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Exploratory study for the production of Sc beams at the ISOL facility of MYRRHA
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Abstract

This paper reports on the start-up of an exploratory study for optimising an ISOL-target geometry towards isotopes production at
driver-beam energies in the range of 100 MeV. A 1D algorithm that determines the optimal target thickness, as well as a partially
algorithmic method that combines the particle-transport calculations with thermo-mechanical simulations have been developed.
Further developments are planned in order to integrate an isotope-release model, as well as to provide a degree of automation, in
order to facilitate optimisation. In the future this will allow easier determination of the optimal target design for the production of
a specific isotope. To illustrate the optimisation process, the exploratory study for the production of scandium beams at an ISOL

facility with a 100 MeV proton driver-beam is presented.
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1. Introduction 20

The design of high-power targets for production of Radioac-
tive lon Beams (RIBs) at an Isotope Separation On-Line (ISOL)
[LL] facility requires a full overview of the physical processes oc-
curring in the target: nuclear reactions, thermal effects, isotope
diffusion and effusion. Such targets are nowadays a requisite
as they constitute one of the means to significantly increase the
yields of certain RIBs to the levels required by the users. In the
first phase of the MYRRHA project, the ISOL@MYRRHA [2]]
facility will make use of a high-power proton beam (100 MeV
& 0.5mA) in combination with high-power targets in order to
produce high-intensity RIBs of various isotopes. High-power
targets [3|] require specific R&D to tackle engineering chal- 4
lenges like heat-dissipation issues while maintaining the objec-
tive of high isotope yields that are within reach with thick tar-
gets, on top of the more general considerations related to target
design such as chemical reactions and release [4]. An optimi-
sation process has been developed in order to assist with target
design. In order to illustrate both the process and its potential
value, we performed an exploratory study of target designs for
the production of various scandium isotopes (it is important to
note that the procedure can be applied to any other isotope):
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e 41408¢c, which can be of interest for the physics commu- ©
nity, as the former is a good candidate for beta decay spec-
troscopy [5]], while the latter undergoes beta-delayed alpha
and proton emission [6].

e 47443c for the medical community, as they can constitute a
“theranostic pair”, with the former for treatment purposes *
and the latter for imaging [7]].

*Corresponding author

Preprint submitted to Elsevier

So far, other facilities such as ISAC and ISOLDE have been
able to produce RIBs of scandium (°°232S¢ and 4>44:46-48,50.525¢
respectively) from metallic targets of tantalum and titanium.
Some example yields:

e From ISAC, 4.1 x 10° part.s™ of 3%2Sc from Ta target [8].

e From ISOLDE, 3 x 107 part.s'.uA™! of “’Sc from Ti target
[9].

Note that in the case of *’Sc, these quantities are orders of mag-
nitude below what would be pre-clinically useful [7]]. Further-
more, 41*°Sc have not been successfully extracted at these fa-
cilities, and it is the purpose of the present work to show how
through developments in target design, these isotopes could be-
come available.

2. Methods

Firstly, a survey of the various production routes, for the iso-
topes of interest, with a 100 MeV proton beam was conducted
in order to determine suitable target materials from a nuclear-
physics standpoint. To this end, both computed [10] and ex-
perimental [11]] (when available) cross-section data for proton-
induced production of scandium isotopes were compared, for
several target materials, before settling on calcium and titanium
as prime candidate materials (Fig. [T). As scandium is produced
in both #42Sc and *™Sc forms (with #™Sc having a much longer
half-life of 2.44 days), for clinical uses it is useful to know the
proportion of #*2Sc to #*™Sc. After a hypothetical production
cycle of 4 h of irradiation and 4 h for separation and transport
the 44mSc activity is about 6% relative to the 44gSc activity.

Secondly, in order to gauge the optimal target thickness,
a 1D optimisation algorithm was developed [12]]. This al-
gorithm computes in-target yields as a function of thickness
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Figure 1: Proton induced cross-sections for Sc production in Ti and Ca.'™®

TENDL cross-sections from Ti are orange dashes, experimental cross-sections
from natural Ti are orange crosses, TENDL cross-sections from Ca are blue
lines. The dash line for **Sc cross-sections is the sum of both the ground state
and metastable isotopes, whereas the line with orange circles is the ground state
alone and the line with orange triangles is the metastable state alone.
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using cross-section data taken from TENDL [10] and proton
stopping power from TRIM [13], for specified values of inci-
dent proton current and prescribed maximum in-target power-
deposition. Incident proton currents are defined as the lower
value of both the maximum current available at the facility i.e.120
0.5mA and the maximum current that can be handled by an
upstream proton-beam window. Note that this is a window up-
stream in the proton beamline with a design currently capable
of handling a maximum of 0.3 mA. Maximum in-target power-
deposition values are defined as the power radiated from theizs
target container at its maximum temperature of operation, tak-
ing into account temperature limits on all other materials in the
target.

Finally, the target thickness corresponding to this optimum
point is then used to create a model for a full Monte Carloss
simulation of the design (in FLUKA [14] [15]), where scatter-
ing and secondary production channels can be taken into ac-
count. This is essential for the subsequent thermal analysis as
the heat-load distribution in the target is typically non-uniform
while a uniform temperature profile is desired. The targetsis
were irradiated with a 100 MeV proton beam uniformly dis-
tributed over the frontal surface of the target discs (diameter
4 cm). The power-deposition data resulting from the FLUKA
simulation is then used as a heat-generation source for a finite-
element thermo-mechanical simulation using ANSYS® Aca-1x0
demic Research Mechanical, Release 18.0 [[16]. The results of
the thermo-mechanical simulation are then fed back into the
FLUKA model to adjust the geometry by taking into account
the thermal properties of the used materials.

The work presented here will focus on targets based on ti-
tanium and titanium-carbide. Calcium-based target materi-
als were also examined but are not included in this contribu-
tion. Exploring materials other than the mono-atomic form al-
lows assessing the interplay of parameters like target-element
specific-density, maximum operating temperature, emissivity
and conductivity, and carbide forms often have higher melting
temperatures and better thermal radiation characteristics than
native metallic forms.

3. Results

The obtained results are illustrated in Fig. [2] The red
curves indicate the chosen current and power limitations for
each combination of target material and sought isotope. The
current limitation of 300 uA is determined by the aforemen-
tioned upstream proton window. The target power limitation
is determined by taking the lowest value of either a simple
one-dimensional calculation that takes into account the melt-
ing point (with 200 °C of margin) or the limiting temperature”
[17] (whichever is lower) of the materials in the target and the
maximum power extractable from the current target container,
ie. 5.5 kW. Other target containers, with increased heat-transfer
capacity (using supplementary fins as in the ISAC high-power
target) and other materials with higher temperature limits are
being studied, hence the additional curves for higher extractable
powers up to 14 kW.

Titanium has a lower melting point (1668 °C) than titanium-
carbide (3140 °C and thus a lower operation temperature limit
(200 °C lower than the melting temperature). However due
to vaporisation/sublimation concerns in high vacuum, titanium
carbide cannot be operated at temperatures near its melting
point. Therefore, a ”limiting temperature” of around 2000 °C
in the target discs was chosen as an objective. This is why
for a titanium-metal target, the maximum power to dissipate
(4.8 kW) is lower than for the titanium-carbide target (5.5 kW).
The intersection of the regions below a power curve and a cur-
rent curve defines a permissible design region, with the max-
imum of that region being the optimum in terms of produc-
tion. Finally, for the FLUKA and subsequent Computer-Aided
Design (CAD) models used, the thickness obtained from the
1D analysis is simply divided into a number of discs, the in-
dividual thicknesses of which were determined by taking the
smallest thickness values recorded in literature to be operated
at ISOL facilities: 1 mm for carbide discs[18]] and 20 um for
metal foils[4]. These discs have a diameter of 4 cm, in order to
increase the amount of heat that can be transferred through ra-
diative processes. When using the titanium-carbide target discs,
the rest of the target is composed of a graphite hollow cylindri-
cal container for the discs, with 2 set of graphite "windows” on
either end, wrapped in a tantalum outer layer that can be used to
resistively heat the target. When using the pure titanium target
discs, the graphite cylinder is absent leaving only the graphite
windows and the tantalum wrapper to contain the isotopes.

We performed a thermal analysis of these models, as illus-
trated for a titanium-carbide target in Fig. [3] The thermal
distribution follows a couple of general principles: there is a
radial temperature gradient, decreasing from the centre of the
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Figure 2: Results of the 1D optimisation for Ti and Ti-C using the Matlab algorithm. The blue solid and dash lines represent computed in-target production rates for
different values of incident current and max power-deposition. The thickness in g/cm2 refers to metal mass (left) and carbide mass (right). The red solid and dash
lines represent respectively the reference current and power limitations currently considered for the targets. The intersection of these red lines corresponds to the

optimum thickness for the target.
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discs to the outer edge of the tantalum container, and there is a
longitudinal non-uniformity as stopping power follows a Bragg
curve as protons traverse matter (note that most of the target
designs avoid reaching the Bragg peak as the heat-depositioniso
would be very difficult to manage). Therefore, as a general
rule, heat-deposition is lower where the beam enters the target
and increases as protons travel towards the end, but this is of
course dependent on the materials traversed, so while the heat-
deposition in the exit window (leftmost side) is higher than in
the entry window (rightmost side), the heat-deposition in bothiss
is much lower than in the titanium-carbide target discs. The
distribution seen in the figure is that of an intermediate step
in the optimisation process, and shows some of the aforemen-
tioned principles: for example, temperature tends to spike in
the centres of the individual discs and the windows on eitherzop
end of the target tend to be much cooler, while, longitudinally,
the temperature distribution is non-uniform. Further iterations
of the optimisation process are still required in order to reduce
the non-uniformity in the longitudinal temperature distribution,
by improving the spatial distribution of the target material discs
in the target container. The addition of “buffer” graphite discs,
to separate the target discs from the cold outer windows, also®®
helps reduce the non-uniformity. The radial temperature distri-
bution also requires some work in order to reduce the tempera-
ture gradient.
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Figure 3: Example of a Ti-C target that has already undergone some rounds
of optimisation in order to place the discs of target material in positions that
favour a good thermal distribution. The proton beam enters from the right, and

the transfer line (not shown) should be positioned halfway along the length of225
the target.

A thermally homogeneous target would theoretically be ben-
eficial for the release of isotopes from the target materials: theaso
temperature of the target should be uniformly high (hence the
choice of an operating temperature as high as the material can
withstand before degradation), as this usually increases diffu-
sion speed and should also reduce the average sticking timeszss
of the isotopes on the various surfaces of the target during the
effusion process. Any “cold” spots (relative to the desired op-
erating temperature) can reduce release efficiency not only by
slowing the speed of the isotopes as they migrate through matterzs
but also by acting as “'traps”, where the isotopes will condense
and therefore not escape the target. Finally, thermal homogene-
ity should also reduce thermally-induced mechanical stresses in
the target. However, it is important to note that as of the time of2+
writing, simulations of thermally-induced mechanical stresses
in these target concepts are still in their early beginnings. The
full study of isotope effusion and diffusion is also incomplete.

When finished, these mechanical and release simulations will
also feed back into the various CAD and FLUKA models, and
will form a complete optimisation procedure for the develop-
ment of new targets. Experimental measurements will assist in
validation of the procedure.

4. Conclusion

The concepts under investigation are an exploration of the
possible optimisation routes for high-power targets. The opti-
misation process, in its current state of development, is a sound
way of optimising target designs with respect to in-target pro-
duction. However, to complete the study, release simulations
complemented with more in-depth thermo-mechanical simula-
tions have to be integrated into the optimisation process and ex-
perimental measurements are required in order to validate the
process.

Acknowledgements

This work has been carried out within the scope of a PhD
supported by SCKeCEN and UCLouvain.

References

[1] P. van Duppen, Isotope Separation On Line and Post Acceleration, in:
J. Al-Khalili, E. Roeckl (Eds.), The Euroschool Lectures on Physics and
Exotic Beams Vol. 2, Lecture notes in Physics, Vol. 700, Springer, 2006,
pp- 37-77 (2006). |[doi:10.1007/3-540-33787-3_2.

[2] L. Popescu, Nuclear-physics applications of MYRRHA, EPJ Web of
Conferences 66 (2014) 7100117 (2014). |doi:10.1051/epjconf/
20146610011.

[3] P.Bricault, F. Ames, M. Dombsky, P. Kunz, J. Lassen, Rare isotope beams
at ISAC target & ion source systems, Hyperfine Interactions 225 (1)
(2014) 2549 (January 2014). |doi:10.1007/s10761-013-0880-z,

[4] U. Koster, ISOLDE target and ion source chemistry, Radiochimica Acta
89(11-12) (2001) 749-756 (2001). doi:10.1524/ract.2001.89.
11-12.749.

[5] H.S. Wilson, R. W. Kavanagh, F. M. Mann, Gamow-teller transitions in
some intermediate-mass nuclei, Phys. Rev., C; (United States) 22:4 (10
1980). |[doi:10.1103/PhysRevC.22.1696,

[6] J. Honkanen, J. Aysté, M. Kortelahti, K. Eskola, K. Vierinen, A. Hau-
tojérvi, Beta decay of “°Sc to Proton and alpha-particle unbound states in
40Ca, Nuclear Physics A380 (1982) 410-422 (1982).

[7] C.Miiller, M. B. et al., Promising prospects for **Sc-/*’Sc-based therag-
nostics: application of *’Sc for radionuclide tumor therapy in mice, Jour-
nal of Nuclear Medicine (2014). doi:10.2967/jnumed.114.141614|

[8] ISAC yield databasel
URL https://mis.triumf.ca/science/planning/yield/
beam

[9] ISOLDE yield databasel

URL https://isoyields2.web.cern.ch/

YieldByElement_Basic.aspx?Z=21

D. Rochman, A. K. et al., The TENDL library: Hope, reality and future,

EPJ Web of Conferences 146 (2017) 702006” (2017). doi:10.1051/

epjconf/201714602006.

N. Soppera, M. Bossant, E. Dupont, JANIS 4: An Improved Version of the

NEA Java-based Nuclear Data Information System, Nuclear Data Sheets

120 (2014) 294-296 (2014).|d0i:10.1016/j.nds.2014.07.071.

M. Dierckx, personal communication.

J. E. Ziegler, J. P. Biersack, The Stopping and Range of Ions in Matter,

Springer US, Boston, MA, 1985, pp. 93-129 (1985). |doi:10.1007/

978-1-4615-8103-1_3|

T. Bohlen, F. Cerutti, M. Chin, A. Fasso, A. Ferrari, P. Ortega, A. Mairani,

P. Sala, G. Smirnov, V. Vlachoudis, The FLUKA code: Developments and

challenges for high energy and medical applications, Nuclear Data Sheets

120 (2014) 211-214 (2014).

A. Ferrari, P. Sala, A. Fasso, J. Ranft, FLUKA: a multi-particle transport

code, CERN-2005-10, INFN/TC_05/11, SLAC-R-773 (2005).

[10]

[11]

[12]
[13]

[14]

[15]


https://doi.org/10.1007/3-540-33787-3_2
https://doi.org/10.1051/epjconf/20146610011
https://doi.org/10.1051/epjconf/20146610011
https://doi.org/10.1051/epjconf/20146610011
https://doi.org/10.1007/s10751-013-0880-z
https://doi.org/10.1524/ract.2001.89.11-12.749
https://doi.org/10.1524/ract.2001.89.11-12.749
https://doi.org/10.1524/ract.2001.89.11-12.749
https://doi.org/10.1103/PhysRevC.22.1696
https://doi.org/10.2967/jnumed.114.141614
https://mis.triumf.ca/science/planning/yield/beam
https://mis.triumf.ca/science/planning/yield/beam
https://mis.triumf.ca/science/planning/yield/beam
https://mis.triumf.ca/science/planning/yield/beam
https://isoyields2.web.cern.ch/YieldByElement_Basic.aspx?Z=21
https://isoyields2.web.cern.ch/YieldByElement_Basic.aspx?Z=21
https://isoyields2.web.cern.ch/YieldByElement_Basic.aspx?Z=21
https://isoyields2.web.cern.ch/YieldByElement_Basic.aspx?Z=21
https://doi.org/10.1051/epjconf/201714602006
https://doi.org/10.1051/epjconf/201714602006
https://doi.org/10.1051/epjconf/201714602006
https://doi.org/10.1016/j.nds.2014.07.071
https://doi.org/10.1007/978-1-4615-8103-1_3
https://doi.org/10.1007/978-1-4615-8103-1_3
https://doi.org/10.1007/978-1-4615-8103-1_3

250 [16] ANSYS, Inc., ANSYS® Academic Research Mechanical.

[17] G. Alton, Y. Zhang, Y. Kawai, Prescriptions for optimizing intensities of
short-lived ribs at isol based research facilities, Applied Radiation and
Isotopes 64 (12) (2006) 1574 — 1603 (2006). doi:https://doi.org/
10.1016/j.apradiso.2006.01.004.

255 [18] J. Ramos, A. Gottberg, R. Augusto, T. Mendonca, K. Riisager, C. Seif-
fert, P. Bowen, A. Senos, T. Stora, Target nanomaterials at cern-isolde:
synthesis and release data, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms 376
(2016) 81 — 85 (2016). doi:https://doi.org/10.1016/j.nimb.

260 2016.03.003.


https://doi.org/https://doi.org/10.1016/j.apradiso.2006.01.004
https://doi.org/https://doi.org/10.1016/j.apradiso.2006.01.004
https://doi.org/https://doi.org/10.1016/j.apradiso.2006.01.004
https://doi.org/https://doi.org/10.1016/j.nimb.2016.03.003
https://doi.org/https://doi.org/10.1016/j.nimb.2016.03.003
https://doi.org/https://doi.org/10.1016/j.nimb.2016.03.003

	Introduction
	Methods
	Results
	Conclusion

