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A B S T R A C T

The production of radioisotopes for nuclear medicine is boosted by different international agencies. IFMIF-
DONES will be an infrastructure where neutrons will be generated by the impact of a high-power deuteron
beam onto a lithium jet target. At present, IFMIF-DONES studies the possibility of deflecting 0.1% of its
standard 125 mA current of 40 MeV deuteron beam for the complementary applications to be conducted
inside a new experimental hall. Such deuteron beam is being considered to be used for radioisotope production
for nuclear medicine. Here, we discuss the production of a potential Auger-electron emitter radioisotope for
therapy165Er with 125 μA deuterons on 𝑛𝑎𝑡Ho. Due to the high-power delivered onto the sample, we study
by means of SolidWorks simulations a realistic device as cooling system for the holmium sample. Our results
show a significant165Er production in comparison with other experimental routes available in the literature.
1. Introduction

The use of compounds and biomolecules labelled with radionuclides
obtained from rare earth elements has grown in nuclear medicine. The
biologic properties similar to those of lanthanides have been the basis
for research into therapeutic applications. [1]. The success of 177Lu
in therasnostics is an excellent example of this tendency [2]. 177Lu
is incorporated to different molecules as 177Lu-DOTATATE [2], 177Lu-
PSMA [3] or 177Lu-AntiHER2 [4]. Auger electron (AE) emitters are
characterized by energies in the range of 0.02–50 keV, a short tissue
penetration range of 0.0007 to 40 μm, and a high linear energy transfer
(LET) of 1–10 keV/μm. They could be very promising in radionuclide
targeted therapy for metastatic and disseminated diseases [5].

As a heavy lanthanide, 165Er shares chemical properties and can be
radiolabelled with the same biologic targeting vectors already used to
deliver 177Lu or 161Tb [6]. Moreover, 165Er (T1∕2 = 10.36 h) is a great
candidate for Auger-electron therapy (46.7 keV (21.6%), 47.55 keV
(38.4%), 53.70 keV (3.97%) 53.88 keV (7.69%) and 55.29 keV (2.58%))
that might be produced by several routes in accelerators. Deuteron
induced route 𝑛𝑎𝑡Ho(d,2n)165Er [7] has been studied due to the fact
that it achieves a higher excitation function than 165Ho(p,n)165Er
reaction [8]. Moreover, other indirect production routes have been
studied such as 𝑛𝑎𝑡Er(d,xn)165Tm → 165Er [9] or 𝑛𝑎𝑡Er(p,xn)165Tm →
165Er [10] for the production of 165Er.

International organizations advocate exploring new ways and us-
ing new facilities to produce radioisotopes for medical purposes as
a complementary option to conventional methods based on nuclear
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reactors [11–13]. One of the reason behind is the decommissioning
and ageing of existing nuclear facilities cause shortages in the supply of
radioisotopes to hospitals. The production of AE emitters with highly
desirable characteristics is not yet developed. Careful consideration of
all parameters, including decay properties, nuclear chemistry, radio-
chemistry, dosimetry and radiobiology, is essential to successful design
of AE-emitting radiopharmaceuticals [14,15].

IFMIF-DONES (International Fusion Materials Irradiation Facility -
Demo Oriented NEutron Source) is set to become a facility aimed at
irradiating materials with neutrons to characterize crucial components
for future fusion reactors [16]. The final version of IFMIF will comprise
two identical accelerators directing 40 MeV deuterons at the same
neutron-producing target, a lithium jet target. Currently, under design
and construction is DONES in Granada [17], the initial phase, will hold
only one 40 MeV accelerator focusing deuterons onto the lithium jet
target. The expected outstanding characteristics of DONES in terms of
neutrons and deuterons have pushed the complementary applications
on radioisotope production for nuclear medicine [18,19]. In this frame-
work of expanding the applications of the facility, it is foreseen that
0.1% of the deuteron beam will be deflected for a new experimental
hall.

In the present work, we determine the production of 165Er at
DONES with the d+165Ho reaction at 40 MeV and 125 μA. Due to
the high-power delivered by the deuteron beam a cooling device for
the Ho sample will be studied based on an existing device for similar
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Table 1
Semiempirical coefficients of holmium for stopping power of protons by Ziegler [23].

Target Bethe’s stopping coefficients

Ho

A6 A7 A8 A9
0.03416 1640 −14.74 5.051

A10 A11 A12
−0.6117 0.03141 −0.0005801

purposes [20,21]. This study includes thermo-mechanical analysis of
the 165Ho target using SolidWorks simulation software [22] of the
temperature reached by the device and the sample.

2. Materials and methods

2.1. Theoretical calculations

The production of 165Er is obtained from the differential equation:
𝑑𝑁𝐸𝑟
𝑑𝑡

= 𝑅𝐸𝑟 −𝑁𝐸𝑟𝜆𝐸𝑟 (1)

where 𝑁𝐸𝑟 is the number of nuclei produced of 165Er, 𝑅𝐸𝑟 is the
production rate of 165Er and 𝜆𝐸𝑟 its decay constant. The production
rate is given by:

𝑅𝐸𝑟 =
𝐼
𝑞 ∫

𝐸𝑓

𝐸𝑖

𝜎(𝐸)
𝑆𝑑
𝐻𝑜(𝐸)

𝑑𝐸 (2)

where 𝜎(𝐸) is the reaction cross-section, 𝑆𝑑
𝐻𝑜(𝐸) is the stopping power

of the deuterons in Ho; 𝐼 is the intensity of the deuteron beam and 𝑞
is the charge of the deuterium.

The number of nuclei produced at the end of bombardment (EOB)
is given by:

𝑁𝐸𝑟(𝑡) =
𝐼(1 − 𝑒−𝜆𝐸𝑟𝑡)

𝑞𝜆𝐸𝑟 ∫

𝐸𝑓

𝐸𝑖

𝜎(𝑑,2𝑛)(𝐸)

𝑆𝑑
𝐻𝑜(𝐸)

𝑑𝐸 (3)

where 𝜎(𝐸) is the (d,2n) TENDL-2021 cross-section [24] and 𝑡 is the
irradiation time. The integration limits are set according to the energy
loss of the incoming deuterons in the production device.

The stopping power in [eV/1015 atoms/cm2] is given by the semi-
empirical expression developed by Andersen and Ziegler [23] for pro-
tons:

𝑆𝑝
𝐻𝑜(𝐸) =

𝐴6

𝛽2

[

𝑙𝑛
(

𝐴7𝛽2

1 − 𝛽2

)

−
4
∑

𝑖=0
𝐴𝑖+8𝑙𝑛(𝐸)𝑖

]

(4)

where, 𝛽2 = 1−(1∕(1+𝐸∕𝑚𝑝))2, 𝐸 is the proton energy in [keV/amu], 𝑚𝑝

is the proton mass [keV/𝑐2] and the values of 𝐴𝑖 are Bethe’s stopping
coefficients characteristic constants of the material. Table 1 shows
the Bethe’s stopping coefficients for holmium which are dimensionless
except A6 in [eV/1015 atoms/cm2]. Then, the relation between the
expression for the stopping power of deuterons and protons is:

𝑆𝑑
𝐻𝑜(𝐸) = 𝑆𝑝

𝐻𝑜

(𝑚𝑝

𝑚𝑑
𝐸
)

(5)

where 𝑚𝑝 and 𝑚𝑑 are the mass of a proton and deuteron in the units
keV/𝑐2, respectively.

Regarding the cross-sections, only a few experimental works deal
with deuterons induced activation products on natural Ho. Tárkányi
et al. [7] investigated the 165Ho(d,2n)165Er excitation functions up to
20 MeV, whereas Hermanne et al. [25] investigated the cross-section
for deuteron induced reactions on Ho and measured the excitation
functions between 3 MeV and 50 MeV. Fig. 1 shows the results of both
experimental works and calculations made with TALYS code [26] from
TENDL-2021.

Finally, the theoretical specific activity of 165Er can be calculated
from the activity and produced mass,

𝑆𝐴𝐸𝑟(𝑡) =
𝐴𝐸𝑟(𝑡) =

𝜆𝐸𝑟(𝑡)𝑁𝐸𝑟(𝑡) (6)
2

𝑚𝐸𝑟(𝑡) 𝑚𝐸𝑟(𝑡)
Fig. 1. Excitation functions for 𝑛𝑎𝑡Ho(d,2n)165Er nuclear reaction.

where 𝑚𝐸𝑟 is the mass of 165Er, which can be calculated as: 𝑚𝐸𝑟(𝑡) =
𝑁𝐸𝑟(𝑡) ⋅𝑀𝑎𝑡𝐸𝑟

∕𝑁𝐴.

2.2. Thermal simulations

Considering that the Ho sample will be irradiated with deuterons at
125 μA, the delivered power to the sample is an issue. Therefore, it is
necessary to design a backing and cooling device for the Ho sample. In
fact, the ability of the device to sustain a high-power will determine the
165Er production. Here we consider backing and cooling system based
on another device designed for a lithium sample for the purpose of
neutron production [20]. Such device was constructed in copper with
horizontal channels to circulate the cooling fluid, water. Experimental
tests performed with 2.8 MeV proton beam on updated version of the
device showed that 3 kW/cm2 could be sustained keeping device below
180 ◦C [21].

The modification we consider here is the use of a double cooling
system with the Ho sample between them, a kind of Ho sandwich.
Fig. 2 shows the design 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. The Ho
sample is located between the double cooling system, with 0.5 mm
distance between the sample and the millichannels. The dimensions
of the sample are 20 mm in diameter and 250 μm in thickness. The
cooling fluid flows through the millichannels at 0.6 l/min and 273 K.
The former parameters were obtained in a iterative process because
different thicknesses of Ho sample mean different delivered powers,
thus, different sample temperatures.

In order to carry out a realistic theoretical study of the 165Er produc-
tion, such iterative process has been performed with SolidWorks [22]
which features a Computational Fluid Dynamics (CFD) tool that allows
us to perform heat transfer studies and flow simulations on our system,
and to estimate temperature distributions of the involved materials.
We perform steady-state flow simulations where the beam profile is
assumed to be parallel, uniform and with the same radius as the
sample. Using SRIM code [27], the power dissipated in the sample has
been estimated as a function of the input and output energy of the
deuterons beam. We adjusted the device geometry so that the deuterons
reach the sample with 18 MeV, the output energy is 12.9 MeV, thus,
maximizing the production cross section, keeping the temperature be-
low the melting points of the materials with 67% of transmission of
deuterons due to the copper between the millichannels. Finally, the
thermal contact resistance has been introduced in the simulation when
the heat wave propagation reached the Cu/Ho/Cu interfaces as a value
of 4 ⋅ 10−7 K m2/W [28].
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Table 2
Comparison between experimental 165Er activities [8,10] and the present work at DONES. 𝛥E𝑐𝑝 indicates the energy range of charged particles
in each case, in MeV; 𝐼 is the current of the charged particle in μA; 𝑡𝑖 is the irradiation time and 𝑡𝑐 is the decay time in hours (only needed
for indirect routes); 𝐴 is the activity in MBq.
Route 𝛥E𝑐𝑝 (MeV) I (μA) t𝑖 (h) t𝑐 (h) Activity (MBq) Reference
𝑛𝑎𝑡Ho(p,n)165Er 16–7 1 1 0 7.90 ⋅ 101 [8]
𝑛𝑎𝑡Ho(p,n)165Er 30–7 1 1 0 1.42 ⋅ 102 [8]
𝑛𝑎𝑡Er(p,xn)165Tm →165Er 30–29.4 1 30 24 3.59 ⋅ 103 [10]
𝑛𝑎𝑡Er(p,xn)165Tm →165Er 70–69.7 1 30 24 1.24 ⋅ 104 [10]

18–12.9 1 1 0 (1.059 ± 0.014) ⋅ 102

18–12.9 1 30 0 (1.417 ± 0.085) ⋅ 103
𝑛𝑎𝑡Ho(d,2n)165Er 18–12.9 125 1 0 (1.324 ± 0.018) ⋅ 104 This work

18–12.9 125 30 0 (1.771 ± 0.024) ⋅ 105
Fig. 2. Design of double water-cooled system. The copper backing is 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. 15 millichannels are located in front of the
holmium sample and another 15 behind it. The distance between the sample and the
millichannels is 0.5 mm. The dimensions of the sample are 20 mm in diameter and
250 μm thick.

3. Results

165Er production has been calculated according to the setup dis-
cussed previously. Table 2 shows the results of production activity with
deuteron compared to conventional reactions producing 165Er based
on cyclotrons [8,10]. For direct route, 𝑛𝑎𝑡Ho(p,n)165Er reaction, we
include the most adequate energy ranges for production in conventional
cyclotrons as claimed by the authors [8]. In case of the indirect routes,
𝑛𝑎𝑡Er(p,xn)165Tm→165Er, also we have taken into account the decay
times for 165Er production [10].

165Er production at low current, 1 μA, and short irradiation times,
is very promising at DONES compared to conventional routes based
on proton production in cyclotrons. Whereas, low currents and long
irradiation times are only necessary in the case of indirect route pro-
duction. The results calculated are of the same order of production,
however, the energy range needed for this, in the case of deuterons, is
much smaller. This would eliminate the opening of many energetically
possible channels, which would generate impurities in the sample and
unnecessary activation on the target. In our case, irradiation with long
exposure times would not be necessary, as the 𝑛𝑎𝑡Ho(d,2n)165Er route
is direct.

Finally, the production at 125 μA of current, has been studied with
SolidWorks to guarantee the device’s resistance to the need to dissipate
high heat power. The production results would be very promising, even
without the need to reach long exposure times.

Taking into account the power dissipated by the backing and the
sample, flow simulations and thermo-mechanical studies have been
carried out for the proposed setup. Fig. 3 shows the temperature
reached by the sample and backing in steady state. The maximum
temperature remains well below the melting point of Ho (1747 K) and
3

Fig. 3. Temperature distribution in the holmium sample (up). Side view of the backing
and holmium sample temperature distribution (bottom).

copper (1358 K). Fig. 4 shows the fluid temperature distribution in
the front face to the deuteron beam. Water cooling helps to dissipate
some of the heat generated in the sample and backing. At steady state,
the maximum nuclear and atomic heating density generated in the
holmium sample is shown in Fig. 5.

Based on the pressure results obtained in flow simulation through
the millichannels, the study has been complemented with a structural
thermo-mechanical stress analysis, shown in Fig. 6. As can be seen,
the Von Mises parameter that evaluates the mechanical stresses of the
system, in our case, the fluid stresses and pressures, does not exceed
the maximum value of the tensile strength of copper (210 MPa).

4. Conclusions

The research and development of compounds and biomolecules
labelled with radionuclides obtained from rare earth elements is grow-
ing in nuclear medicine. The availability at IFMIF-DONES of 40 MeV
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Fig. 4. Fluid temperature distribution in the front face to the deuteron beam.

Fig. 5. Nuclear and atomic heating density generated in Ho sample. The cut plot has
been made in the plane of maximum value of this parameter.

Fig. 6. Static analysis of Von Mises stresses. Cut plot of the cross section of the device.

deuteron beam at 125 μA for complementary applications provides a
perfect framework for radioisotope production for nuclear medicine.
Here, we have studied the production of 165Er, an Auger electron
emitter with promising properties.
4

Due to the high-power delivered by the deuteron beam at 125 μA a
realistic cooling system have been simulated. Considering this device,
our results show a superior activity to other direct and indirect routes.
Nevertheless, at lower current (1 μA) the show production is higher or
similar to other studied routes in the literature. These results push fur-
ther experimental studies that we are planning to characterize possible
contamination, as stable 164Er and 166Er, as well as the molar activity
after chemical separation.
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