) andhagnetic resonance imiag
(MRI) to provide a highly powerfutombination of systenfer organ imaging.The
radionuclidesof potential interest for the latter combinatian®Cu (a positron
emitter) and thu$ET and MRI could be advantageously combiradVRlI, the
elements M and Gd are often used as contragénts. If a positreemitting
radionuclide is introducedn the system, the higresolution of MRI and the
guantitativenature of PET could & to very high quality imagindref.[14].

An important application gbositran emitters is in quantificatioof radiation
dose in internal radionuclide therapZombining a positrommitting isotope of an
element togethewith a therapeutic radioisotope of the same elenitist possible
to measure the uptake kinetics by TPimaging,thereby allowing an accurate dose
calculation relatedo therapy.A b' (or Augerelectron)and b* emitting pair of
radionuclides of the same element is now termed as anibsia pair(for example
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57Cu, T12= 2.6 d,b' and®Cu, Ti,= 12.7 h b"). In addition the isotope’Cu has
shown exceptional potential in the treatmentof-hlbod gki nds Ly mphoma as v
as bladder, colorectal, and ovarian cancers
Regarding internal radiotherapy, presently a shift is taking place from the use
of b' particleemitters to Auger electron atgparticle emitters whit induce more
cellular effects.
Theisotope!®™Pt (halflife 4 days, decay mode gamma and Augen)ld be
used towards 2lirections First directionis to verify the pat ent 6 s r esponse t
chemotherapy13] by monitoring the drug bidistribution and metabolism, uk
creating an approach to personalized medicine, with evaluation and selection of best
treatment before it is completelyerformed The second direction itargeted
radionuclide herapy using the shortrange low energy Auger electrorand
radiolabelling platinum complexgahich bind to the DNA. Thysne can examine
the effect of!®>"Pt Auger cascades close to the DNA and which are the parameters
that enables local treatmetregardgo the alphgparticle emitters, the radionuclide
22°Ac (decays througlfiour alpha particles) is very promisingxtensive effort is
presently being invested in the development?#c, which could be produced in
sufficient quantities for largecak application in targeted radionuclide cancer
therapy Ref.[13)].

2.2 Production of medical radioisotopesvia (9, n) reactions

Knowledge of nuclear data plays an essential role in the identification of
optimal conditions and of irradiation parameters for the obtaining of medical
radioisotopes.Photonuclear reactions with-beams allow the production of
radioisotopes aimed for mexdil applicationssuch as*’Sc,*Ti, 6’Cu, 1%%Pd,1"™Sn,

16%r, 19"pt or 22°Ac, with expected higher specific activity andir more
economically than by classical metha@sable 1) This route of production will
enable further clinical applications dfese radioisotopes. For exampf&'Pt can

be used for monitoring thehemotherapy with compounds containing platinum.
Innovativeradioisotopes such 4&c,®'Cu or??°Ac, will have a higher availability
andcouldbe produced in sufficient quantities for widespread applications in targeted
radionuclide therapy (systemic radiation therapfef. [2]. For the new
radioisotopes a medical interest must be defined by a more complex characterization,
including demand, mmsible applications, and current production facilities. For
radioisotopes that are already in clinical use, it will be needed innovation to improve
certain parameters such as: specific activity, production efficiency, radiochemical
separation methods, cpsaind others. Other radioisotopes are proposed to be added
later, after the identification of optimal production methods, purification and testing
technologiesThe advantage of usirggoeams for production of radioisotopes lies in
the high specific actity that can be obtained for isotopes or metastable isomers with
major potential in nuclear medicine but which are not available in the quantity or
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quality requiredThe experimental design w#ased on the scientific cgsee Ref.

[19] Chapter5.6.4 and %.5), which selected some of the radioisotopes of interest:
198mpt 22°Ra f%Ac generatoy, 6’Cu, n, 1°%Pd, **Mo (for °°"Tc). It aims to
accomplish an experimental design for production of medical radioisotdpes a
Extreme Light Infrastructurdluclear Physics (ELI-NP), through photonuclear
reactions g, n) and radiochemical processing of these isotopes for compliance with
the requirements for medical use and demonstrating this usefulnestiddgbeling
biomolecules and biological testing of radiophaceuticals.

Tablel

Potential radioisotopes produced i), (0, p) or @, 2n) reactionsFor b andU
decay mode, the emission energy is the mean energy. *Estimatedeuntisss are
marked in italics

Product Ty Emission Target |Reaction|Ey s PUrbose
isotope|(day) |energy(MeV) |isotope |[type (MeV) |(barn) P
Targeted
YCa |4.5 0.40),130 |*Ca (o, n) 19 0.09 |radiotherapy,
SPECT
PET/radiotherapy
0.28 ,0.191 asatheranostic
6 ’ 6! ’
Cu |127h (b), 0.511(9) "Cu (.1 7 0.09 various other
applications
99
sy [2.800.25039(3/0.14(9 [“Mo @) |14 |06 |SPECT
Targeted
0.036 (CE), radiotherapy
10 10
Pd |17 0.02(9) “Pd (3, n) 17 0.05 brachytherapy
applications
0.0050.038
16 16
Er 10'36h(Auger),0.05(0) Er (3, n) 13 0.3 |Tumortherapy
Targeted
16 17
Er (9.4 0.1 ®) %Er (o, n) 12 0.3 radiotherapy
Bone pain
palliation,
18Re [3.7 0.35(b),0.14(9) [**"Re  |(9, n) 15 0.6 [|radiosynovectom
and targeted
radiotherapy
22Ra/ |14.8/ S P Targeted alpha
25 |10 0.10 )/5.8 U |?*Ra (5, n) 12 0.2* therapy
Targeted
4Sc  |3.35 |0.16(), 0.16 (9) |*oTi (o p 19 0.02 |radiotherapy,
SPECT or camer
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Targeted
Cu |2.6 0.14 6),0.18 (9) |%®Zn (o, p 19 0.0% |radiotherapy,
SPECT orcamera

. 0.076)/ 632

44

v |03V lkev (@, 511, [*Ti |20 |27 |o.or |PET.S0mPIOn
' 1157keV (9) P

ZRal [3.7]

5.7(0/0.1(b)/
6.0(0), 0.77(b)

Targeted alpha

21
2F’-b/ 10.64 hj therapy

2Bj  160.6 m

220Ra (5,2n) 16 0.1

2.2.1 Simulation of photonuclear (9, n) reactionsat ELI -NP facility

A very brilliant, intenseo-beam of up to 19 MeV,.0- 0.5 % bandwidth and
10" o/s will become available at the upcoming BEMP facility, allowing the
production of radioisotopesifauclear medicineesearch. We have investigated the
possibility of production ofmedicalradioisotopewia photonuclear reactions with
the ELFNP 2ray beam by Mont€arlo (MC) simulationwhichis a fundamental
tool in nuclear and patrticle physics, and essential for the advanced applications.
Specific activity formedicalradioisotopesOne of the most important quality
criteria for radioisotopes productidor nuclear medicineesearch andpplications
is the specific activitfA/m), usually expressed mCi/mg or similarunits. HereA
is the activity andn standgfor the mass. Theheoretical maximum specific activity
for a pure radioisotopeithout admixture of stable isotopes is given by

A /' N,
8y - , 1
(m)max M ( )
where M is the molar mass (g/mol) of the target isotopesIn2/T,, is decay
constant, andN, = 6 1@2llenot es AvogawWhemdnsintetse nst ant .

aray beam is used to trigger tledtopetarget into the product of interest, if other
reactions (such as destruction of the product by nuclear reactions) do not interfere
significantly, the achievable specific activity will be given by

Ay =bp exp( 1,1 @)
m m

where t,, is the irradiation timeand P, is production rate atfhe targetedsotope

Irr

triggered by(o, n) reactionin theirradiationtarget We take into account higgnergy
o-ray attenuation coefficient and then calculBieto be
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P = FQ? ORﬁL%S(Eg)I(Egr)exp( - m)IE grdx

:Iji:ax OR%S(Eg)l(EgI’)[l -exp( #)PE qr

®3)

wheres (E,) isthecross section db, n) reaction | (E,,r) is thearay flux density
onthe surface ofheirradiation target aftethe polarangleintegration and itsunits
arephotons/s/mm m is the linear attenuatiorcoefficient and is convertday mass
attenuation coefficient/r ) by multiplying with the density of the targeR is the

target radiusand L is the target thicknesgith respect tahe direction ob-ray beam
propagation For the latter, wederive thespecific activity oftheidaught er o
radionuclide **™T¢ from the decay law:

(é):%[l +llexp(' étirr) - Z/GXp( '1]:rr/a (4)

m /,- |
where/, and/, correspond to the decay constants of'fl@ent" and "daughter"

radioisotopes respectively If the generatoradioisotope has a smaller decay
constant than that o fthenthe fnalradibactivg lecagr 6 r adi o
equilibriumwill be achieved and hence one could optimize the irradiation time to
achievesuficient specific activitiesof the radioisotopes

For some special casakgefidaughted of the tageted radioisotopeather than
itself is of particular interestfor medical applications. Generally, thargeed
radioisotopds usedas a radionuclide generatdhe most prominent example is the
Mo/**"Tc generatgrthe parent?®Mo, is usuallyproduced by a neutreinduced
fission process, orby photeneutron reaction and its disintegratiof®Mo(o,
n**Mo Y Tc.

Simulation algorthm: In the previous sections, we have described the
principle of the photonuclear reaction to produce medical radioisotope, which
provides a basis for theimulation of medical radioisotope production. In the
simulation, the followinghreestages are enyed: (1) settindeLI-NP o-ray beam
transport (2) simulatingpreparing reaction cross section amday attenuation
coefficient; and (3) modeling the photonuclear reactions using {&jeeptance
methods and then calculating the production ratesprdific activity.

(1) ELI-N P -ray beam transport

We use the ELNP oray beam simulation cod@ef. [20Q]), integrated with
Geant4 toolkit to simulate the Metassaray beam generation and transpért
collimator (containing two sets of slots, each set has six slots) with 5 mm aperture is
located at approximately9.5 m downstreamof the interaction point (IP)or
o-ray production The isotope targes locatedat 9.6 m approximately downstream
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of the IP, butat 0.1 m upstreanof the collimators Fig. 3 shows a Geantdased
schematic of the EENP o-ray beam transparA circularly polarized laser with a
wavelength of 532 nm and a wavelength bandwidth of 0.05%tesog on a
relativistic electron beane{peam) with an energy spread of 0.04% at a laser incident
angle ofg, =172.% was used in the Monte Carlo simulation presented below.

Due to the collimator, a large part tie low-energy Comptonscattered
oraysareattenuated and only higinergya-raysmay penetrate the collimator and
then arriveat the surface of the irradiation targ€or the 5 mm aperture case, the
oray surwal rate is predicted to be 128% dependingon the incidenie-beam
energy. Approximately 14.4%f o-rays scattered by th850 MeVe-beamwill reach
the surface of the irradiation targ&t/e diagnose the EENP o-rays by bombarding
the isotope target, monitoring their energies, beam fluxes andséraesprofiles
before they trigger th@hotonucleareaction inside the isotopgarget. Also this
useful information is written into .root files, which will be used in the simulations.
Fig. 4 shows the>ray beanparametersliagnosedat the surface of thearget For
the 650 MeV e-beam the averagenergy of théransmittedb-raysis 13.9 MeV and
the beam spot size is aboub2®. 52nn?. Considering that the total fluaf o-ray
produced from the EENP facility is 1.01 10" o/s, the flux of theo-ray irradiating
the isotope targetanreachl.441 o

Fig. 31 The setup ofa-ray beam transpom Geant4 The inserted figure in the top left corner
represents the enlarged collimator and target zone.
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Fig.41 A oray bearrspectrum (left) and transverse profiles (right)tioa surface of the target
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(2React i on cr o gay atteneaidnicazfficiercalallation

A reliable and reasonable photonuclear reaction cross section is needed for the
calculation of isotopeactivity. While acquiring the photonuclear reaction from
EMPIRE calculationsee Ref2 J), we can alsccite the available experimental or
theoretical nuclear reaction ddtam Ref.[22] and[23]. Since the cross section data
is crucial to obtain an optiml specific activity by adjusting the irradiation
parameters, such as target geometryinoidiente-beam energy, we wikompare
the evaluated photonuclear data with the experimental measurements and then
implement these data into the simulationr@lgale as possibleFig. 5 shows the
results of thesimulation of *°Mo(9, n) reaction and of competing reactiofiie
experimental cross section is also shown as a comparison.

. tot) Empire 100

. ¢') Empire MO

(g
(g
(2
(g.n) Empire
(@
(g

I 2. 2n) Empire
——(g.p) Empire ®

100 £

Cross section [mb]

(g. tot) Beil
(g, g") Rusev

[ e (g.n) Beil

(g.n) Ustunomiya
(g.2n) Beil

0.1

|
10
Incident photon energy [MeV]

Fig.51 Simulationof nuclear reactio®™o(o, n) reaction and of competing reactiofige
experimental cross section is also shown for compariBo® maximumg, n) reaction cross section
is 150 mb corresponding the incidenb-ray energyF.=14.5 MeV.

TheRef.[24] provides tables of Xay mass attenuation coefficients and mass
energyabsorption coefficients from 1 keV to 20 MeV for elemehtsl to 92, from
whichone can obtain the maatieruation coefficienfor certain isotope target. Since
theseatteruation coefficients arediscrete we use a linear interpolation method to
obtain the attenuation coefficient that corresponds to a giv@nenergy of interest.

As the compounds and mixture$ the isotope targets are employed in the
simulation, accordingly we will reprocess the table of attenuation coefficient based
on their contents and compositions. As an exantite 6 shows thé®Mo and*®O
elements, as a function of photon energy,clvhwill be reprocessed and then used


http://physics.nist.gov/PhysRefData/XrayNoteB.html
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for the simulation of°Mo/*°"Tc isotope production, since the oxide¢iMo is
employed irthis case.

10%g 10%g
Z =42, Molybd F Z =8, Oxygen
a 103 olybdenum a 103§ Yg
c : — ulp o= F — wp
g 102? g 1025_ == /p
= E == /p ~ E en
-9 - en -e_ r
5 10F 5 10F
S E = E
c 1 o 1
& E i E
=107 =107
10_2_ I Il -I -------- l'- 10—2k
107 102 107" 1 10 107 1072 107" 1 10
Photon energy (MeV) Photon energy (MeV)

Fig. 61 The attenuation coefficients ™o and!®O [24]. Since a thick target (molybdenum oxide,
i.e. MoOs) would be employed to produce radioisotopes, the attenuation coefficient should be fully
considered in the simulation.

(3) Photonuclear reactions simulation

After the photonuclear reactiaross section and the attenuation coefficient
are obtained, we e€q. (3) to model the photonucleprocessisinghigh-intensity
and smaldivergenceo-beams. Br afixed isotopetarget of radiusR and thickness

L, we sample a certagray photon with energ¥ ; and positionr; recordecatthe
surface of the target. Accordingly, the reaction cross sest(@&);) andattenuation

coefficient m will be extracted.If the positon r, satisfiesr ¢R, one could

calculate the production probability for thi® o-ray photon interacting with the
isotope target

rN,
= sS(E, )1 -ex . 5
P M 7 (Bl p( )] (5)
Thus, one could obtain theoductionrate as:
| N
R=—an. (6)

N o

Here, N is the samphg number and is thea-ray beam flux at the surface of the
isotope target, its unit is photonsI$ie specific activity of the targeteddiasotope
as a function of irradiating time could be obtained by substituting EdntGEq.
(2) and Eq. (4).
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2.2.2 Consideration for production of ®*Mo /%™Tc

9T ¢ is conveniently obtainea ithe form of carriefree (noncarrier added)
by eluting the®®™Mo generator T2 = 66 hours), which can be used for 10 days.
Numerous technetiurmompounds have been developed for various applications in
nuclear medicinéWeekly, over 80 kCi (3000 TBpf °**Mo are generally produced
for loading in generators 8fMo/°*"Tc, which are delivered to end users®¥fTc
(especially hospitals ar@kntralized radigpharmacies Recentlya significantcrisis
occurred if®Mo production caused by extensive scheduled closures or emergencies.
This has created a growing interest in finding alternative ways for the production of
“Mo/**"Tc (Fig. 7). One d the proposedalternativemethodis to use the reaction
100Mo(a, n)**Mo. Production of**Mo by bremsstrahlung radiatipiiRef [25]) is
achieved with limited specific activity that becomes even more difficult to use with
currenty used generators technology (based on acidic alumina coluifinis).
method of producing radioisotopes wiglbeams camot compete with largecale
production facilities.In spite of the large interest worldwide for production of
Mo/*"Tc, accordingto the estimations presented in this paper,-KBI will
contribute only to research developments. While other facilities do have enough
capabilities to decrease the gap between demand and supply chain-NP ELI
9Mo/**"Tc will be considered for testy the new production methods, as a standard
for research in radioisotope production, since its separation processes and the
associated technology is well defined.

#9mTc production
via (p,2n)reaction
on Mo

100Mo Target

Proton
Accelerators

Mo production via (n,y)

reaction on Mo

Electron
Accelerators

Bremsstrahlung

Target

Deuteron
Accelerators

238 Target

100Mo Target

Heavy Nucleus %Mo Target
Target (Pt, TA, [—| n -
Particle W, U) 250 Target Mo production
Accelerators ’ via (n,f) reaction

#*Mo production
via (y,f) reaction

%Mo production
via (y,n) reaction

—| Carbon Target | 100Mo Target |_'

29Mo production
via (n,2n) reaction
on Mo

Fig. 71 Alternative methods of producing M0 using acceleratars
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Mo/ #™Tc specificactivity: In the simulationwe consider the oxid@MoOs;
target as the irradiation target with a density of 4.7 §/éfMMo isotope has an
extremely long halfife T,,M°=7.3T 10' years and therefore is considered stable.
Theisotope®®Mo is a naturabeta emittergdecaying spontaneously inft§Tc, which
successively enstl41 keV photons by Internal Conversion into the ground state
(seeFig. 8).

390 keV
100Mo —— Mo ——— #™T¢

T=73E18y % T=65976h B T,=6.0067h
Abundance: 9.82%
140.5keV|1T

9Te
T,=2.111E+5 y

Fig. 81 Production of**™Tc via'®Mo(o, n) reaction and disintegration chain®®flo.

Fig. 9 shows the specific activity 8fMo/**"Tc radioisotopes as a function of
irradiating time for differenttarget parameters. Thebeamenergy is fixed at
650 MeV. The saturation specific activiof the ®*Mo/*°"Tc generatorcan reach
1.1 mCi/g, after more tha00 h irradiation time.

1
- E, =650 MeV ' E. =650 Mev

B 1 =)

= 107k =2

(@] F Q 10

= E ¢

> >

3 107 s

£ . BT § 107F *mTe

< — MO < F — ®Mo

10° r
3 e 10°E o
1 10 10? 1 10 102
Time (h) Time (h)

Fig. 97 The specific activity as a function tfeirradiation time. The input target paramstare 2.5
mm radius, and 10 cm thickness (l&ftjd 1.0 cm thickness (right).
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Fig. 10 shows the saturation specific activity 8Mo/**"Tc radioisotopesis a
function of the target thickness and radius. It shows also that the specific activity of
the radioisotopeis sensitive to the energy efbeam usedo producen-rays.From
Fig. 10 we can concludé¢hat due to the-ray atteruationinside the target, a thin
target has potential to produce medical radioisotope with high specific adtoity.

a specific set of parameters theirradiation target and #he-beam e.g. aless tha
2.0 mm target radiusl.0 cmtargetthicknessand 650 MeV electron energthe
saturation specific activity 8Mo/°**"Tc could exceed.0 mCi/g.

'®MoO0, target radius is 2.0 mm

1.0 A, 720 MeV
B -m- 700 MeV
| iR v 680 MeV
AL A, A~ 650 MeV
A

Specific activity (mCi/g)

Target thickness (cm)

Fig. 107 Saturation specific activity as function of the target thickness

Fig. 11 shows that he specific activity of the radioisotopdéms a strong
dependence ametarget radius. In all cases, in principle the specific activity has an
inflection pointhappeningat a target radius of 2.5 mm, which matches thay
beam spot sizat the surface of the irradiated target. At the right side of the inflection
point, the bigger the target radius, #mallerthe specific activity is achieved. At the
left side of the inflection point, 80 MeV and highere-beamand a less than
650 MeV e-beam caseshow verydifferent trend. For the formerthe specific
activity begins to dcreaseasthe target radius decreasekie to the transmitted
arays, with their energies mismatching tpeaked photoneutron cross sectibar
the latter, thespecific activitycontinues increasing #se target radius decreasbat
its increase becomes slower compared to that at the right side. For some special
cases, the increasing may stop, which will be displayed in the simulatidghesf o
radioisotopes production.
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ig. 117 Saturation specific activity as function of the target radius while its thickn&8scis (left)
and 1.0 cm (right respectively

I

It is of great interest to analyze the specific activity of targeted isot@pas a
function of the location of thisotope target. Originally, the default location for the
MoOQ; target was 9.6 m downstreashthe IP. Now wdocatethe target al6.4 m
downstreamof the IP (i.e. E7 experimental statignand fix the other geometry
parametes. Fig. 12 shows that the specific activity decreases withittoeeased
distance between the IP and the isotope target. For the ca¥af°"Tc
radioisotopes generation, the specific activity is predicted to be slightly higher than
0.2 mCi/g, only one third of that in th8.6 m distance&ase. This resudfrom the
deaeaseof the beanflux density at the surface of the isotope target while increasing
thedistance between the IP and isotope target and naturally increasing the beam size.

""MoO, target thick is 1.0 cm - 720 MeV/

0.25 =- 700 MeV
S Ot - 680 MeV
= [ -a- 650 MeV
Q gof [l S - 630 MeV
e *a. e 620 MeV
> [ -

3 0.15}-

8

Qo 0'1,

_8 [

Q 0.05:

U) 1 1 1 1 1
0 1 2 3 4 5 6

Target radius (mm)

Fig. 121 Specific activity as a function of target radius fdrGa4 mdistance between the IP and the
isotope target
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2.2.3 Consideration for production of 8’Cu

The rdionuclide®Cu is a beta and gamma emitter (1B&V) with a
convenient haffife of 62 h §ig. 13), all of which are characteristics that malke
very attractive for cancer theragy particular, the short patangth offb™ particles
and the ability to form stable chemical complexes (with antibodies and peptides or
other small molecules) makais radionuclide a potential candidate for systemic
radiotherapy.

Currently,®’Cuis produced ira cyclotron by the reactidfiZn(p, 2p)*’Cu, at
high energy of incident protons, over 30 Ma by 7°Zn(p, J%Cu reaction (in
Table 2 the cross sections of reactions are presented for the nuclear reactions
discussed). Alternativelywe proposeéo employthe 8Zn(o, p)®’Cu reaction and a
competing reaction in the case of natural targets of®Zn(o, d)®*Cu.

Proposedargets areylindrical, 21 2 cm, approximately#0i 45 g of naaral
Zn/enriched®®Zn (whichcould lead to an increase of i imes in the activity).
Specific activities rehtively small may be obtainedpfroximately10 mCi/g) with
the main radionuclide impurities isotopes of Zn &i@l (whose activity is reded
by 40 % in 2 days of decpyaccording tdRef.[26]. According to the same source it
canbeproduced around 6200 mCiday (Table 3).

67Cu (61.83 h)
32200

Qp = 561.7keV p- decay 100%
3/2

B, — 393.5keV
209
300.2
393.5

3/2

By — 1845 keV
93.3

1/2-

Pz — L4 933 keV
913 184.6

5/2 .

B’4 —> = - 0.0 keV

77n (stable)

Fig. 131 Decay scheme &fCu.
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Table2
Cross sections of nuclear reactions produ€iGg

Nuclear reaction

Cross section (mb)

%Zn(p, 2p)°’'Cu

7OZn(p, U)G?Cu
%87n(o, p)®’Cu

6 (E,=30i 85 MeV)
24.8 €, =130 425 MeV)
15 (€, = 16 MeV)
11 E=22MeV)

Table3

The activity of®’Cu obtained by various methods reportedRief. [27] and
reference therein

Target mass (g)|Time  /|Energy . Adjusted vyielg

/ Enrich (%) current [(MeV) Reported yield (eCileAhg)
2i10h/ 8 ,

Zn /25 i 10eA 25 250¢Ci/25g Zn |0.1

Zn /100 gi h 7 5¢ 35 8.8mCi/100 g Zn|0.04
Several -

Zn0 /90 hous  f130 |3 107 BAkAN90/g o
GLO0EA g
30 min / 0.411.29

Zn0O /0.025 30160 |eCi/eAh/100 mg4.1i2.9
17%¢A 6870

The radioisotop&Cu(T12= 12.7 h)should not be considered a radiouclide
impurity but as acounterpart(theranostic) of ¢’Cu, very useful for therapy
monitoring This radionuclide decays via three modes, naeBmission (38.4%),
b* emission (17.8%) andC (43.8%). Theb" branching anthe intensity of the weak

1346keV a-ray have been recently determined with higher precision, and the known

decay characteristicslalv a combination of radianmunactherapy and PET(see
Ref.[16]). A simulation was performed (Empire) of the nuclear rea&ign (9, n)
and of he competingreactions Fig. 14) and the resultsvill be the basis for

calculations of the target geometry, the expected activity and the optimum irradiation

parameters.
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Fig. 141 Simulation of nuclear reactidizn(s, n) and of competing reactions.

2.2 4 Production considerations and applicationg?Ra/??°Ac

Alpha emitters are very promising for therapeutic applications because the
emitted alpha particles lay their energy locally (generally having the path length
comei one to a few cell diameters) withaage linear energy transfer (LET) causing
breakage of DNA double chains. Among the alpha emitters which can be produced
at ELI-NP the radionuclide of most interest??°Ac (Ti2= 14.8 days). It disintegrates
to stable?®Bi by a series of four alpha and two betacays. The radionuclidé’Ac
can be used directly for targeted alpha therapy or as a generattBfowhich in
turn is used for targeted alpha therap$?Ac is produced by decay dfRa
(% chain) or by reaction?”®Ra(n, 2nj**Ra Y 2?°Ac. Currently, the ?*°Ac is
available in very small amounts (about 1 Ci = 37 GBq per year), which is very little
compared to the need for large scale application. As an alternative, we propose
2Rapb, N>R a %Ac, which decays t8%°Ac and is separatechemically from
the ?2°Ra target (generat@f*RaF?°Ac) (seeFig. 15). The ?*Raf,n) reaction was
chosento produce?®Raf?Ac radioisotopes due to a considerapleotoneutron
reaction cross section, approximatgB0 mb at &,~12 MeV and itwill involve a
radioactive target which requires radioprotection measiveshavealsochecked
the?**Th(o,0)**Rareactionto producé&*Rahowever itgeactioncross sectionalue
is much lower.Hence it should be not an effective route for the production of
22°RaP?*Ac radioisotopesTo the best of our knowledge, there is also no suitable
production route fof?®RaF?°Ac radioisotopedy using the photoreactions &fiTh.

The extaction of?2°Ac daughter should contribute to cover the demand for
225Ac/?Bi generatorsBismuth can beised for labelling sing chelating agents like
DOTA (1,4,7,10tetraazacycledodecanel,4,7,10tetraacetic acid) but, like all
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ot her -afl spi méerls,eeis very short lived. These radioisotopes are usually
used in combination with peptides withast uptake time and with antibodies
seeking blood cancer celt8Ac is thus useful in particular in targeted alpha therapy
(TAT) but requires &helating agent to avoid deposition in bones and liver. With a
monoclonal antibody that interferes with the HER2/neu receptor has proved effective
in: leukemia, lymphoma, breast, ovarian, neuroblastoma and prostate c&afers
[28]. *°Ra targets are ditult to handlebecause dhe alpha radiotoxicity and dgse

if their activity becomes significant. Therefore, a high densibeam flux is
essential to minimize the size of the target and the target activity, maximizing thus
the product activity. Abou200 GBq can be produced weekly?6#Ac, sufficiently

to treat hundreds of patientdigh density flux and narrow bandwidth gamma beams
will allow the use of smallei®Ra quantities, allowing the production of tens of GBq

of 22°Ac per day, using relativelsmall quantities of?Ra (order of mg).

26R, __ ™ | 2sR, p 257 ¢

Ty 1600y Typ=149D  0.IMeV T,,=10.0D

5.8M6Vl o

) DI — NIAf e—t—— 22Uy
Tip=d6min  Ep=7.07MeV En=6.34 MeV -
Ti»=323ms T»=286.1s

-, En=0.49 MeV (98% 0, En=8.4 MeV
P En VO o13p, —LMMV L H09pp
Tip=42pus
o, En=5 88 MeV 2%) 399 f-. En=0.66 MeV 200p},
_

T1,=2.2 min T,»=325h

209Bi B'; En=02MeV

Stable

Fig. 157 The??°Ac radioisotope production and disintegration chaif?®a via 6, n) reaction.

*2Raf?Ac specific activity: The possibility of production of**Raf**Ac
radioisotopes at the EINP facility is investigated. The metalf®®Ra target with a
density of 5.0 g/crhwas used in the simulation. It is shown Riy. 16 that the
226Raf, n) reaction has considerable cross section. The cross section repelad a
ataoray energy oE,=12 MeV, which corresponds to a cross section of 290 mb
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Fig. 161 Theoretical cross section data féiRap, n) reaction from23].

Fig. 17 shows the specific activity 6f°RaF?°Ac radioisotopes as a function of
irradiation time. Thee-beam energy is fixed to MeV. For ?2RaF?°Ac
radioisotopes, their specific activity wiltacha saturation value after relatively
longirradiating time approximately’0 days, due to a longealftlife, 14.9 dag for
the isotope’®Ra, and 10.0 dag/for isotope’®°Ac, comparedo the halflife of the
isotope®Mo.

E, = 600 MeV
1
= i . 225Rg
8 sy,
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2
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107
1

10 “102
Time (D)

Fig. 177 The specific activity of?>RaP?°Ac as a function of irradiating tim&hetarget ischooseto
be2.0 mm radius and 1.0 cm thick.

Fig. 18 shows the specific activity dF°RaF?*Ac generatoras a function of
the target thickness and radius. It is shown that a 600 &edam is suitable for
triggering indirectly the photoneutron reaction artden generatingthe highest
specific activity of alpha emitters, includifg’Ac and its daughter isotogeFor
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580 MeV e-beam, the saturation specific activity increases as the target radius
decreasedNeverthelessfor ebeams of 620 MeV and highdahe hghest specific
activity will occur at a target radius of 2.5 namd therdecreaseasthe target radius
decreases. It is also shown that if an appropriate irradiation targes-laeam
parametersi.g.the target radius is smaller than 1.5 mm and theniegxis 1.0 cin

are employed, the saturation specific activity?éRa’?°Ac could exceed.1mCi/g.
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Fig. 181 Saturatiorspecific activity of the&?®Ral?°Ac radioisotopes as function of trerget
thicknesgleft) and radiugright) for differente-beam energies

2.2.5Considerations concerning the production of®Re

Radionuclide!®®Reis a beta and gamma emitteB{lkeV) with a convenient
half-life of 3.7 day(Fig. 15) all of which are characteristics that make it very
attractive forbone pain palliation, radiosynovectomy, and targeted radionuclide
therapy

Fig. 19 shows aschematic ofthe ®®Re radioisotopeproductionvia (9, n)
reaction The metallic*®'Re target with a density 021.04g/cn? was used in the
simulation.Fig. 20 shavs the experimental cross section for tHéRe(, n) reaction
whichhas @peak atphotonenergy ofE,=15 MeV, corresponding ta cross section
of 600 mh

Fig. 191 ®Re radioisotope production via, (1) reaction



