DEVELOPMENT OF A HIGH-TEMPERATURE ELECTRON BEAM TEST
STAND FOR THERMAL STUDIES OF THE TATTOOS TARGET AT PSI

R. Martinie, R. Eichler, A. Ivanov, S. Jollet, D. Kiselev, M. Mostamand,
D. Reggiani, M. Sapinski, J. Snuverink, R. Sobbia, Ph. Spitig, S. Warren
Paul Scherrer Institute, Villigen, Switzerland

Abstract

The Targeted Alpha Tumor Therapy and Other Oncologi-
cal Solutions (TATTOOS) facility at the Paul Scherrer In-
stitute (PSI) will address the growing demand for medically
relevant radionuclides using proton-induced spallation at the
PSI High Intensity Proton Accelerator (HIPA). The target is
designed to operate with a 100 uA - 590 MeV proton beam
up to 2400 °C for 2 to 5 weeks. To study the thermal mecha-
nisms critical for the target performance, a high-temperature
test stand was developed based on a 60 keV, 100 mA electron
beam welding machine. This setup allows heating tantalum
foils in vacuum while investigating temperature distributions
using a Gaussian beam profile with a rotating frequency up
to 1000 Hz. We present here the static and rotating beam
profile measurements using a 50 um tungsten wire scanner
moving up to 70 mm/s, with thermionic emission suppressed
by voltage biasing. The differences in penetration and energy
deposition between 590 MeV protons and 60 keV electrons
are discussed to justify the use of electron beam heating as
a surrogate for proton irradiation. Finally, preliminary tem-
perature measurements under rotating beam conditions are
presented, as well as a preliminary comparison with FEM
simulations. Pyrometric measurements show that tempera-
ture oscillations remain below 10 °C at/100 Hz for an average
temperature of 1715 °C, and preliminary FEM&imulations
show reasonable agreement withithe measureéments.

INTRODUCTION

The Tafgeted Alpha Tumor Therapy and Other Oncologi-
cal Solutions (TATTOQS) facility [i1] at the Paul Scherrer
Institute (PSI) aims to jproduce radionuclides via proton-
induced,spallation using the PSI High Intensity Proton Ac-
celerator (HIPA). The production scheme relies on the Iso-
tope SeparationdOn-Line (ISOL) technique [2]: a 100 pA,
590 MeV proton beam [3] impinges on a target heated to
temperatures abovey2000 °C through both beam power de-
position and resistive heating. Neutral spallation products
diffuse out of the target material, undergo molecular flow
until they reach an ion Source, where they are ionized, then
accelerated to up to 65 keV, transported as a radioactive ion
beam (RIB) and finally mass-separated. ISOL targets have
been developed and operated at several facilities, including
ISOLDE at CERN [4] and ISAC at TRIUMF [5]. Thermal
management is a well-known challenge: temperature homo-
geneity, cold spots, and heat dissipation capacity directly
impact isotope release and target lifetime. Building on this
experience, the TATTOOS target baseline consists of thin
tantalum foils (25-100 um) stacked in a 20 cm long cylin-

drical tantalum container, with a totdl equivalent tantalum
thickness of up to 10 cm.

Sustained operation at high temperatures induces thermal
ageing mechanisms, such as grain growth, thermal groov-
ing, sintering and creep, that dégrade, target performance
over time. Since the target be¢comes highly, activated during
irradiation and requires costly heavy-handling procedures
for exchange, extending the target lifetime is aikkey design
objectiye. This demands a thorough understanding of the
thermal environment and its long-term effects on the tar-
get materialsd To, study these thermal mechanisms under
controlled conditions, a high-temperature test stand was de-
veloped based on'the PSI electron beam’welding machine.
Thisesetup allows heatingytantalum samples in vacuum to
thérelévant temperatures. This article presents the beam
characterization using a tungsten wire scanner, preliminary
pyrometric temperature measurements under rotating beam
conditions, and preliminary FEM validation.

PROTON VS ELECTRON BEAM
DIFFERENCES

Differénces between the operational (590 MeV protons)
and experimental (60keV electrons) beam-matter interac-
tionsyrequire careful consideration. At 590 MeV, protons
penetrate deep into tantalum with a Bragg peak at approx-
imately 17em, well beyond the 10 cm equivalent tantalum
thickness'of the target. MCNP simulations yield between
200 and 300 W/mm in the TATTOOS target, depending on
the geometry [6]. In contrast, 60keV electrons penetrate
only a few micrometers into tantalum: according to the ES-
TAR [7] CSDA (Continuous Slowing Down Approximation)
range of 1.29 x 1072 g/cm?, electrons penetrate 7.75 pum in
tantalum. The electron backscattering coefficient npsg at this
energy is 50 % [8]. Therefore, the total electron beam power
of 6 kW, reduces to approximately 3 kW after backscatter-
ing, delivers orders of magnitude more power to a single foil
than under proton irradiation.

EXPERIMENTAL SETUP
Electron Beam Welding Machine

The electron beam welding machine at PSI operates at an
energy Epeam of 60keV with a maximum current Iyeyy of
100 mA. A magnetic focusing lens, controlled by the coil
current Ifcys, Sets the beam size and a deflection coil steers
the beam, enabling circular rotation patterns at frequencies
up to 1 kHz. The work table can be displaced horizontally
at speeds up to 70 mm/s.



Beam Profile Scanner

A 50 pm tungsten wire is mounted on the work table and
scanned through the beam 150 mm above the table surface.
The wire is connected to a Libera current meter capable of
measuring currents from nA to 2 mA. A voltage source pro-
viding up to 100 V biasing suppresses thermionic emission
from the wire at high temperatures.

Pyrometric Measurement

An Optris CTratio 1M two-color pyrometer with 1 kHz
acquisition frequency is used for temperature measurements.
The pyrometer is located outside the vacuum chamber in
front of the main viewport, at an optical path length of ap-
proximately 700 mm. A flat mirror diverts the infrared ra-
diation emitted by the tantalum foil toward the pyrometer
sensor head. The measurement spot size at the foil surface is
approximately 7 mm diameter. The emissivity slope was set
to a constant value of 1.06 following the recommendation
of the Optris manual [9]. However, the spectral emissivity
ratio of tantalum varies with temperature, introducing a sys-
tematic bias in the reported temperatures. A thermocouple-
based calibration is planned to determine the appropriate
correction.

BEAM PROFILE CHARACTERIZATION

Static Beam

Beam profiles were measured by scanning thé tungsten
wire through the beam at various beam currents and fo-
cusing coil settings. Figure 1 shows profiles measured at
a focusing current of 800 mA for sevefal Tyeam values. At
Tveam = 2.5 mA, the beam is highly collimated. Asthe beam
current increases, the profiles develop broadegftails due to
space-charge effects. Both Gaussian ‘and\Student-t distri-
butions were fitted to the measured profiles. The Student“t
distribution capturésitheheavier tails at high intensitysmore
accuratelygbut the Gaussian fit provides a sufficiently good
description of the core beam andiis adopted for the FEM
simulations.
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Figure 1: Measured and Gaussian fitted beam profiles for
Ttocus = 805 mA and Iyeam values of 2.5, 10, 15 and 20 mA.

Figure 2 shows the fitted Gaussian beam size o~ as a func-
tion of Ipeam and Igocys currents. These values are interpo-
lated to determine the focusing coil setting required to obtain
the desired beam size for temperature investigations. At high

Tveam and low Igocys, the power density on the wire was suffi-
cient to break it even at the maximum work table scanning
speed of 70 mm/s. A dedicated beam profile monitor with
higher scanning speeds and thinner wires would extend the
characterization to this regime, but the current dataset cov-
ers the operating conditions relevant to the thermal studies
presented here.
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Figure 2: Gaussian beam size ¢ as a function of beam cur-
rent Iyeam andithe eolor-coded focusing coil current Igyeys.

Rotating Beam

When the beam is rotatingiat radius r¢ with a frequency
much higher than the thermal response time of the foil, the
time=averagediintensity distribution becomes axisymmetric
and is given by [10]:
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where gis the beam width extracted from the static Gaussian
fit, ro is the rotation radius and I is the modified Bessel
function of the first kind. Figure 3 shows a measured rotating
beam profile at 1 kHz together with the analytical fit from
Eq. (1);;showing good agreement.
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Figure 3: Measured rotating beam profile and fit from Eq. (1)
for ro = 16 mm o = 10 mm and lpeam = 2 mA.

PRELIMINARY TEMPERATURE
MEASUREMENT

Temperature measurements were performed on a 250 um
thick, 35 mm diameter tantalum foil heated by a rotating
beam with a rotation radius of o = 10 mm. For the setpoints
of 600 mA focusing coil current and 17 mA beam intensity,
the corresponding beam size is oo = 3 mm.



Figure 4 shows the temperature time series for rotation
frequencies of 1, 2, 10 and 100 Hz. At 1 Hz, the temperature
reaches a maximum of 1929 °C with an amplitude of 301 °C.
As the rotation frequency increases, the thermal inertia of
the foil smoothens out the oscillations: the amplitude de-
creases to 6.5 °C at 100 Hz for an average temperature of
1715 °C, and the foil approaches a quasi-steady temperature
distribution.
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Figure 4: Temperature time series at Ipeam = 17 mA and
ro = 10 mm for rotation frequencies of 1, 2, 10 and 100 Hz.

At 1 Hz, the temperature oscillation exhibits an asymmet-
ric profile, with temperature minima plateauing. This is
attributed to foil displacement caused by thermal expansion
under the large temperature oscillations, as confirmed by
visual observation through the viewport. This highlights‘the
need to mechanically constrain the foil during the measure-
ment. Post-experiment inspection confirmed that the foil
had deformed permanently.

PRELIMINARY FEM COMPARISON

FEM simulations were performed uing Ansys®4Vlechan-
ical 2024R2. A transient thermal model ofhe 250 um
thick, 35 mm diameter tantalum foil was built. Temperature*
dependent emissivity from [11] and thermal conductivity
from the Grantasmaterial database were used. ¥FheOnly
boundary condition is radiation on the top face of thefoil to
the ambient room temperature. Atime-dependent internal
heat generation term was appliedvia an APDL script with a
time step of 25 ms. The simulation‘'was tun for 10 rotation
cycles, and the last 3 gycles were extracted after the solution
reached periodic steady state. The maximum power density
is calculated with:

QO - 1BSE * Ibeam . Ebeam’ (2)
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where ngsE is the backseattering coefficient, Ipeam and Epeam
are the beam current and energy, o is the Gaussian beam size
and Ly is the foil thickness. The power density is assumed
homogeneous through the foil thickness given the thermally
thin regime. The beam center rotates as:

Xe =rg-cos(wt), ye=rg-sin(wt), 3)
and the spatial distribution of the heat source is:
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Figure 5 shows the measured and simulated mean temper-
atures and amplitudes for beam currents ranging from 2 mA
to 10 mA. FEM simulations were performed at 4 mA and
10mA. Good agreement is obtained on mean temperatures:
1409 °C measured versus 1438 °C simulated at 4 mA (2 %
difference), and 1708 °C versus 1754 °C at 10mA (2.7 %
difference). However, the simulated amplitudes exceed the
measurements by a factor of approximately 1.8, despite aver-
aging the FEM results over the pyrometer spot area. Without
spatial averaging, the FEM predicts peak temperatures of
1661 °C at 4 mA and 2285 °C at 10 mA.
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Figire 5: Measured and simulated mean temperature and
amplitude as a function of'beam current at 1 Hz rotation and
.= 3 mm.

It'should be noted that this preliminary comparison was
performed at an extreme case of 1 Hz rotation, which is far
below the 100 Hz to 400 Hz range foreseen for TATTOOS
operation, Where temperature oscillations become negligible
and only/he mean temperature is relevant. In this regard,
the:FEM predictions agree well with the measurements.

CONCLUSION

A high-temperature electron beam test stand is being de-
veloped at PSI for thermal studies of the TATTOOS target.
The electron beam was characterized using a tungsten wire
scanner, demonstrating Gaussian beam parameters across
a wide range of operating conditions. Pyrometric measure-
ments under rotating beam conditions showed that temper-
ature oscillations become negligible above 100 Hz at the
average temperature 1715 °C. The preliminary FEM simula-
tions are in good agreement with the mean experimental data.
However, the simulated amplitudes exceed the measured
ones by a factor 1.8. Future work will focus on mechanical
constraints to limit foil movement, thermocouple-based cal-
ibration of the pyrometer emissivity slope, and the use of
larger beam sizes to reduce averaging effects. Once these fea-
tures are included, higher temperatures and thermal ageing
studies are planned.
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