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Abstract

Astatine-211 (3!'At) is a highly promising radionuclide
for targeted alpha therapy (TAT), yet its clinical adoption
is limited by production constraints. 2!' At is predominantly
produced using cyclotrons, where beam currents rarely ex-
ceed a few hundred pA, thereby limiting achievable pro-
duction yields. Linear accelerators (LINACs) offer an at-
tractive alternative due to their potential for substantially
higher beam currents, reduced irradiation times, and im-
proved overall efficiency. To enable a reliable 2!! At supply,
the Tera-Care Foundation is developing a target system
specifically engineered to withstand the power levels of the
planned LINAC, which will directly irradiate bismuth tar-
gets. The initial analyses focus on estimating thermal
loads, energy deposition, and temperature profiles to deter-
mine safe operating limits and prevent material degrada-
tion. This work establishes the foundational design frame-
work needed to implement a reliable, high-power 24At
production system.

INTRODUCTION

Targeted alpha therapy (TAT) has emerged'as apromis-
ing approach for cancer treatment, suppetted by encourag-
ing clinical results [1, 2]. It combines/@-emitting radionu-
clides with suitable targeting agents, such as antibodies or
peptides, to deliver highly localized radiation@ver a range
of only a few cell diameterst This localized dose deposi;
tion, resulting from the shott path length and high linear
energy transfer’of theyo~particles, makes TAT particularly
attractive ffor treating small and disseminated tumours
while lifniting damage to healthy tissues.

Among the o-emitter§ considered for TAT, astatine-211
(%MAt).is of particular interest because ofits favourable de-
cay properties, including a 7.2-hour half=life and a-particle
emission suitable for therapeutic applications. >!' At is com-
monly produced through the 2*Bi(a,2n)?!' At reaction by
irradiating natural bismuth targets with a-particles. This
route is typically implemented using cyclotrons; however,
achievable yields“are often constrained by the available
beam currents, which.commonly range from a few pAto a
few hundred pA [3]. This limitation restricts the total ac-
tivity produced per irradiation and remains a barrier to rou-
tine regional and large-scale clinical supply.

Linear accelerators (LINACs) offer a potential pathway
toward increased 2!' At production capacity, as they can op-
erate at substantially higher beam currents than conven-
tional cyclotrons. Higher beam currents may reduce irradi-
ation time and improve production efficiency, but they also
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increase the deposited beam powerdn the target. Efficient
heat removal and control of peak temperatures are there-
fore critical to maintaining target integritysand preventing
material degradation during irradiation.

To address this challenge, the Tera-Care Foundation [4],
a not-for-profit research organization based in Geneva,
Switzerland, is developing' a dedicated target systemyfor
high-power 2!'At produetion using a LINACj such“as the
one recefitly designed at CERN [5]. This activityis part of
the CHeES (Clinical Helium Facility for Switzerland) pro-
ject that Tera-Care is promoting, based on the technologies
developed by thes NIMMS activities, led by CERN [5],
which in€ludes a LINAC-based infrastructure for medical
applications and “therapeutic radionuclide production.
Within ‘this project, high-current a-particle beams will di-
rectly irradiate bismuth targets, with the aim of improving
the availability of 2!'At for TAT. The target system must
therefore ‘be designed to withstand elevated beam power
densities, while maintaining acceptable operating tempera-
tures.

This paper presents the initial design analysis of the pro-
posed high-power 2!!At production target. The study fo-
cuses on beam-induced energy deposition, thermal load-
ing, and femperature profiles in the target assembly,
providing a basis for defining safe operating conditions and
guiding the future target design, cooling-system develop-
ment, and experimental validation.

AT PRODUCTION
TARGET SYSTEM CONCEPT

The production of 2!' At from natural bismuth is based on
the 2%Bi(0,2n)*'' At reaction. The a-particle beam energy
must be selected within a restricted energy window that fa-
vours 2'At production while limiting the competing
29Bi(a,3n)?!%At reaction, which produces 2!°At and subse-
quently the long-lived radiotoxic 2!°Po.

Production targets for 2!'' At commonly consist of a thin
metallic bismuth layer deposited on a thermally conductive
backing material, which provides mechanical support and
the main heat-removal path during irradiation. For high-
current pulsed LINAC operation, the target must withstand
elevated volumetric power densities while maintaining the
bismuth below its melting point of approximately 546 K.
The design must also limit thermal gradients and cyclic
stresses that may cause deformation, fatigue, or degrada-
tion of the thermal contact between the bismuth layer and
the backing material.



In this work, the baseline target model consists of a
50 um bismuth layer deposited on an aluminium backing
block. The incident beam is defined as a 29 MeV a-particle
beam with a Gaussian transverse profile of =5 mm. Nor-
mal beam-incidence is used as the reference configuration,
while the incidence angle is considered as a design param-
eter to increase the effective beam footprint and reduce lo-
cal power density. This geometry is used to quantify the
energy deposition distribution and provide the heat-source
term required for the subsequent thermal assessment.

THERMAL MODELLING

The thermal analysis was based on a two-step workflow
combining particle-transport simulations and transient
thermal calculations. Energy deposition from the incident
a-particle beam in the target assembly was first calculated
using the Monte Carlo particle-transport code FLUKA
[6,7]. The simulations provided the three-dimensional spa-
tial distribution of the deposited energy in the bismuth tar-
get and aluminium backing defining the volumetric heat-
source term required for the subsequent thermal assess-
ment of the target.

The simulation geometry reproduced the baseline target
model shown in Fig. 1, consisting of a thin bismuth layer
deposited on an aluminium block and surrounded by vac-
uum. The reference geometry considered a bismuth layer
of 80 x 60 x 0.05 mm? deposited on an aluminium block
of 100 x 80 x 5 mm?. The incident beam was defined as a
29 MeV a-particle beam with a Gaussian transverse profile
representing the expected beam footprint.

Bismuth target

Aluminium
backing

Figure 1% Schematic representation (not to scale) of the
baseline target geometry used in the energy deposition cal-
culations. The'model consists of a bismuth layer (in cyan)
deposited on an aluminium backing block.

For each configuration, the deposited energy was scored
in the target region and exported for post-processing. Sep-
arate scoring regions were used for the bismuth layer and
for the combined bismuth-aluminium target assembly, al-
lowing the energy deposited in the production layer to be
distinguished from the energy transported into the backing.
The FLUKA results were normalized per incident a-parti-
cle and converted to volumetric energy density. For the
pulsed-beam analysis, the deposited energy maps were
scaled to the LINAC pulse structure using a repetition fre-
quency of 50 Hz, a pulse duration of 2 ms, and a duty factor

of 0.1. The deposited power per pulse was fixed at 10 kW,
allowing the effect of the beam-incidence angle on the ther-
mal-load distribution to be evaluated independently of
changes in the total deposited power.

A transient thermal analysis was performed using com-
putational fluid dynamics (CFD) for the normal-incidence
beam configuration. The target assembly was modelled
with ANSYS Fluent [8]. In this model, the FLUKA-de-
rived volumetric power density disteibution was imported
as the heat source in a discretised target,geometry. The bis-
muth layer and aluminium backing were meshed to resolve
the thin production layer and the steep temperature gradi-
ents near the beam interaction region. This'calculation was
used to evaluate the transient temperature evolution and
identify surface hotspots.

RESULTS AND DISCUSSION

The FLUKA simulations were used to define the volu-
metric heat source applied in the thermal model. Fig. 2
shows the calculated energy deposition distribution in the
plane perpendicular to the beam direction, corresponding
to a surface view of the target for the normal-incidence
configuration. These“are ithe results for the reference,
worst-case scenario, defined as a Gaussian beam perpen-
dicularto the target surface:The distribution is centred on
the beam axis and reflects the imposed Gaussian beam pro-
file, with the highest deposited energy density located at
the centre of the beam footprint. The deposited energy de-
creases radially away from the beam axis by several orders
of magnitude, indicating a strongly localized volumetric
heat source in the target. Although the total deposited
power détermines the overall heat load, the peak tempera-
ture 1s governed primarily by the local power density and
the heat-transfer path through the bismuth-aluminium as-
sembly.
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Figure 2: Energy deposition distribution map in the plane
perpendicular to the beam direction for a normally incident
29 MeV a-beam with a 5 mm o Gaussian profile.

The calculated volumetric energy deposition maps were
converted into deposited power and imported into the CFD
model as the heat source for the baseline bismuth-alumin-
fum assembly. The calculated surface temperature distribu-
tion is shown in Fig. 3. The highest temperatures are con-
centrated at the beam footprint, where the deposited power
density is maximum. In this region, the calculated temper-
ature exceeds the bismuth melting point, indicating the for-
mation of a localized molten region under the assumed ir-
radiation conditions. The steep radial decrease in



temperature away from the beam footprint confirms that
the thermal response is dominated by the spatial localiza-
tion of the deposited power.

The corresponding three-dimensional temperature field
is shown in Fig. 4. It is possible to observe that the region
exceeding the bismuth melting temperature remains local-
ized near the beam-interaction zone, while heat spreads
into the surrounding bismuth layer and aluminium backing.
This distribution produces steep thermal gradients around
the hotspot region, indicating that the thermal contact be-
tween the bismuth layer and backing material, together
with the cooling configuration, will strongly influence the
peak temperature and the extent of the overheated region.
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Figure 3: Calculated surface temperature distribution in the
bismuth-aluminium target assembly for the normal-inci-
dence beam configuration.

The transient evolution of the maximum temperature is
shown in Fig. 5. The pulsed beam structure produees re-
peated heating and cooling cycles, with rapid temperature
increase during each pulse followed by partial'cooling bex
tween pulses. Nevertheless, the coolingdntervalis insuffi-
cient to restore the initial temperature before the next pulse,
resulting in cumulative heating. For the baselingfconfigu-
ration, the calculated maximum temperaturesreaches thg
bismuth melting point after @pproximately0.6 s and con;
tinues to increase thereafter.
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Figure 4: Three-dimensional temperature distribution in
the bismuth-aluminium target assembly for the normal-in-
cidence beam configuration.

Together, the temperature maps and transient evolution
indicate that the present target configuration is thermally
limited under the assumed operating conditions. The com-
bination of localized energy deposition and cumulative
pulsed heating leads to temperatures above the acceptable
operating limit for bismuth. Further optimization is there-
fore required to reduce the peak power density and improve
heat extraction from the irradiated region.

The next design phase foresees investigating beam-inci-
dence optimization and active cooling strategies to reduce
the peak target temperature, in addition to the more
straightforward measure of shaping the transverse beam
profile, e.g. to a waterbag-like distribution, and increasing
its size. Applying a grazing beam angle is expected to in-
crease the effective beam footprint and lower the local
power density, while cooling-system developments will fo-
cus on improving heat extraction through the target system.
These studies will be used to define the Operating condi-
tions that maintain the bismuth layer below critical temper-
ature limits during high-power irradiation.
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Figure 5: Transient evolution of'the maximum temperature
during pulsed,irradiation for the normal-incidence config-
urationy The dashed line indicates the bismuth melting tem-
perature.

CONCLUSION

This work presents the initial thermal analysis of a high-
power bismuth target for LINAC-based 2!'At production
for the'CHeFS project, promoted by the Tera-Care Foun-
dation in Switzerland. Energy deposition and CFD simula-
tions were used to assess the thermal response of the target
under ‘reptesentative pulsed-beam conditions. The first
simulations show that the studied baseline produces local-
ized overheating at the beam footprint, with calculated tar-
get temperatures exceeding the melting threshold. These
results indicate that the reference geometry is thermally
limited and requires optimization. Ongoing work will fo-
cus on reducing the local power density through beam-in-
cidence angle and beam-footprint optimization, together
with the development of an active cooling system capable
of maintaining the target below critical limits during high-
power irradiation.
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