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Abstract We report Monte Carlo simulations of the production of radioisotopes of medical interest through photoneutron reactions using the high-brilliance γ-beam of the
Extreme Light Infrastructure – Nuclear Physics (ELI–NP)
facility. The specific activity for three benchmark radioisotopes, 99 Mo/99m Tc,225 Ra/225 Ac and 186 Re, was obtained
as a function of target geometry, irradiation time and
γ-beam energy. Optimized conditions for the generation
of these radioisotopes of medical interest with the ELI–NP
γ-beams were discussed. We estimated that a saturation
specific activity of the order of 1–2 mCi/g can be achieved
for thin targets with about one gram of mass considering
a γ-beam flux of 1011 photons/s. Based on these results,
we suggest that the ELI–NP facility can provide a unique
possibility for the production of radioisotopes in sufficient
quantities for nuclear medicine research.
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1 Introduction
In nuclear medicine, radioisotopes are used for diagnostic and therapeutic purposes. In many medical procedures, radionuclides are combined with other chemical
compounds or pharmaceuticals to form a radiopharmaceutical which when administered to the patient can
preferentially localize to specific organs or cellular
receptors. This property of radiopharmaceuticals allows
nuclear medicine ability to image the extent of a disease process in the body. Treatment of a disease based
on metabolism, uptake or binding of a ligand, may also
be accomplished; in this case, the radiopharmaceuticals
rely on the tissue-destructive power of short-range ionizing radiation.
Over 10,000 hospitals worldwide use radioisotopes
in medicine, and about 90 % of the procedures are for
diagnosis. The use of diagnostic radiopharmaceuticals
is growing at over 10 % per year [1]. The advance in
the field is based on new achievements of higher sensitivity of the detection systems [2, 3]. Thus, the main
advantage of nuclear medicine is the use of tracers at
very low concentrations. However, the advantages of
nuclear medicine diagnostics require that the radiotracers have relatively high specific activity, such that the
injected radiotracer is not accompanied by too many
stable isotopes of the same (or a chemically similar)
element.
Currently thermal neutron-induced fission and chargedparticle reactions with protons are the main production routes for medical radioisotopes [4]. The increasing
demand for medical radioisotopes requires more production facilities, along with the investigation of new ways of
production and the application of new radioisotopes in both
diagnosis and therapy.
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Photonuclear reactions can provide an opportunity for
the production of neutron-deficient isotopes, but conventional γ-ray sources do not have a flux density sufficiently
high to produce radioisotopes with high enough specific
activities. Recent advances in laser technology have led to
the development of high-peak power lasers in many laboratories worldwide. When focused to an area of a few tens
of square microns, the laser radiation can reach intensities of more than 1020 W/cm2 [5] and laser-driven nuclear
phenomena can occur. This opens up the opportunity for
scientists to study various nuclear phenomena, including
the generation of positron, neutron, proton and heavy ion
beams [6]. Combing the advanced laser technology with
radio-frequency electron accelerator, Compton backscattering (CBS) of a laser pulse from a relativistic electron
beam (e-beam) has been proved to be an effective approach
to producing energy-tunable, intense and quasi-monochromatic X-rays [7–12] or γ-rays [13–16]. Many CBS-based
γ-ray facilities have also been recently developed and used
for basic research and various applications [16–18]. Further, benefiting from the progress in generation of the laserplasma-driven electron bunches, many efforts have been
done to develop novel all-optical and compact electron-γ
sources [19–22]. Since these sources have a relevant component around the giant dipole resonance for photonuclear
absorption, it is very useful for photonuclear studies and
medical uses [20–23].
Using these new beam facilities, compact targets could
be exposed to the gamma radiation and undergo photonuclear reactions such as (γ, n) and (γ, p) to produce new
radioisotopes [4]. Such beams can be used as well as to
pump a good fraction of the nuclear ground state population via excited levels into an isomeric state. Thus, after
a suitable irradiation time, a radioisotope with high specific activity can be produced. Photonuclear reactions
with γ-beams of high intensity and large brilliance allow
the production of radioisotopes for medical applications,
such as 47 Sc,44 Ti,67 Cu,103 Pd,117m Sn,169 Er,195m Pt or
225 Ac, with a higher specific activity than by classical
methods [4, 24]. This production method should also enable further clinical applications of the above-mentioned
radioisotopes. For example, 195m Pt can be used for therapeutic monitoring of chemotherapy with compounds containing platinum. In this context the Extreme Light Infrastructure – Nuclear Physics (ELI–NP) facility will have a
brilliant γ-beam of 104 photons/s/eV, ≤0.5 % bandwidth,
with Eγ < 19.5 MeV, which is obtained by CBS of a laser
light off an intense e-beam (Ee > 700 MeV) produced by
a warm linac [25]. This will likely provide an opportunity
for the production of radioisotopes for medical research.
Simulations that model the intense CBS γ-beam interaction with a solid target are necessary to estimate the radioisotope production parameters. In this paper, we present
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the results of such simulations for three selected cases
and 186 Re. We have chosen the
above cases for the following reasons: (1) 99 Mo was chosen because of its well-known (γ, n) cross section [26]; (2)
186 Re isotope was chosen because it has the largest (γ, n)
cross section of all radioisotopes of interest [26]; (3) 225 Ac
was chosen to study the possible isotope production with
an actinide target.
We simulated the CBS process to produce the γ-beam
with the most appropriate parameters, its transport and
delivery to the isotopic target for irradiation, and the subsequent isotope production. In these simulations, we have
optimized the isotopic target dimensions and the beam
parameters, at defined irradiation time intervals such to
maximize the isotope production. Using measured and estimated photonuclear cross sections, we obtained, as realistic as possible, the specific activities achievable at ELI–NP,
for the above-mentioned radioisotopes. We have shown
that the ELI–NP facility will be suitable for production of
radioisotopes for medical research and for evaluation of
new methods for radioisotope production. This may open
new perspectives toward possible radioisotopes production
at future γ-beam facilities. In this study, a γ-beam flux of
1011 s−1 was used in the simulations, which is a conservative estimate for ELI–NP, but such γ-beam fluxes will
be achieved in the first phase of operation of the facility.
During the facility development, if the γ-beam flux will
increase, then the calculated specific activities of the radioisotopes can be easily scaled, accordingly.
99 Mo/99m Tc,225 Ra/225 Ac

2 Methods and materials
2.1 ELI–NP γ‑beam simulation
As discussed above, a very brilliant, intense γ-beam,
which is produced by incoherent Compton backscattering of direct laser light with a very brilliant and intense
e-beam, will become available at the upcoming ELI–NP
facility [25]. Such facility will deliver a very intense (up
to 1012 photons/s), brilliant γ-ray beam, ≤0.5 % bandwidth,
with energy up to 19.5 MeV. A Yb:Yag laser will be used to
produce such a γ-ray beam and its main performances are
the following: pulse energy 2 × 0.2 J, wavelength 515 nm,
FWHM pulse length 3.5 ps, repetition rate 100 Hz, focal
spot size >28 µm and pulse energy stability 1 %. Accordingly, in our simulations we have used a circularly polarized laser with a wavelength bandwidth of 0.05 %, scattering on a relativistic e-beam with an energy spread of
0.04 % at a laser incident angle of θL = 172.5◦.
Using the Monte Carlo method, we have developed a
realistic model of laser photon–relativistic electron interaction which takes into consideration the phase space
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Eγ ≈ 2γ2 EL (1 − β cos θL ),

than the energy at maximum of the 100 Mo(γ, n) cross section, ∼14.5 MeV [26, 29]. The average energy of the γ-rays
passing through the collimator aperture was 13.9 MeV,
and its beam radius at the surface of the target was about
2.5 mm.
For a CBS γ-ray beam, its energy has a strong dependence on the scattering angle. From the far field observation plane, the γ-beam radius can be approximated by
the scattering angle since the γ-beam spot size at the IP
is extremely small, on the order of tens µm. The γ-rays
energy was therefore correlated with the beam radius at
the surface of the target isotope (Fig. 2), which was also
equal to the target radius. We found that the center of the
γ-beam profile had the highest flux density, which corresponds to the end-point energy of the scattered γ-rays.
Figure 2 also shows that in the 14.7 and 16.1 MeV γ-beam
cases, the energy-radius distribution and the horizontal line
at Eγ = 14.5 MeV, corresponding the energy for the peak
of the 100 Mo(γ, n) reaction cross section, intersected at two
different points (P1 and P2) of the beam radius. The values
for the beam radius at P1 and P2 were approximately 0.9
3

1

2
0.8

Y (mm)

distribution of the electron and laser beams. In the model,
we implemented a physically constrained e-beam emittance
and spatial distribution and we also considered a Gaussian
laser beam. Since the description of the γ-ray production
model and its code, as well as its benchmarking process,
goes beyond the contexts of this work, more details will be
published elsewhere [27].
We combined the γ-beam simulation code with the
Geant4 toolkit [28] to model the MeV-class γ-ray production and to study the spectral and flux density distributions
of the γ-beam during its transport from the laser-electron
interaction point (IP) to the target, through the ELI–NP
γ-ray beamline. A realistic model of the γ-ray beam collimation system, which will be installed at ELI–NP, and
also the geometry of thin isotopic target of flexible radius
placed toward the beam for the production of the radioisotopes of interest, were implemented in the combined code.
Using the simulation code, we obtained the γ-beam characteristics at the surface of the irradiated target, which are
required for the calculation of the specific activity of radioactive isotopes.
The collimator opening at a small aperture and the irradiation target were located approximately 9.0 and 9.6 m
downstream of the IP, respectively. The collimator’s role
is to stop the low-energy scattered γ-rays that cannot trigger a photonuclear reaction. If the aperture of the collimator is small enough, a well-collimated γ-beam whose scattering angle is smaller than the collimation angle will pass
through the collimator and then will arrive at the surface of
the irradiation target. Hence, one could optimize the aperture of the collimator to obtain an appropriate bandwidth
of the γ-beam in order to cover the most significant part of
the reaction cross sections. For example, when the aperture
of the collimator was set to 2.5 mm, a collimation angle of
∼0.28 mrad was obtained. Then only almost 15 % of the
total CBS γ-rays passed through the collimator and irradiated further the isotopic target. Considering that the total
flux of the γ-rays produced at the IP is 1.0 × 1011 γ/s, the
flux of the γ-rays that passed through the collimator was of
the order of 1010 γ/s.
The ELI–NP γ-beam, that will be used to irradiate the
target, will be diagnosed by monitoring its energy, flux
density and transverse profile. Figure 1 shows the expected
CBS γ-beam spectrum and profile at the surface of an isotopic target for a 640 MeV e-beam. The end-point (i.e., onaxis) energy of the scattered γ-rays is defined as
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Fig. 1  The γ-beam spectrum (left) and transverse profile (right)
at the surface of the irradiation target. The input e-beam energy is
Ee = 640 MeV, and the collimator opening is 2.5 mm (collimation
angle 0.28 mrad)

(1)

where γ is the Lorentz factor of the relativistic electrons, EL
is the photon energy of the incident laser, and θL is the laser
incident angle with respect to the electron trajectories. For
the 640 MeV e-beam, the end-point energy of the scattered
γ-rays is about 14.7 MeV (Fig. 1), which is slightly higher

Fig. 2  The correlation between the ELI–NP γ-ray energy and beam
radius (the center of the beam corresponds to the zero point on the
x axis) at the surface of the isotopic target. The horizontal solid line
represents a photon energy of 14.5 MeV, pointing to the maximum
cross section of the 100 Mo(γ, n) reaction, ∼150 mb [29]
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and 2.5 mm, respectively. The intersection points discussed
here indicate a good convolution between the γ-beam spectrum and the reaction cross section, which is crucial for our
simulations in order to obtain the highest specific activity,
as discussed in the Sect. 3.
2.2 Reactions cross section calculations by EMPIRE
Cross sections of the photon-induced reactions on
and 187 Re have been calculated with the
modular system EMPIRE 3.2 Malta [29]. Pre-equilibrium
emission was taken into account by module PCROSS featuring one-component exciton model with gamma, nucleon
and cluster emissions. The compound nucleus mechanism
was described by Hauser–Feshbach statistical model. The
Koning–Delaroche regional potential for neutrons and protons [30] in the exit channel, the default EMPIRE option
for non-actinides, was used. The nuclear level densities
were calculated with the Enhanced Generalized Superfluid
Model [29]. The Modified Lorentzian 1 closed formula [30]
was used for the gamma strength function calculation. The
Giant Dipole Resonance (GDR) parameters were retrieved
from the RIPL database [30], where parameters deduced
from experimental data were available for 100 Mo, while
parameterizations were used for 226 Ra and 187 Re. Additional required input parameters were retrieved from the
RIPL-3 database [30]. Detailed comparisons between the
photonuclear reactions cross sections for 100 Mo,226 Ra and
187 Re from the EMPIRE calculations and those retrieved
from the EXFOR database [26] and the TENDL evaluations [31] are given in the Secti. 3. Based on these comparisons, reliably estimated photonuclear reaction cross sections were used in the prediction accurately of the specific
activities of the radioisotopes of medical interest.
100 Mo,226 Ra

2.3 Specific activity of radioisotopes and its simulation
algorithm
In a typical photonuclear reaction process, the reaction rate
P0 of the target isotope depends upon a number of parameters, such as the number density ρ of target nuclei that are
irradiated, the threshold energy of the nuclear reaction Eth ,
the end-point energy of photons Emax, the probability of
a photonuclear reaction defined by the reaction cross section σ (Eγ ) and the photon flux density. While taking into
account the attenuation coefficient of γ-photons inside the
target, the reaction rate can be written as:
P0 =

 Emax  R
ρNA
σ (Eγ )I(Eγ , r)[1 − exp(−µL)]dEγ dr, (2)
0 µM
Eth

where M is the molar mass (g/mol) of the target isotope,
I(Eγ , r) is the γ-ray linear flux density at the surface of the
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isotopic target after the polar-angle integration, µ is the linear
attenuation coefficient, R is the target radius, L is the target
thickness with respect to the direction of γ-beam propagation, and NA = 6.02 × 1023 represents Avogadro’s constant.
In our simulation, for a certain geometry of an isotopic
target, we sampled a certain γ-ray photon with energy Eγ,i
and position ri recorded at the surface of the isotopic target,
as discussed later. Accordingly, the cross section σ (Eγ,i )
and the attenuation coefficient µi were obtained using a linear interpolation method. Given that the position ri satisfies
ri ≤ R we calculated the reaction probability for the ith γ
-photon interacting with the isotope inside the target as:

pi =

ρNA
σ (Eγ,i )[1 − exp(−µi L)],
µi M

(3)

Otherwise, for ri > R the nuclear transmutation process
does not occur and the resulting pi equals to zero. Then we
obtained the production rate of the product isotope to be:

P0 =

N
I 
pi .
N

(4)

i=1

Here, N is the total sampling number and I is the γ-beam
flux at the surface of the isotopic target, the unit is
photons/s.
The specific activity (A/m) is one of the most important
quality criteria for radioisotopes production for nuclear medicine research and application. Here, A is the activity and m
stands for the mass. When a γ-beam of high intensity triggers the isotopic target into the product of interest and considering that any other reactions (such as destruction of the
product by nuclear reactions) do not interfere significantly,
the specific activity for the product isotope is given by:

 
P0
A
[1 − exp(−1 tirr )],
=
m product
m

(5)

where 1 = ln(2)/T1/2 is the decay constant of the product isotope with a half-life of T1/2, and tirr is the irradiation time. For some specific cases, the daughter of the product isotope rather than itself is of particular interest for
medical applications. The product isotope is only used as
a radionuclide generator. The most prominent example is
the 99 Mo/99m Tc generator, which is usually produced by a
neutron-induced fission process, or by photoneutron reaction and its disintegration, 100 Mo(γ, n)99 Mo → 99m Tc. For
the latter, we derived the specific activity of the daughter
radionuclide from the decay law:



 
P0
1 exp(−2 tirr ) − 2 exp(−1 tirr )
A
=
1+
,
m daughter
m
2 −  1
(6)
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where 2 corresponds to the decay constant of the daughter radioisotope. If the generator radioisotope has a smaller
decay constant than its daughter radioisotope, then a radioactive decay equilibrium between them could be achieved
and hence one could optimize the irradiation time to
achieve sufficient specific activities of the radioisotopes of
interests.

3 Results
99 Mo/99m Tc radioisotopes production
3.1 

Typically, molybdenum and its isotopes exist in the form of
oxide on Earth. We considered a pure solid oxide 100 MoO3
as the irradiation target with a density of 4.7 g/cm3.
The 100 Mo isotope has an extremely long half-life,
T1/2 = 7.3 × 1018 years and therefore is very stable. The
isotope 99 Mo, the product of 100 Mo(γ, n) reaction, is a natural beta emitter, decaying spontaneously into 99m Tc which
further emits 140.5 keV γ-ray by internal conversion to the
ground state. The production of 99m Tc and the disintegration chain of 99 Mo is shown in Fig. 3.

Fig. 3  99m Tc production via
chain of 99 Mo

100 Mo(γ, n)

reaction and disintegration
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Existing measurements of (γ, γ′) photo-absorption
cross sections up to the neutron-separation energy and of
partial (γ, n), (γ, 2n) and (γ, 3n) photoneutron cross sections for 100 Mo retrieved from the EXFOR database [26]
are presented in Fig. 4 together with the corresponding
EMPIRE calculations [30] and the existing TENDL evaluation [31]. Very good agreement can be observed between
the EMPIRE calculations and the (γ, γ′) and (γ, n) measurements [32–34] at energies up to two neutron emission
threshold. The TENDL evaluation overestimates the measured cross sections below the energy of the (γ, n) cross section peak. Both the (γ, n) cross section peak value and its
corresponding energy given by TENDL are lower than the
experimental ones. The (γ, 2n) cross sections are slightly
overestimated by both the EMPIRE calculations and the
TENDL evaluations. The EMPIRE calculations are in
good agreement with the (γ, 3n) measurements, while the
TENDL evaluations overestimate them. Thus based on the
good agreement between the EMPIRE calculations and the
measured cross section for the (γ, n) reaction, which is the
reaction of interest for the production of 99m Tc, we decided
to use the results of the EMPIRE code for our induced
activity calculations, which provided a 150-mb peak of the
100 Mo(γ, n) reaction cross section at E = 14.5 MeV.
γ
Figure 5 shows the saturation specific activity of
99 Mo/99m Tc radioisotopes as a function of the target geometry for different γ-beam energies as inputs. The 14.7 MeV
γ-beam provided the highest specific activity compared
with other γ-beam conditions. This was mainly caused by
the fact that the CBS γ-beam spectrum covers the energy,
14.5 MeV, that leads to a peaked GDR cross section in
100 Mo(γ, n) reaction. The calculations showed that the
highest specific activity of approximately 1.8 mCi/g can be
achieved for a thin target (radius ≤2.0 mm and thickness
1.0 cm). It is also shown in Fig. 5a that the thinner the isotopic target, the higher the specific activity.

Fig. 4  Existing measurements
of (γ, γ′), (γ, n), (γ, 2n) and
(γ, 3n) cross sections for 100 Mo
retrieved from the EXFOR
database [26] together with corresponding EMPIRE calculations and the existing TENDL
evaluation [31]. Experimental
points in the figure are taken
from Refs. [32–34], as indicated
in the legend on the right-hand
side of the figure
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Specific activity (mCi/g)

Fig. 5  Saturation specific activity of 99 Mo/99m Tc radioisotopes
as a function of the target
thickness (a) and radius (b) for
different γ-beam energies as
inputs

1

E γ = 14.7 MeV

10−1
99m

Tc

10−2

10−3

99

1

10

Mo

102

Time (h)

Fig. 6  Specific activity of 99 Mo/99m Tc generator as a function
of irradiation time. The input parameters for the isotopic target are
2.0 mm radius and 1.0 cm thickness

Fig. 7  Schematic of the 225 Ac radioisotope production and disintegration chain of 225 Ra via (γ, n) reaction

3.2 225Ra/225Ac radioisotopes production
Figure 5b shows that for each γ-beam energy, the specific activity has an inflection point, where the highest specific activity was achieved. However, the position of such
an inflection point is flexible and depends on the position
of the intersection point in Fig. 2, due to the convolution
between the γ-beam spectrum and the reaction cross section. Taking the 100 Mo(γ, n) reaction as an example, the
inflection point occurred for a target radius of approximately 1.0 mm for the 14.7 MeV γ-beam, and 2.5 mm for
the 16.1 MeV γ-beam, which is consistent with data shown
in Fig. 2. Our simulations suggest that the matching the
CBS γ-beam spectrum with a peaked photonuclear cross
section by using an appropriate γ-beam may provide an
effective approach to producing medical radioisotope with
a maximum specific activity.
Figure 6 shows the specific activities of 99 Mo isotope
and its daughter 99m Tc as a function of the irradiation
time. Using an optimal γ-beam energy (14.7 MeV) and a
thin target (radius 1–2 mm, thickness 1 cm), the specific
activities of the 99 Mo and 99m Tc isotopes reached 0.36 and
0.24 mCi/g, respectively, after one day irradiation, while
their saturation specific activities exceeded 1.6 mCi/g after
more than 5–6 times half-life irradiation interval.

13

Among the α-emitters which can be produced
at ELI–NP facility, a radioisotope of interest is
209 Bi
225 Ac (T
1/2 = 14.8 days). It disintegrates to
19
(T1/2 = 1.9 × 10 years) by a series of four alpha and two
β − decays, as shown in Fig. 7. The radioisotope 225 Ac can
be used directly for targeted alpha therapy or as a generator for 213 Bi, which in turn can also be used for the same
purpose. Thus, we propose the following production route
for 225 Ac: 226 Ra(γ, n)225 Ra → 225 Ac, since 225 Ra naturally decays to 225 Ac and can be separated chemically from
the 226 Ra target (225 Ra/225 Ac generator). A metallic 226 Ra
isotope target with a density of 5.0 g/cm3 was used in the
simulation.
Since no experimental data on γ-induced reactions on
226 Ra are currently available within the EXFOR database,
the cross sections calculated using the EMPIRE are compared in Fig. 8 with the existing TENDL evaluation for
the (γ, n), (γ, 2n) and for the total photo-absorption cross
section. For the (γ, n) reaction, the TENDL evaluation
provides a lower peak cross section, a larger curve width
and a higher peak energy than the EMPIRE calculations.
We decided to use the TENDL evaluation for our induced
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Fig. 8  EMPIRE calculations
and the existing TENDL evaluation for the (γ, n), (γ, 2n) and for
the total photo-absorption cross
section on 226 Ra

Fig. 9  Saturation specific activity of the 225 Ra/225 Ac radioisotopes as a function of the target
thickness (a) and radius (b) for
different γ-beam energies

activity calculations, which provides a relatively high peak
cross section, ∼290 mb, for the 226 Ra(γ, n) reaction at
Eγ = 12 MeV.
Figure 9 shows the saturation specific activity of the
225 Ra/225 Ac generator as a function of the isotopic target
thickness and radius. The 12.6 MeV γ-ray beam is suitable for triggering the 226 Ra(γ, n) reaction, generating the
highest specific activity of α-emitters, including 225 Ac and
its daughter radioisotopes. Figure 9b also shows that for
the 11.8 and 12.6 MeV γ-ray beams, the specific activity
increased as the target radius decreased. For γ-beams with
energy Eγ ≥ 13.4 MeV, the inflection point of the specific
activity occurred at a target radius ≥2.5 mm, which correlated closely with their maximum specific activities. It is
also demonstrated in Fig. 9b that if the appropriate isotopic
target and γ-beam parameters were employed, the saturation activity for 225 Ra/225 Ac generator exceeded 1.1 mCi/g.
3.3 186Re radioisotopes production
The possibility for the production of the 186 Re radioisotope
with intense γ-ray beams was also investigated by using the
187 Re(γ, n) reaction. While 187 Re is a stable isotope with
a high natural abundance of 62.6 %, 186 Re is a radioisotope that emits electrons with the average energy of about

Fig. 10  Schematic of the
reaction

186 Re

radioisotope production via (γ, n)

350 keV and a 137 keV γ-ray line, as shown in Fig. 10.
Existing data for cross sections for the 187 Re(γ, n) reaction
and for the (γ, Sn) photoneutron yield reaction defined as:

σ (γ, Sn) = σ (γ, n) + σ (γ, np) + 2 · σ (γ, 2n),

(7)

are presented in Fig. 11 together with the corresponding EMPIRE calculation and the existing TENDL evaluation. The recent (γ,n) reaction cross section measurement
performed using quasi-monochromatic γ-ray beams at the
TERAS electron storage ring [35] yielded lower values
than that obtained using continuous bremsstrahlung γ-ray
beams [36] and was in better agreement with the EMPIRE
calculation. The bremsstrahlung data are well reproduced
by the TENDL evaluation for energies below (γ, n) peak
energy. Above the peak energy, the bremsstrahlung data are
in good agreement with the EMPIRE calculation and are
overestimated by the TENDL evaluation.
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Fig. 11  Existing measurements
for the (γ, Sn) photoneutron
yield reaction cross section, as
defined by Eq. (7), and for the
(γ, n) reaction cross section on
187 Re together with corresponding EMPIRE calculations and
the existing TENDL evaluation. Experimental points in the
figure are taken from Refs. [35,
36], as indicated in the legend
on the right-hand side of the
figure

Fig. 12  Saturation specific
activity of the 186 Re radioisotope as a function of the target
thickness (a) and radius (b) for
different γ-beam energies

We have decided to use the TENDL evaluation for our
study, since there was an overall good agreement with the
bremsstrahlung photoneutron data. The calculations provided a 430-mb peak cross section at Eγ = 13 MeV. It is
interesting to note that the energy at the peak cross section
is exactly covered by the γ-ray energy region at the ELI–
NP facility and will be possible to be measured in detail. In
the simulations, we considered that the metallic 187 Re target has a density of 21.04 g/cm3.
The saturation specific activity of 186 Re radioisotope as
a function of the target thickness and radius is shown in
Fig. 12. Choosing an isotopic target with a radius smaller
than 2.5 mm, the 13.8 MeV γ-beam, which involved the
best convolution between the γ-beam spectrum and the
induced reaction cross section, resulted in the highest specific activity. The saturation specific activity for 186 Re radioisotope exceeded 1.5 mCi/g when using optimal irradiation conditions, e.g., a 13.8 MeV γ-beam and a target with
a radius ∼2.0 mm and a thickness of 1.0 cm.

4 Discussion
In this paper, we modeled through Monte Carlo simulations
the ELI–NP γ-beam interaction with a solid target and

13

we estimated the radioisotope production parameters for
are not available
in the literature. We presented in detail the results (Sect. 3)
of such simulation using the calculated CBS γ-beam
parameters. We have optimized the isotopic target dimensions and the beam parameters, at defined irradiation time
intervals, to maximize the isotope production. This study is
especially important because a number of radioisotopes of
medical interest were previously produced by nuclear reactors and alternative production routes are currently evaluated. In addition, the application of 225 Ra/225 Ac,186 Re
and other isotopes in targeted therapy is promising and the
investigation of the new production route by (γ, n) reaction
at ELI–NP is feasible.
225 Ac is an alpha emitter important for targeted alpha
therapy. Currently the 225 Ac is produced by decay of 225 Ra
(235 U chain) or by reaction 226 Ra(n, 2n)225 Ra → 225 Ac
and is available in very small amounts (about 1 Ci per
year), which is very little compared to the need for large
scale application. Its daughter 213 Bi can be also used for
targeted alpha therapy with a high energy of 8.4 MeV.
These radioisotopes are usually used in combination with
peptides with short uptake time and with antibodies seeking blood cancer cells. With a monoclonal antibody that
interferes with the HER2/neu receptor, it has proved

99 Mo/99m Tc,225 Ra/225 Ac and 186 Re which
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Table 1  A brief summary of the potential radioisotopes of medical interest that can be produced by ELI–NP γ-beam
Product
isotope

T1/2 (day) (γ,n) target ma (g) σpeak (Barn) Eγ,peakb
(MeV)

99m Tc

0.25

186 Re

3.7

225 Ac

10.0

Cross section width
(MeV)

Eγ (MeV) γ-Beam flux A/mc
(s−1)
(mCi/g)

Amount per
day (MBq)

100 MoO
3
187 Re

0.40

0.15

14.5

2.09

14.7

1011

1.6

8.9

2.64

0.43

13.0

1.72

13.8

1011

1.5

24.7

226 Ra

0.63

0.29

12.0

1.65

12.6

1011

1.1

1.2

a

  An isotopic target with 2.0 mm radius and 1.0 cm thickness was used for calculation

b

  Corresponds to the γ-ray energy at the peak of the reaction cross section

c

  Corresponds to the saturation specific activity after a long enough irradiation integral

2.0
99

Specific activity (mCi/g)

effective in: leukemia, lymphoma, breast, ovarian, neuroblastoma and prostate cancers [37]. The other radioisotope
investigated, 186 Re, is used with a high specific activity for
antibody and peptide radiolabelling [38], preparation of
phosphonates for bone pain palliation [39] and its use for
intravascular radiotherapy for inhibition of coronary restenosis after angioplasty is also possible with a lower specific activity.
In order to summarize our results, we present in
Table 1 the optimum values of the on-axis γ-beam energy
(Eγ) at a CBS γ-beam facility, with respect to the energy
(Eγ,peak) at the peak of the reaction cross section (σpeak)
for the above discussed radioisotopes. Table 1 also shows
the estimates of the achievable specific activities for
99 Mo/99m Tc,225 Ra/225 Ac and 186 Re radioisotopes which
are of the order of a few mCi/g for thin targets with about
one gram of mass, a γ-beam flux of 1011 s−1 and a beam
radius of 2.5 mm for an optimized γ-beam energy.
Apart from target geometry, γ-beam flux and optimization of the γ-beam energy, the convolution between the
γ-beam spectrum and the reaction cross section plays also
an important role in the determination of the maximum specific activity. Using the optimized γ-beam energy and target geometry from Table 1, the saturation specific activity
of the 99 Mo/99m Tc,186 Re and 225 Ra/225 Ac radioisotopes as
a function of the bandwidth ratio is shown in Fig. 13. Here,
the bandwidth ratio was defined as the ratio of the γ-beam
bandwidth with respect to the reaction cross section width
from Table 1. We calculated that as the maximum specific
activity decreased with 30 %, the γ-beam r.m.s bandwidth
values of 4.5 % for 99 Mo/99m Tc and 5.1 % for 186 Re and
225 Ra/225 Ac were required. Accordingly, the bandwidth
ratio was calculated to be about 0.3–0.4 (Fig. 13). This
ratio may be useful for the evaluation of other radioisotope
production cases.
We discuss here also the optimal target thickness L correlated with the target density, ρ, and the implications for
the specific activity of the radioisotope. The γ-beam is
attenuated while interacting with the target and the value
of the mass attenuation coefficient (µm) is approximately

Mo/99mTc
Re

187

1.5

225

Ra/225Ac

1.0

0.5
0.0

0.1

0.2

0.3

0.4

0.5

Bandwidth ratio
Fig. 13  Saturation specific activity of the 99 Mo/99m Tc,186 Re and
radioisotopes as a function of the bandwidth ratio. The
input γ-beam energy is 14.7, 13.8 and 12.6 MeV, respectively

225 Ra/225 Ac

constant for a given quasi-monochromatic γ-beam and a
specified target. Then, based on the results from Figs. 5a,
9a and 12a at 70 % of the maximum specific activity the
target thickness should satisfy:

L = f /µm ρ,

(8)

where the factor f ranges from 0.8 to 0.9 depending on the
specific radioisotope.
Concerning the energy that is transferred to the target
and its subsequent heating by the γ-beam, it may or not
be significant, such to lead to melting of the target and
this could be evaluated through additional calculations.
However, for the specific cases considered in the study,
100 Mo oxide and 226 Ra have the melting points at 795 and
699.8 ◦ C respectively, while 187 Re melts at 3182 ◦ C. Taking
into account the relative low melting points for the first two
targets, a multiple thin target setup which allows the electrons and positrons, produced by Compton scattering and
by pair creation, to leave the targets rapidly, and a water
cooling blanket could be used to decrease the heating and
to avoid the melting.
In this study, a γ-beam flux of 1011 s−1 was used. However, the ELI–NP facility will deliver a γ-beam flux of
about 1012 s−1 and thus a saturation specific activity of
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tens mCi/g could be obtained. With further increase in the
γ-beam flux, from 1011 s−1 to more than 1014 s−1, it would
be possible to produce sufficient amounts of the radioisotopes discussed (several GBq per day), and secondly it will
provide unprecedented opportunities for medical and biomedical research with innovative isotopes like 47 Sc,67 Cu
and 225 Ac [4].

5 Conclusion and outlook
We have shown in this paper that the production through
photonuclear reactions of 99 Mo/99m Tc,225 Ra/225 Ac and
186 Re radioisotopes (taken as examples) is possible for
optimized γ-beam energy, target geometry and γ-beam
bandwidth. We estimated through Monte Carlo simulations that a specific activity of the order of 1–2 mCi/g can
be achieved for a thin target (radius 1–2 mm, thickness
1 cm, and around one gram of mass) and a γ-beam flux of
1011 s−1. The convolution between the γ-beam spectrum
and the reaction cross section, and an optimal target thickness for specific activity of the radioisotopes, were also
demonstrated. We conclude that the ELI–NP facility will
provide an unprecedented possibility for the production of
new radioisotopes in sufficient quantities for nuclear medicine research.
The ELI–NP cannot be, based on current estimations, a
radioisotope production facility. Such a production facility would need to provide thousands of patient doses per
day and thus much higher specific activities of 0.1 TBq.
However, future γ-beams facilities may have the capabilities to obtain radioisotopes with required higher activities
for clinical use. Concerning to reduce their radioisotope
production cost, one possibility would be to use the facility in parallel, not only for production with multiple targets
placed along the direction of the collimated, high-intensity
γ-beam, but also for nuclear physics research. Another fact
that should be considered is that the main production route
for radioisotopes was by nuclear reactors that had increased
costs for dealing with large amounts of nuclear waste. A
γ-beam facility would generate almost no nuclear waste
and thus will have very low costs for solving this problem.
Benefiting from the high-quality, high-intensity γ-beam
provided by the ELI–NP, the photonuclear reaction can
be viewed as a new production scheme for radioisotopes
of medical interest, which may be competitive to classical
production schemes such as nuclear fission and chargedparticle reactions with p, d or alpha ions.
While other facilities do have enough capabilities
to decrease the gap between demand and supply for
99 Mo/99m Tc, this benchmark case will be considered
only for testing the prototype facility concerning the new
methods of radioisotope production at ELI–NP, since its
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separation processes and the associated technology are
well established. Further, the production of isomers such
as 195m Pt,115m In,176m Lu and 87m Sr is also of great interest. Due to a low gateway state for some key nuclides [40],
it would be possible to explore the direct activation of the
above-mentioned nuclides using the low-energy γ-beam,
below 3.5 MeV, at ELI–NP.
Finally, various irradiation experiments of thin targets
with a γ-beam, in which the specific activity of product
radioisotopes will be determined, could be used to perform
reaction cross section measurements. Since the ELI–NP
facility could provide a much higher γ-beam flux than that
produced by other available γ-beam facilities, it will be
possible to make precise cross section experimental measurements for many isotopes [35], especially for those isotopes with unknown or low cross sections.
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