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The production of radioisotopes for nuclear medicine is boosted by different international agencies. The
International Fusion Materials Irradiation Facility - Demo Oriented NEutron Source (IFMIF-DONES) will be
a infrastructure for testing under high neutron flux the materials to be used in future DEMO fusion reactor.
IFMIF-DONES will generate neutrons by means of the impact of a high-power deuteron beam onto a lithium-
jet target. There is an important effort to take advantage of the outstanding characteristics of the facility in

terms of neutrons and deuterons. Thus, a complementary program is being developed, where the production
of radioisotopes for medicine is one of the main applications. Here, we discuss the production of 77Lu with

deuterons at IFMIF-DONES.

1. Introduction

International agencies recommend the study of new routes and the
use of new facilities for the production of radioisotopes for medical
applications as a complementary option to the conventional ones based
on nuclear reactors or dedicated cyclotrons (NuPECC, 2014, 2017; EU-
RATOM, 2021). These new facilities can provide several radioisotopes
of interest in nuclear medicine. MEDICIS (2020) at Isolde (CERN) is an
excellent example of this new framework.

IFMIF-DONES will be a facility for irradiating materials with neu-
trons to construct key parts of the future fusion reactors (Krdlas et al.,
2021). IFMIF will consist of two accelerators delivering deuterons on
the same neutron production target (lithium jet). In a first phase,
DONES will consist of a single accelerator delivering deuterons on
the lithium jet target. Granada (Spain) was selected as European city
host of IFMIF-DONES (ESFRI, 2018). Currently, the project is in the
construction phase (CORDIS, 2020).

The high-current deuteron beam (40 MeV at 125 mA) will strike the
liquid lithium circulating at 15 m/s for neutron production (Knaster
et al., 2016) producing a high neutron flux of 10'® m=2 s~! (Qiu et al,,
2018). IFMIF-DONES characteristics allow developing complementary
applications for fundamental and applied physics with a minimum
impact of the normal functioning of the facility (Maj et al., 2016;
Praena et al., 2020a,b). Some upgrades of the accelerator design are
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under consideration for such complementary applications. In particular,
the deflection of part of the deuteron beam to another experimental hall
would be possible (between 0.1-1%). Therefore, 40 MeV deuteron beam
at 1.25 mA current would be available for other applications. Here, we
describe the production of 177Lu with a realistic device as backing and
cooling system for the sample.

177Lu (T, ;, = 6.65 d) is an important radioisotope and its use is
constantly increasing (Kendi et al., 2019; Kratochwil et al., 2019).
The average electron emission energy is 134 keV making it suitable
for therapeutic use and the gamma radiation makes it detectable with
imaging techniques. Thus, 177Lu is used for theranostics (therapy and
diagnosis). As a f-emitter, 177Lu-DOTATATE is used to treat neuroen-
docrine tumours (Kratochwil et al., 2019). Recently, 177Lu-PSMA has
been included in clinical trials for the treatment of castration-resistant
metastatic prostate cancer (Camargo-Miranda et al., 2021). 177Lu-Anti
HER2 seems to be a potential theranostics agent for breast cancer (Ku
et al., 2021). In addition, 177Lu chemical properties allow it to bind
to antibodies (Pillai et al., 2003), opening up new possibilities on
radiopharmaceuticals (Yeh et al., 2020). Currently, 177Lu is produced
by neutron-capture on 176Lu, or carrier added route (c.a), and on 176Yb,
or non-carrier added route (n.c.a), at nuclear reactors (Pillai et al.,
2003). Nowadays, the n.c.a is preferable used because it has a higher
specific activity after purification and therefore higher radiolabelling
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efficiency than 177Lu c.a. (ANM, 2023). In addition and contrary to the
c.a, the n.c.a does not produce '77”Lu (T, /, = 160.45 d) which delivers
an unwanted dose to the patient.

Several authors have investigated the 177Lu production using
deuterons and 17°Yb targets (Hermanne et al., 2006; Manenti et al.,
2011; Tarkényi et al., 2013; Khandaker et al., 2014; Nagai et al., 2022).
177Lu can be produced with deuterons on 76Yb by means of two
routes: the direct route, d+!76Yb—n+!77+¢)Ly; and the indirect route,
d+176Yb—p+177Yb—!77¢Lu. In the direct route, the production of the
metastable state is negligible (Hermanne et al., 2006; Manenti et al.,
2011; Tarkanyi et al., 2013; Khandaker et al., 2014).

In the present work, we will determine the expected production
of 177Lu at IFMIF-DONES with the d+176Yb reaction at 40 MeV and
1.25 mA deuteron beam. Since the high-power delivered by the
deuteron beam will be an issue, we will study a realistic device
used as cooling system for 17Yb sample by means of SolidWorks
simulations (Matsson, 2023). The production will be based on the
characteristics of the cooling device for sustaining the delivered power.

2. Materials and methods

The production of 177Lu with the direct route is obtained from the
differential equation:
dNy,
dt

= RLu - NLulLu (€Y

where N;, is the number of nuclei produced of 7’Lu, R;, is the
production rate of 177Lu and 4;, is its decay constant. The number of
nuclei produced by the direct route is given by:

I(1 = et /Ef ouirE) -
q'iLu (E)

Ny, = (2)
where ¢,;,.(E) is the reaction cross-section; Sﬁ ,(E) is the stopping power
of deuterons in Yb; I is the intensity of the deuteron beam and g¢ is the
charge of deuterium.

For the indirect route, the differential equation is,

dNy,
dt

= Ry,(1 —e™ "y~ N, 4;, 3)

where Ry, is the production rate of 177Yb and 4y, is its decay constant.
Therefore, the number of nuclei produced at the end of bombardment
(EOB) can be determined using the following equation:

oAt — Ayl _ o= ALt Ef 6. (E
1—e %L L e )/ U,Zd( )dE @
ALy Ayp = ALy E Sy, (E)

where ¢ is the irradiation time. The stopping power is given by the semi-
empirical expression developed by Andersen and Ziegler (1985). Here,
we will use (SRIM, 2013) code for determining the stopping power.
Regarding the cross-sections, the measurements of Hermanne et al.
(2006), Manenti et al. (2011), Khandaker et al. (2014) and Nagai et al.
(2022) reached up to 20-25 MeV and Tarkanyi et al. (2013) measured
between 13-40 MeV with a good agreement with the previous ones
except between 20-25 MeV, where (Tarkéanyi et al., 2013) obtained
lower values. Here, to obtain the most conservative values of the 177Lu
production, we will use (Tarkanyi et al., 2013) cross-section above
13 MeV.

For all measurements, the direct route cross section was obtained
as the difference between the cumulative cross section and the indirect
route. Thus, we will fit the cumulative and indirect experimental cross
sections and the direct cross section is obtained as the difference
between them. For the fits, we follow the procedure based on Arias
de Saavedra et al. (2018). The results of the fits of indirect and direct
routes are:

{ale_“Z(E_”3)2 , E<Eg,,
o(E) = by (5)
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Fig. 1. Fits of the indirect, direct and cumulative cross-sections (mbarn). Statistical
error of the cumulative is included. Others statistical errors are negligible.

where E,, is the switching energy connected to the two functional
types (12 MeV). Fits are shown in Fig. 1 and fitting parameters are
given in Table 1.

Then, the specific activity of 17’Lu is calculated from the activity
and produced mass,

S0 = A _ A ONL© ©
mp,(t) mp,(t)

where N, ,(t) is the number of nuclei generated of 177Lu in the direct

and indirect routes and my (1) = N, () - My 1,/N4.

The power sustained by the Yb sample constrains the 7’Lu pro-
duction. A cooling device for the sample is studied in this work. It is
made on copper and it was already constructed and tested for neutron
production (Mastinu et al., 2012). Fig. 2 shows the sketch of the final
configuration with 7 mm thick and 45 mm width and height. It is
composed of 30 “millichannels” of 1 mm diameter with 1.5 mm of
separation between them. There is one inlet and one outlet for the
cooling fluid (water at 12 m/s) with a radius of 2.5 mm. The Yb sample
is located between the double cooling system, with 0.5 mm between the
sample and the millichannels. The dimensions of the sample are 10 mm
radius and 0.25 mm thickness.

The final configuration was obtained with several simulations of
the device with different input parameters using SolidWorks in an
iterative process. The sample composition is the same that the one
we already used at n_TOF-CERN facility for the measurement of the
176yb(n, y)177Yb cross section. It consists of 176Yb,0; with 99.43%
enrichment (Garcia-Infantes et al., 2023). The sample has the same
characteristics that those use in nuclear reactors for 77Lu produc-
tion. The thermal contact resistance was introduced when the heat
wave propagation reached the 176Yb,0,/Cu interface. We calculate
with SolidWorks the critical temperatures for high and low contact
resistance values. These resistances were taken between 1 - 1078 to 5 -
107 K m?/W. A value of 4 - 10~7 K m?/W for the contact resistance is
considered as reported by Orain et al. (2001). With these parameters,
we find that the copper sustains a maximum of 1.59 -10%° W/m? and
the 176Yb,0, sample 2.39 - 10’ W/m?, both keeping the temperature
below their melting points, see Fig. 2. In this configuration, deuterons
reached the sample with 18 MeV with 67% of transmission through the
millichannels.

3. Results

With the setup previously discussed, the 17’Lu production rate is
calculated, see Table 2.

Regarding the main isotopic impurities, it should be noted that the
production of "7"Lu, according to Manenti et al. (2011), does not
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Table 1
Fit parameters of the cross-section the 17°Yb(d,p)!””Yb or indirect, and 7°Yb(d,n)'”’Lu or direct, nuclear reactions.
a, (mb) a, (MeV) a; (MeV) b, (mb MeV) b, (MeV) E,, (MeV)
176Yb(d,p)'”” Yb 246 + 3 0.097 + 0.006 11.16 + 0.06 1540 + 180 5.4 + 09 12.0
176Yb(d,n)'7’Lu 25 0.025 19.5 - - -
Water inlet Water outlet Table 3
Comparison between the activity and specific activity at nuclear reactors and at IFMIF-
DONES at EOB. First row is the c.a. and second row is the n.c.a in nuclear reactors
(Henkelmann et al., 2013; Henkelmann, 2021). Third and fourth rows correspond to
the indirect and direct routes at DONES without transmission effects.
Reaction Time Activity Specific activity
(@ (GBq) (GBg/mg)
176Lu(n, 7) 8 251 738

384.36 176Yb(n, y) 7 590 1.11

= (d,p) 643 1.02

380.72 176y, 5P. E

34891 (d,n) 73 60 0.09

337.08

32527

31345

30164

289 82 . s .

27800 cross-sections. The 177Lu production is approximately 8.5% lower than
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Fig. 2. Fluid temperature distribution in the front face to the deuteron beam (up).
Side view of the backing and ytterbium sample temperature distribution (bottom).

Table 2
Production rate of 7’Lu with 99.43% sample enrichment.
Route Ry, (mg/s)
176yb.0 Indirect, 7°Yb(d,p) 3.58 - 1077
203 Direct, 176Yb(d,n) 3.28 - 1078

exceed 0.0045% and according to Tarkanyi et al. (2013), it is less
than 1/100 of 77Lu production. Therefore, the contamination of the
final product by this metastable isotope is negligible. Concerning other
isotopic impurities, such as !7%"Lu, "*¢Lu or "*"Lu, their abundance is
lower than 0.0001% 2.5 days after the EOB (Nagai et al., 2022).
Table 3 shows a comparison between nuclear reactors (upper part)
and DONES (lower part). At nuclear reactors, before the purification of
the sample, the specific activity obtained by c.a. route is 738 GBq/mg,
and 1.11 GBq/mg by the n.c.a., for eight and seven days of neutron ir-
radiation, respectively (Henkelmann et al., 2013). The specific activity
is obtained dividing by the Yb mass of the corresponding sample. After
seven days of deuteron irradiation, the sum of the specific activity for
both routes is equivalent to n.c.a route in nuclear reactors. Calculations
of the production calculations have been also carried out with TALYS’s

We have studied the production at DONES of 177Lu with 40 MeV
deuteron beam at 1.25 mA on a sample of 76Yb,0; with the same
characteristics that those use in nuclear reactors. A realistic device
has been optimized with SolidWorks simulations keeping the copper
and sample temperature below melting points. According to the re-
sults shown in Table 3, the perspectives are promising because the
production at DONES could be similar (470 GBq or 0.7 GBq/mg) to
the n.c.a. at nuclear reactors. At present, there is a tendency to use
the 177Lu produced by the n.c.a route because of the advantage that,
once the produced lutetium is separated from the ytterbium sample, the
product consists only of useful 177 Lu with a high specific activity (Vogel
et al., 2021). This is not the case of the c.a. where unreacted stable
1761,u remains in the by-product and cannot be chemically separated,
reducing the final specific activity. In addition, the same activity of
1771u provides poorer diagnosis images of the same tumour in case of
c.a. production. Identically occurs with the therapy, approximately the
double of dose is provided to the tumour with the same 177 Lu activity
produced with the n.c.a. (Henkelmann et al., 2013; Van Noorden,
2015). On the other hand, the n.c.a prevents the presence of the
undesirable 77"Lu. All these positive characteristics are fulfilled by the
production with deuterons at DONES.

177Lu has been identified as “an indispensable isotope” (Vogel et al.,
2021) and “an important candidate isotope that may not be pro-
duced in sufficient quantities in the near future, in case of insufficient
availability of high-flux neutron irradiation facilities” (Van Noorden,
2015). For instance, therasnostics of neuroendocrine tumours has re-
cently experienced a breakthrough thanks to 177Lu-DOTATATE (Kendi
et al., 2019). This treatment requires four doses of 7.4 GBq per dose.
Thus, DONES could produce almost seventy doses which means around
twenty treatments per week. The incidence of this disease in Spain
is 2-5 cases per 100,000 inhabitants per year (Novoa et al., 2014).
Considering three cases, it is straightforward that DONES could almost
cover the needs for treatment in Spain.

CRediT authorship contribution statement

E. Lopez-Melero: Investigation, Methodology, Writing — original
draft. F. Garcia-Infantes: Investigation, Methodology. F. Arias de
Saavedra: Conceptualization, Investigation, Methodology. L. Fernandez-
Maza: Conceptualization. I. Porras: Conceptualization. A. Roldan:
Investigation, Methodology. J. Praena: Conceptualization, Funding
acquisition, Investigation, Methodology, Writing — original draft.



E. Lépez-Melero et al.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This work has been carried out within the framework of MCIN/AEI/
10.13039/501100011033 project and the EUROfusion Consortium,
funded by the European Union via the Euratom Research and Train-
ing Programme (Grant Agreement No 101052200 — EUROfusion).
Views and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European Union
or the European Commission. Neither the European Union nor the
European Commission can be held responsible for them. This work
was partially supported by Spanish Ministerio de Ciencia e Inno-
vacién (PID2020-117969RBI00), Junta de Andalucia (FEDER Andalucia
2014-2020), Spain projects P20-00665 and B-FQM-156-UGR20, and
Empresarios Agrupados Internacional, S.A. with funding from Spanish
CDTI (Misiones DONES-EVO) (Contrato UGR-OTRI 5270). E. Lépez-
Melero acknowledges support from Junta de Andalucia, European
Regional Development Fund (ERDF), Euratom Research and Training
Programme (Grant Agreement No 101052200 — EUROfusion).

References

Andersen, H.H., Ziegler, J.F., 1985. Stopping Power and Ranges in All Elements.
Pergamon Press, New York.

Advancing Nuclear Medicine, 2023. Lutetium-177 no carrier added. https://www.
advancingnuclearmedicine.com/articles (accessed 10 2023).

Arias de Saavedra, F., Porras, 1., Praena, J., 2018. Routes for the production of isotopes
for PET with high intensity deuteron accelerators. Nucl. Instrum. Methods Phys.
Res. A 887, 50-53. http://dx.doi.org/10.1016/j.nima.2018.01.048.

Camargo-Miranda, A.C., Nascimento dos Santos, S., Fuscaldi, L., 2021. Radioimmuno-
theranostic pair based on the anti-HER2 monocolnal antibody: Influence of
chelating agents and radionuclides on biological properties. Pharmaceutics 13
(971), http://dx.doi.org/10.3390/pharmaceutics13070971.

Community Research and Development Information Service, 2020. IFMIF-DONES
preparatory phase. https://cordis.europa.eu/project/id/870186 (accessed 25 2021).

European Strategy Forum on Research Infrastructures, 2018. International
fusion materials irradiation facility - DEMO oriented neutron source: A
unique research infrastructure for testing fusion materials in realistic
conditions. http://www.roadmap2018.esfri.eu/projects-and-landmarks/browse-
the-catalogue/ifmif-dones/ (accessed 25 2021).

EUROATOM. Supply Agency of the European Atomic Energy Community, 2021.
Supply of medical radioisotopes. https://euratom-supply.ec.europa.eu/activities/
supply-medical-radioisotopes_es (accessed 25 2021).

Garcia-Infantes, F.F., Praena, J., et al., (n_TOF Collaboration), 2023. First high reso-
lution measurement of neutron capture resonances in 176Yb at the n_TOF CERN
facility. In: EPJ Web of Conferences. vol. 284, p. 09001. http://dx.doi.org/10.1051/
epjconf/202328409001.

Henkelmann, R., 2021. private communication to Praena J.

Henkelmann, R., Marx, S., Zhernosekov, K., 2013. Production of 177Lu n.c.a. in high-
flux reactors. ITG. Isotope Technologies Garching GmbH. https://indico.frm2.tum.
de/event/0/attachments/4/14/Henkelmann_177Lu_gek.pdf.

Hermanne, A., Takacs, S., Goldberg, M.B., 2006. Deuteron-induced reactions on Yb:
Measured cross sections and rationale for production pathways of carrier-free,
medically relevant radionuclides. Nucl. Instrum. Methods Phys. Res. B. 247,
223-231. http://dx.doi.org/10.1016/j.nimb.2006.03.008.

Kendi, A.T., Halfdanarson, T.R., Packard, A., 2019. Therapy with 177Lu-DOTATATE:
Clinical implementation and impact on care of patients with neuroendocrine
tumors. Nucl. Med. Mol. Imaging 213 (2), http://dx.doi.org/10.2214/AJR.19.
21123.

Radiation Physics and Chemistry 220 (2024) 111687

Khandaker, M.U., Haba, H., Otuka, N., 2014. Investigation of (d, x) nuclear reactions
on natural ytterbium up to 24 MeV. Nucl. Instrum. Methods Phys. Res. Sect. B
335, 8. http://dx.doi.org/10.1016/j.nimb.2014.05.020.

Knaster, J., Arbeiter, F., Cara, P., 2016. IFMIF, the European-Japanese efforts under
the broader approach agreement towards a Li(d, xn) neutron source: Current status
and future options. Nucl. Mater. Energy 9, 46-54. http://dx.doi.org/10.1016/j.nme.
2016.04.012.

Kratochwil, C., Fendler, W.P., Eiber, M., 2019. EANM procedure guidelines for radionu-
clide therapy with 177Lu-labelled PSMA-ligands (177Lu-PSMA-RLT). Eur. J. Nucl.
Med. Mol. Imaging 46, 2536-2544. http://dx.doi.org/10.1007/s00259-019-04485-
3.

Kroélas, W., Ibarra, A., Arbeiter, F., 2021. The IFMIF-DONES fusion oriented neutron
source : evolution of the design. Nucl. Fusion 61, 125002. http://dx.doi.org/10.
1088/1741-4326/ac318f.

Ku, A., Kondo, M., Cai, Z., 2021. Dose predictions for [177Lu]Lu-DOTA-panitumumab
F(ab)2 in NRG mice with HNSCC patient-derived tumour xenografts based on
[64Cu]Cu-DOTA-panitumumab F(ab’)2 — implications for a PET theranostic strat-
egy. EJNMMI Radiopharm. Chem. 6, 25. http://dx.doi.org/10.1186/s41181-021-
00140-1.

Maj, A., Lewitowicz, M., Krélas, W., 2016. White book on the complementary scientific
programme at IFMIF-DONES. https://rifj.ifj.edu.pl/handle/item/78.

Manenti, S., Groppi, F., Gandini, A., 2011. Excitation function for deuteron induced
nuclear reactions on natural ytterbium for production of high specific activity
177gLu in no carrier added form for metabolic radiotherapy. Appl. Rad. Iso. 69,
37-45. http://dx.doi.org/10.1016/j.apradiso.2010.08.008.

Mastinu, P., Praena, J., Martin-Hernandez, G., 2012. Status of the legnaro neutron
source facility (LENOS). Physics Procedia 26, 261-273. http://dx.doi.org/10.1016/
j-phpro.2012.03.034.

Matsson, J., 2023. An Introduction To SOLIDWORKS Flow Simulation 2023. SDC
publications, https://www.solidworks.com/es.

CERN MEDICIS facility, 2020. PRISMAP - the European medical isotope programme.
https://medicis.cern/prismap-european-medical-isotope-programme (accessed 25
2021).

Nagai, Y., Kawabata, M., Hashimoto, S., 2022. Estimated isotopic compositions of
Yb in enriched 176Yb for producing 177Lu with high radionuclide purity by
176Yb(d, x)177Lu. J. Phys. Soc. Japan 91, 044201. http://dx.doi.org/10.7566/
JPSJ.91.044201.

Novoa, M., Capel, F., Sedano, J., 2014. Tumores neuroendocrinos gastroenteropan-
credticos: Caracteristicas clinicas, proceso diagnéstico y pronéstico en el hospital
universitario clinico san Carlos (madrid). Endocrinol. Nutr. 61 (5), 234-241.

Nuclear Physics European Collaboration Committee, 2014. Nuclear Physics for
Medicine. ISBN: 978-2-36873-008-9, https://www.nupecc.org/pub/npmed2014.
pdf(accessed 25 2021).

Nuclear Physics European Collaboration Committee, 2017. Long range plan 2017
perspectives in nuclear physics. https://www.esf.org/fileadmin/user_upload/esf/
Nupecc-LRP2017.pdf (accessed 25 2021).

Orain, S., Scudeller, Y., Garcia, S., 2001. Use of genetic algorithms for the simultaneous
estimation of thin films thermal conductivity and contact resistances. Int. J. Heat
Mass Transfer 44, 3973-3984. http://dx.doi.org/10.1016/50017-9310(01)00025-4.

Pillai, M.R.A., Chakraborty, S., Das, T., 2003. Production logistics of 177Lu for
radionuclide therapy. Appl. Rad. Iso. 59 (2-3), 109-118. http://dx.doi.org/10.
1016/S0969-8043(03)00158-1.

Praena, J., Garcia Infantes, F., Torres-Sanchez, P., et al., 2020a. Feasibility study of the
use of DONES for radioisotope production. In: Electronics Irradiation and Neutron
Scattering, ENS-7.2.3.1-T13-06-N1. EUROfusion Internal Report.

Praena, J., Garcfalnfantes, F., Rivera, R., et al., 2020b. Radioisotope production at
the IFMIF-DONES facility. In: EPJ Web of Conferences. Vol. 239, p. 23001. http:
//dx.doi.org/10.1051/epjconf/202023923001.

Qiu, Y., Arbeiter, F., Fischer, U., 2018. IFMIF-DONES HFTM neutronics modeling and
nuclear response analyses. Nucl. Mater. Energy 15, 185-189. http://dx.doi.org/10.
1016/j.nme.2018.04.009.

2013. SRIM & TRIM. http://www.srim.org/ (accessed 22 2023).

Téarkéanyi, F., Ditréi, F., Takacs, S., 2013. Activation cross-sections of longer lived
products of deuteron induced nuclear reactions on ytterbium up to 40 MeV. Nucl.
Instrum. Methods Phys. Res. B 304, 36-48. http://dx.doi.org/10.1016/j.nimb.2013.
03.056.

Van Noorden, R., 2015. Radioisotopes: The medical testing crisis. Nature 504, 202-204,
https://www.nature.com/articles/504202a.

Vogel, W.V., Van Der Marck, S.C., Versleijen, M.W.J., 2021. Challenges and future
options for the production of lutetium-177. Eur. J. Nucl. Med. Mol. Imaging 48,
2329-2335. http://dx.doi.org/10.1007/s00259-021-05392-2.

Yeh, M.C., Tse, B.W.C., Fletcher, N.L., 2020. Targeted beta therapy of prostate cancer
with 177 Lu-labelled miltuximab® antibody against glypican-1 (GPC-1). EJNMMI
Res. 10, 46. http://dx.doi.org/10.1186/513550-020-00637-x.


http://refhub.elsevier.com/S0969-806X(24)00179-8/sb1
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb1
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb1
https://www.advancingnuclearmedicine.com/articles
https://www.advancingnuclearmedicine.com/articles
https://www.advancingnuclearmedicine.com/articles
http://dx.doi.org/10.1016/j.nima.2018.01.048
http://dx.doi.org/10.3390/pharmaceutics13070971
https://cordis.europa.eu/project/id/870186
http://www.roadmap2018.esfri.eu/projects-and-landmarks/browse-the-catalogue/ifmif-dones/
http://www.roadmap2018.esfri.eu/projects-and-landmarks/browse-the-catalogue/ifmif-dones/
http://www.roadmap2018.esfri.eu/projects-and-landmarks/browse-the-catalogue/ifmif-dones/
https://euratom-supply.ec.europa.eu/activities/supply-medical-radioisotopes_es
https://euratom-supply.ec.europa.eu/activities/supply-medical-radioisotopes_es
https://euratom-supply.ec.europa.eu/activities/supply-medical-radioisotopes_es
http://dx.doi.org/10.1051/epjconf/202328409001
http://dx.doi.org/10.1051/epjconf/202328409001
http://dx.doi.org/10.1051/epjconf/202328409001
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb9
https://indico.frm2.tum.de/event/0/attachments/4/14/Henkelmann_177Lu_gek.pdf
https://indico.frm2.tum.de/event/0/attachments/4/14/Henkelmann_177Lu_gek.pdf
https://indico.frm2.tum.de/event/0/attachments/4/14/Henkelmann_177Lu_gek.pdf
http://dx.doi.org/10.1016/j.nimb.2006.03.008
http://dx.doi.org/10.2214/AJR.19.21123
http://dx.doi.org/10.2214/AJR.19.21123
http://dx.doi.org/10.2214/AJR.19.21123
http://dx.doi.org/10.1016/j.nimb.2014.05.020
http://dx.doi.org/10.1016/j.nme.2016.04.012
http://dx.doi.org/10.1016/j.nme.2016.04.012
http://dx.doi.org/10.1016/j.nme.2016.04.012
http://dx.doi.org/10.1007/s00259-019-04485-3
http://dx.doi.org/10.1007/s00259-019-04485-3
http://dx.doi.org/10.1007/s00259-019-04485-3
http://dx.doi.org/10.1088/1741-4326/ac318f
http://dx.doi.org/10.1088/1741-4326/ac318f
http://dx.doi.org/10.1088/1741-4326/ac318f
http://dx.doi.org/10.1186/s41181-021-00140-1
http://dx.doi.org/10.1186/s41181-021-00140-1
http://dx.doi.org/10.1186/s41181-021-00140-1
https://rifj.ifj.edu.pl/handle/item/78
http://dx.doi.org/10.1016/j.apradiso.2010.08.008
http://dx.doi.org/10.1016/j.phpro.2012.03.034
http://dx.doi.org/10.1016/j.phpro.2012.03.034
http://dx.doi.org/10.1016/j.phpro.2012.03.034
https://www.solidworks.com/es
https://medicis.cern/prismap-european-medical-isotope-programme
http://dx.doi.org/10.7566/JPSJ.91.044201
http://dx.doi.org/10.7566/JPSJ.91.044201
http://dx.doi.org/10.7566/JPSJ.91.044201
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb24
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb24
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb24
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb24
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb24
https://www.nupecc.org/pub/npmed2014.pdf
https://www.nupecc.org/pub/npmed2014.pdf
https://www.nupecc.org/pub/npmed2014.pdf
https://www.esf.org/fileadmin/user_upload/esf/Nupecc-LRP2017.pdf
https://www.esf.org/fileadmin/user_upload/esf/Nupecc-LRP2017.pdf
https://www.esf.org/fileadmin/user_upload/esf/Nupecc-LRP2017.pdf
http://dx.doi.org/10.1016/S0017-9310(01)00025-4
http://dx.doi.org/10.1016/S0969-8043(03)00158-1
http://dx.doi.org/10.1016/S0969-8043(03)00158-1
http://dx.doi.org/10.1016/S0969-8043(03)00158-1
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb29
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb29
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb29
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb29
http://refhub.elsevier.com/S0969-806X(24)00179-8/sb29
http://dx.doi.org/10.1051/epjconf/202023923001
http://dx.doi.org/10.1051/epjconf/202023923001
http://dx.doi.org/10.1051/epjconf/202023923001
http://dx.doi.org/10.1016/j.nme.2018.04.009
http://dx.doi.org/10.1016/j.nme.2018.04.009
http://dx.doi.org/10.1016/j.nme.2018.04.009
http://www.srim.org/
http://dx.doi.org/10.1016/j.nimb.2013.03.056
http://dx.doi.org/10.1016/j.nimb.2013.03.056
http://dx.doi.org/10.1016/j.nimb.2013.03.056
https://www.nature.com/articles/504202a
http://dx.doi.org/10.1007/s00259-021-05392-2
http://dx.doi.org/10.1186/s13550-020-00637-x

	Study of the production of radioisotopes at IFMIF-DONES: 177Lu with deuterons
	Introduction
	Materials and Methods
	Results
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


