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ABSTRACT. The development of innovative production pathways for high-Z positron
emitters is of great interest to enlarge the applicability of PET diagnostics, especially in view
of the continuous development of new radiopharmaceuticals. We evaluated the theoretical
yields of 4 Cy, 86y ,897r, 3Se, " Br and '2*] PET isotopes, plus the 8 Ge isotope, parent
of the %Ga positron emitter, in the hypothesis of production through laser-accelerated
proton sources expected at the ELI-Beamlines facility. By means of the TALYS software
we simulated the nuclear reactions leading to the above radionuclides, hypothesizing three
possible scenarios of broad proton spectra, with maximum energies of about 9, 40 and
100 MeV. The production yields of the studied radionuclides, within the expected fluences,
appear to be suitable for pre-clinical applications.

1. Introduction

The Extreme Light Infrastructure (ELI) project will build three large-scale laser facil-
ities. Among these, ELI-Beamlines, currently in commissioning phase in Prague (Czech
Republic), is planned to deliver intense sources of multi-MeV proton beams potentially
applicable to several bio-medical purposes (Bulanov et al. 2014; Macchi, Borghesi, and
Passoni 2013; Masood et al. 2014; Torrisi et al. 2015), among which nuclear medicine
applications are of our particular interest (Amato et al. 2013, 2011, 2012). Positron emit-
ter radionuclides to be used in PET diagnostics are usually obtained by inducing nuclear
reactions through cyclotron accelerated proton beams on several targets (IAEA 2008). In
this field, laser-accelerated proton or deuteron beams were proposed as potential sources
(Fritzler et al. 2003; Kimura and Bonasera 2011; Ledingham et al. 2004; Spencer et al.
2001). The ELI-Beamlines fully diode-pumped PW laser system will operate up to 10 Hz
to get intensities in the order of 102> W cm™2 (Margarone et al. 2015, 2012) and proton
fluences around 10'! p/pulse, corresponding to a current of 160 nA, when operating at 10
Hz. In this work we aim to study the feasibility to produce high-Z PET nuclides by using
the laser-accelerated proton sources planned at the ELI-Beamlines facility. In particular, we
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FIGURE 1. Proton spectra expected at the ELI-Beamlines facility in the three
energy ranges considered.

devote our attention to six among the most promising positron emitting nuclides to be used
for PET diagnostics and theranostics, i.e., 64Cy, 80y 897y 13Se, " Br and 241, plus the
%8 Ge isotope, which is the parent nucleus of the positron emitter ®® Ga. Recent studies have
shown the increasing interest for these nuclides in PET diagnostics (Anderson and Ferdani
2009; Braad et al. 2015; Rangacharyulu and Roh 2015; Zhang, Hong, and Cai 2011), that
pushed forward the development of experimental techniques of production (Braghirolli et al.
2014; Holland, Sheh, and Lewis 2009; Obata et al. 2003; Sadeghi et al. 2009).

2. Materials and methods

The design of ELI-Beamlines plant forecasts a set of proton beams, with their respective
energy spectra and fluences, that can in principle be employed for our purposes. In particular,
we considered low-, medium- and high-energy spectra, corresponding to 5-10'°, 7-10%°
and 5- 10! W cm~2 laser intensity in the “Target Normal Sheath Acceleration” (TNSA)
regime. In TNSA regime, ions can be accelerated due to different physical processes,
depending on the region of the target. Generally speaking, ions acceleration is due to
intense electric fields, originating by strong charge separations created by laser-matter
interactions. The two main mechanisms of concurrent charge displacement are: the laser
ponderomotive force acting on electrons at the front surface, and the partial conversion of
the laser radiation into kinetic energy of relativistic electrons. These electrons give rise to
an extremely intense longitudinal electric field, which is responsible for the efficient ion
acceleration (Passoni, Bertagna, and Zani 2010). Figure 1 reports the hypothesized energy
spectra employed for our simulations and Table 1 summarizes the main features assumed in
the three irradiation regimes. Low- and medium-energy spectra come from experimental
measurements performed at APRI-GIST facility (South Korea), that is equipped with a 0.1-1
PW, 30-fs, 0.1 Hz laser, while the high-energy spectrum is obtained by numerical simulations
assuming the expected PW, 30 fs, 10 Hz laser system at ELI-Beamlines (Margarone et al.
2015, 2012).
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TABLE 1. Proton source terms adopted.

Reference laser intensity rep. rate proton E,,,  charge current
(W cm—2) (Hz) MeV) (p/pulse) (nA)
Low 5-10% 1-10 9 4.7-10"  752-752
Medium 7-10%° 1-10 40 1.6-10'"  25.6-256
High 5-102! 1-10 100 6.5-10'" 104 - 1040

The production yields of 68Ge, %4Cu, 30y, 89Zr, 3Se, 7 Br and '2*I were calculated from
the nuclear reaction channels listed below:

OGa+p — BGe+2n (1)
“Ni+p — Cu+n )
Sr+p = ¥Y4n 3)

YY+p = ¥zrin @)
73As+p — BSe+n (®)]
"Se+p — T'Br4n (a) (6)
BSe+p — TBr+2n  (b) (7
24Te4+p — 4n (®)

We considered the (p,n) or (p,2n) reactions on several targets, and we selected the most
efficient channel for each desired nuclide. All considered targets (°Ga, *Ni, 865r, 0y,
3As, 7178Se, 124Te) are in solid state and in pure isotopic form. Due to the wide proton
energy spectra assumed, in conjunction with the possible presence of contaminant elements
and isotopes in target materials, several competing nuclear reactions can in principle arise,
alongside with the desired channels of production. They would act as sources of undesired
isotopes, which can lower the purity and specific activity of products. As an example, **Cu
production via channel (2) requests a %*Ni solid enriched target. IAEA (2009) reports that
%4Ni enriched more than 95% leads to a %*Cu production with purity higher than 99%. In
particular, the contaminant nuclides ®°Cu, ®'Cu, >3Co, ®'Co and >’ Ni are produced. While
33Co, ®1Co and 37 Ni can be chemically separated from Cu isotopes, “*Cu (T , = 24 min)
and ®!Cu (T 2 = 3.3hrs), having half-lives shorter than cu (T 2 = 12.7hrs), become
negligible after a suitably chosen cooling time. Obata er al. (2003), using low energy
protons, have shown that the Cu contaminants are not detectable at three hours from EOB.

A different scenario is encountered for 241 production through proton bombardment
of 1?#Te, where an overlap between the cross sections for '2*I and '2*I production occurs
between about 12 and 30 MeV. For this reason, IAEA TRS 468 recommends to use proton
beams in (9 + 13) MeV energy interval. However, a separation between !>*I and '2*]
isotopes is feasible exploiting the faster decay of '** (T} /2 = 13hrs) with respect to 1241
(Ty/ = 4.2 days). In our calculations, we assumed that the surface area and thickness
of the target are large enough to absorb the whole proton beam. Considering that the
incident particle flux follows a broad spectrum, the rate of radionuclide production, R, can
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be evaluated as:

_ ) [P 9(E)-S(E)

where n is the target thickness in nuclei per cm?, y is the chemical target purity, ¢ (E) is the
differential incident particle flux, A is the decay constant of the produced nuclide in s~ !,
t is the irradiation time in seconds, o is the reaction cross-section in cm?, Ey is the initial
energy of the incident particles in MeV and dE /dx is the energy loss by the projectile per
unit path length (IAEA 2008).

The total production yields of each nuclide for the three proton spectra were calculated
through TALYS software, rel. 1.6 (Koning, Hilaire, and Duijvestijn 2005). TALYS is a code
simulating nuclear reactions that can calculate, in a wide range of projectile energies (from
1 keV to several hundred MeV), many nuclear quantities. This code includes the so-called
medical isotope production option which provides, from a pre-loaded database of nuclear
cross-sections, the total activity of a given nuclide produced in the chosen channel, for a set
value of energy (MeV) and beam current (mA). In this modality, TALYS allows to set the
residual energy of projectiles after traversing the target. By setting this parameter to zero,
we ensured that the target thickness was considered large enough to fully stop the beam.
After dividing each proton spectrum into a number of energy bins, TALYS was cyclically
run by means of an ad-hoc written script, and the total production yields were obtained
by summation over the whole energy spectrum. In detail, the low-energy spectrum was
divided in 80 energy bins, while 40 and 100 bins were adopted for the medium-energy and
high-energy spectra, respectively.

3. Results and discussion

The production yields of the seven positron emitting radionuclides under consideration,
for low- medium- and high-energy regimes, are reported in Figs. 2, 3 and 4, respectively,
assuming an End Of Bombardment (EOB) of 60 min with 1 Hz of repetition rate. The
production yields Y were evaluated for a typical irradiation time 7;,- = 1 h with a pulse
repetition rate v = 1 Hz and then re-scaled for a generic irradiation time 7;,, and repetition
rate v according to the following equation:

1— e_lnrr

—Alh”

Y(Tyr,v)=Y(lh,1HZ) - v+ 1
—e

(10)

The next step consisted in the integration of the production yields, for each radionuclide,
over the whole energy interval, as reported in Table 2 for two hypotheses of irradiation times
(60 and 120 min) and three repetition rates (1, 5 and 10 Hz), as results from the application
of Eq. 9. To keep into account the performances offered by cyclotron production methods,
in the same table we compare our results with the experimental yields obtainable by means
of low and medium energy cyclotrons, as reported by literature.
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FIGURE 2. Radionuclide production yields vs. proton energy in the low-energy regime.
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FIGURE 3. Radionuclide production yields vs.
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FIGURE 4. Radionuclide production yields vs. proton energy in the high-energy regime.
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TABLE 2. Total production yields in the three proton energy regimes for different irradiation times
(min) and repetition rates (Hz). A comparison with medical cyclotron production yields (Y, in
MBq/pAh units) at given proton energies (E!, in MeV units) is reported from literature.

Nuclide 7 5 (min) Y/ EY! Ref.| v 1 1 5 5 10 10
Ty 60 120 60 120 60 120

‘ spectrum Y(MBq)

8Ge  389980.8 3.4 50 (A)| low 0.000 0.000 0.000 0.000 0.000 0.000
medium 0.003 0.006 0.016 0.031 0.031 0.062
high  0.044 0.088 0219 0438 0438 0.876

4cu 762 70 13 B)|low 05 1.0 25 4.8 4.9 9.5
medium 5.5 106 273 531 546 1063
high  133.6 260.1 668.1 1300.7 13362 2601.4

8oy 14832 100 22 (A)|low 0.0 0.1 0.2 0.4 0.4 0.8
medium 3.5 6.9 175 345 350 69.0
high 251 495 1256 247.6 251.1 4953

897y 47088 56 15 (C)|low 0.0 0.0 0.1 0.2 0.2 0.4
medium 0.7 1.4 3.6 7.2 72 14.3
high 4.9 9.7 245 487 489 974

BSe 432 low 0.3 0.6 1.7 3.1 3.3 6.3
medium 6.5 125 327 623 653 1246
high 396 756 1982 3781 3963 7562

71gr(@) 34272 100 15 (D)|low 0.1 0.1 0.3 0.5 0.5 1.0
medium 0.9 1.7 4.4 8.7 8.8 17.5
high 5.0 9.9 249 495 498  99.0

71Br®) 34272 200 30 (E)|low 0.0 0.0 0.0 0.0 0.0 0.0
medium 0.7 1.3 33 6.5 6.5 12.9
high 9.7 193 487 967 973 1934

1247 6048 13 126 (F) | low 0.0 0.0 0.0 0.0 0.0 0.0
medium 0.3 0.5 1.3 2.6 2.6 5.2
high 8.8 176 441 879 882 1758

(M) TAEA (2009);  ® Obata er al. (2003);  © Holland, Sheh, and Lewis (2009);
(®) Hassan and Qaim (2011);  ® Spahn er al. (2011);  ® Schmitz (2011).

Figure 5 describes a comparison between the activities obtained for each radionuclide
in the three energy regimes in the original calculation conditions of EOB = 60 min at 1
Hz. A detailed analysis of the production yields for the different radionuclides leads to
observe that potential clinically relevant amounts of activities (hundreds of MBq) can be
achieved for ®*Cu, 86Y and 3Se nuclides at repetition rates higher than 5 Hz. ®*Cu presents
the highest yield among all nuclides, with about 1.3 GBq attainable, with the high-energy
proton spectrum, at EOB 120 min and 5 Hz or 60 min and 10 Hz. However, the use of high-
energy protons can lead to lower specific activities with respect to the ones obtainable at low
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FIGURE 5. Comparison between the total radionuclide production yields for
EOB= 60 min at 1 Hz, in the three proton energy regimes considered.

energy. Lower values of final activity can be produced for other nuclides. In particular, all
radionuclides but ®® Ge show production yields from tens to hundreds of MBq, that can be
useful for pre-clinical applications. The medium-energy proton spectrum, above 5 Hz, can
produce such quantities of ®*Cu, 8°Y and 73Se, while the high-energy regime is requested
to yield comparable activities for °Zr, 7 Br and '**I. From a comparison with the low-Z
radionuclide production yields reported in a previous work (Amato et al. 2016a,b), one can
infer that most of the high-Z nuclides studied in the present work show lower yields, no
matter the energy regime employed, due also to the shorter half-lives of '8F, ''C, 150 and
13N with respect to the nuclides analysed in the present study.

4. Conclusions

The innovative production techniques for high-Z PET radionuclides, recently proposed as
an alternative to conventional cyclotrons, represent a powerful challenge for the application
of laser-accelerated particle beams inducing nuclear reactions. The research of more efficient
preparation methods for these novel positron emitters is particulaly relevant, in view of the
continuous development of new radiopharmaceuticals. Through the TALYS software, an
evaluation of the theoretical yields of 8Ge, 4 Cu, 3y, 897r, 13Se, " Br and 1241 isotopes
was performed.

Our study suggests that, with the proton fluences expected at the ELI-Beamlines facility,
a proper combination of irradiation time and repetition rate, can in principle yield relevant
activity amounts for several radionuclides, useful in pre-clinical applications. The possibility
to get clinically relevant levels of activity with laser beam techniques requires further studies
and experimental development, regarding beam intensities, target systems and activity
recovery methods. In particular, in order to compete with traditional medical cyclotrons,
these innovative acceleration techniques should evolve towards narrower energy spectra
characterized by higher fluences, while the traditional technological issues about targetry
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and radiochemical methods of separation must be studied, as well as for accelerator-based
facilities, to minimize the use of expensive enriched target materials and post bombardment
chemical pathways of purification.
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