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A B S T R A C T

The High Brilliance Neutron Source (HBS) is a High-Current Accelerator-driven Neutron Source (HiCANS)
under development at Jülich Centre for Neutron Science - Forschungszentrum Jülich. The unique specifications
of the HBS require a neutron target with a high neutron emission able to operate in vacuum with a 70MeV
proton beam with 90mA peak current and 1.6% duty cycle leading to an average thermal load of 100 kW.
A tantalum target of 100 cm2 irradiated area with an internal cooling structure which removes the heat quite
homogeneously, provides a good compromise between low pressure and high heat transfer and ensures an
homogeneous protons energy loss was designed and optimized by means of MCNP, CFD and FEM simulations.
Such a target was successfully manufactured and its operational capability was demonstrated by operating it
under a heat load of 1 kWcm−2 from an electron gun.
1. Introduction

In the last few decades, proton accelerator-based neutron sources
have emerged as useful alternatives to research reactors for scientific
and industrial neutron beam research using cold, thermal and fast
neutrons. Basically, existing accelerator-based neutron sources can be
divided into two classes: (i) spallation neutron sources where neu-
trons are released via spallation processes by bombarding a target
with protons at energies in the several 100MeV to several GeV range,
(ii) CANS (Compact Accelerator-driven Neutron Sources) where neu-
trons are emitted via nuclear reactions such as (p,xn) at energies of
a few MeV and currents of a few μA. In recent years, a new type
of accelerator-driven facility has emerged, currently only in the form
of projects. These facilities are intended to bridge the gap between
the high power spallation sources and the low power CANS. These
so-called High-Current Accelerator-driven Neutron Sources (HiCANS)
use similar reactions as CANS, but at higher beam energies up to
100MeV and higher currents up to 100mA in peak. They are designed to
maximize beam brightness and to offer performance of their beamline
instrumentation highly competitive with existing research reactors.
In accelerator-based neutron sources the nuclear reactions happen in
custom-build targets, designed and engineered to maximize the neu-
tron yield and to ensure stable and safe operation. Table 1 shows an
overview of targets, energies and power levels at selected sources.
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Spallation targets consist of materials with a high atomic number
Z such as lead, tantalum, tungsten or mercury. The proton beam
illuminates the target over an area of between 100 cm2 and 400 cm2 with
a depth of several tenth of centimetres. These targets have in common
that they are designed to dissipate a high thermal load.

CANS targets use often low-Z materials such as beryllium or lithium,
which have a higher neutron yield at proton energies below approx.
20MeV in comparison to high-Z elements. The targets are usually less
than a millimetre thick and their illuminated area is an order of mag-
nitude smaller compared to spallation targets. Each set of accelerator
parameters requires a dedicated target solution however in particular
all targets face two specific issues which need to be solved: the risk of
material blistering due to hydrogen implantation and high local heat
loads due to the small thickness of the target.

The targets can be divided into three types: (i) stationary solid
targets, (ii) rotating solid targets and (iii) liquid targets. From a techni-
cal point of view, stationary solid targets are the least complex and
require the least installation space but limit the heat load. Rotating
solid targets allow for higher heat deposition by reducing the average
heat load by distributing the proton beam over several sub-targets or
a larger target area. Rotating targets are large, complex and hence
involve potential risks of operational failure. Liquid targets reduce the
average heat load, the risk of blistering and of material stress, but they
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Table 1
Overview of neutron targets operated with proton beam at spallation sources, CANS and HiCANS.

Facility Power Energy Currenta Materialb Typec

[kW] [MeV] [mA]

Spallation

SINQ 950 575 1.6 Pb (25 kg) solid [1,2]
ISIS TS-1 180 800 0.2 W-Ta (53 kg) solid [3]
CSNS (T-1) 100 1600 0.06 W-Ta (45 kg) solid [4,5]
LANSCE 80 800 0.1 W-Ta (57 kg) solid [6,7]
ESS 5000 2000 2.5 W (3 t) rotat. [8]
SNS 1200 1000 1.2 Hg (21.5 t) liquid [9,10]
J-PARC 1000 3000 0.33 Hg (20 t) liquid [11]

CANS
LENS 3 13 0.23 Be (7 g) solid [12]
RANS 0.7 7 0.1 Be (5.3 g) solid [13]
RANS II 0.1 2.49 0.040 Li (40 mg) solid [14]

HiCANS

SARAF I 5 4 2 In liquid [15]
SARAF II 200 40 5 GaIn liquid [16,17]
ICONEd 50 20 2 Be solid [18]
ARGITUd 45 31.5 1.44 Be solid [19]
HBSd 100 70 1.43 Ta (4.4 kg) solid [20]

a time averaged proton current.
b limited to the neutron-producing material.
c ‘‘solid’’: stationary solid target, ‘‘rotat.’’: rotation solid target, ‘‘liquid’’: liquid metal target.
d in development.
A
t

re complex systems due to the operation of liquid metal circuits. They
lso face high pulse pressures in the liquid, which increase the potential
or cavitation damage.

Spallation sources are large scale facilities and offer high neutron
ield due to the spallation process. CANS have been more applied as
aboratory-based sources due to their lower technical complexity, lower
egulatory requirements and lower neutron yields. HiCANS projects
im to push the thermal power at the target towards the technical
easible limit while keeping the proton beam energy below the spal-
ation threshold. The aim is to design powerful neutron facilities with
competitive neutron flux at the sample. Optimized target-moderator-

eflector systems and measures to optimize the neutron transport are
sed to compensate for the initial lower neutron yield.

Within the HBS (High Brilliance neutron Source) project, the Jülich
entre for neutron Science (JCNS) at Forschungszentrum Jülich has
eveloped a new kind of HiCANS which shall serve as a competitive
ser facility. The technical design of the HBS is given in [20]. The HBS
s driven by a 90mA pulsed proton accelerator with a energy of 70MeV

and 1.6% duty cycle and with various pulses of 24Hz and 96Hz at the
individual target stations. The peak power of 6MW generates an aver-
age power of 100 kW per target station. For these requirements a new
target was designed since neither the adaption of a spallation target
was possible due to the different ion energy level nor the adaption of
a CANS targets due to the much higher heat load on a HiCANS target.
The development of this target design, its realization and testing are
described in the following.

2. Target design

The three main guiding principles of the development of the HBS
target are (i) to maximize the neutron emission, (ii) to feed optimally
the cold and thermal moderators and (iii) to design a compact and
reliable target. The neutron yield scales linearly with the thermal power
at the target and increases with increasing ion energy [21]. Therefore,
the target must be able to withstand the maximum thermal load. The
selected proton energy is a compromise between neutron yield, shield-
ing effort and accelerator costs. The size of the target depends in a first
approximation on the dimensions of the cold moderator. The length of
the cold moderator is about 10 cm corresponding to the free path length
of cold neutrons in liquid para hydrogen. Therefore, an irradiated area
of 10 cm × 10 cm appears to be a reasonable approximation for the
dimensions of the target. The whole area of the target is set to 12 cm ×
12 cm. Long lifetime and thermal load capacity, particularly with 6MW
pulse height, are achieved through a suitable choice of material and
2 
a suitable engineering design. Reliability and compactness are further
enhanced by the focus on a stationary target design instead of a rotating
target or liquid target.

2.1. Material selection

From materials studies in the field of target development for spal-
lation sources [22,23] we identify within the material range of 70 < Z
< 82 [21], tantalum and tungsten as the most promising materials to
design a high performance target for HBS.

Tantalum was chosen because, along with tungsten, it has one of
the best neutron yields [24] of about 0.14 neutron per incident proton
at the selected energy of 70MeV. This leads to the total neutron yield
of ∼1.0 × 1015 s−1 [20] for protons with a power of 100 kW as calculated
with MCNP version 6.1 [25] using ENDF/B-VII database [26].

Tantalum is superior to tungsten in terms of machinability and
weldability and in terms of hydrogen solubility i.e. it has a high
blistering threshold. Hydrogen embrittlement is one of the main risks
concerning target integrity at CANS (e.g. [27]) and must be taken into
account especially at HiCANS due to the high proton beam current.
Hydrogen embrittlement is caused by proton accumulation and the
creation of hydrogen bubbles [28] since the protons lose energy as
they penetrate the target material and are stopped inside the target. In
order to minimize the risk of hydrogen embrittlement, the following
measures are taken: (i) The target is made of tantalum which can
absorb a high amount of hydrogen (0.76 H/Ta atom) and retains its
properties up to a hydrogen content of approx. (0.175 H/Ta atom [29])
(ii) The amount of protons stopped inside the target is minimized by
adjusting the target thickness in such a way that the average proton exit
energy is close to the threshold of the neutron releasing (p,xn) reactions
at tantalum at 7.6MeV according to the TENDL-2021 database [30].

ccording to SRIM (The Stopping and Range of Ions in Matter) [31]
he penetration depth is 5.09mm for 70MeV protons inside tantalum.

Subtracting the penetration depth of about 0.14mm for 7.6MeV protons,
the target thickness results in 4.95mm as a compromise between best
neutron output and minimum hydrogen implantation. Two studies with
FLUKA [32] showed that at this chosen tantalum thickness, the target
lifetime in terms of proton and neutron-induced displacements per
atom (dpa) is significantly longer than a year [33,34].

In addition, tantalum exhibits, besides a high melting point, a
suitable combination of thermo-mechanical properties such as high
thermal conductivity, low thermal expansion coefficient to reduce ther-
mal and particularly fatigue stress, good elasticity and ductility and
high yield strength to act as a solid target [35]. These properties are
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Fig. 1. Preliminary considerations resulting in the actual cooling channel arrangement: (a) row of holes, (b) channels aligned parallel to the proton beam, (c) channels aligned
perpendicular to the proton beam, (d) combination of (b) and (c).
very important since the target has to withstand a range of temperature
differences and stress. Furthermore, it has a low chemical reactivity and
low radiation damageability which are essential for physico-chemical
stability.

2.2. Cooling considerations

Considering a target area of 100 cm2 and a time-average thermal
load of 100 kW a heat load of 1 kWcm−2 must be dissipated. Studies
from the chip industry [36] and neutron target development show that
microchannel heat sinks are suitable for dissipating heat flows of this
order of magnitude. For example it was demonstrated in [37] that
an efficient single-phase cooled microchannel is able to remove up to
3.5 kWcm−2 from a cylindrical beryllium neutron target (d = 1.2 cm)
using copper micro tubes of 0.5mm diameter attached to the targets
bottom.

Thus, a cooling structure integrated into the target was developed.
This internal heat dissipation has three decisive advantages compared
to a heat sink connected on one side: (i.) The amount of material is re-
duced. (ii.) There is no interface between the target and a heat sink and
hence no critical region for hydrogen accumulation nor a strong shear
force generation driven by different thermal expansion coefficients. (iii)
The temperature profile inside the target is homogenized.

Fig. 1 shows different considerations that led to the final design
of the microchannel cooling structure. The simplest micro cooling
arrangement inside a target consists of a row of small holes through
the target perpendicular to the proton beam as shown in Fig. 1 (a).
However, the free flow cross section of simple holes is too small to
remove the entire heat load and the manufacturing of such small holes
is expensive, time-consuming and error-prone. Thin channels aligned
parallel to the proton beam as (Fig. 1b), increase the flow cross-
section but create in-homogeneous proton penetration depth due to
alternating coolant and bridge sections. Thin cooling channels aligned
perpendicular to the proton beam as (Fig. 1(c), solve the issue of
in-homogeneous proton penetration depth but lack in terms of suffi-
cient free flow cross section and offers only minor interface area for
heat transfer to the coolant. Finally, the channel arrangement is a
microchannel structure combined of the channels aligned perpendicular
and parallel to the proton beam direction as shown in Fig. 1(d). This
so called ‘‘lamella structure’’ improves the heat dissipation efficiency,
as a large proportion of the total tantalum volume, namely each part
between two vertical channels act as a cooling fin. Additionally, this
combination provides sufficient coolant flow and interface area. Based
on this lamella structure, a cooling design is realized that ensures an
equal penetration depth for each incoming proton by placing two of
the lamella structures one behind the other as sketched on left hand
side in Fig. 3.

2.3. Microchannel parameter

Channel thickness
The width of the microchannels is limited by the manufacturing

technology. Production tests, which preceded the production of the first
target in 2019, have shown that uniform and reproducible channels
with a diameter of down to 0.35 mm can be eroded through 12 cm
3 
tantalum thickness using electrical discharge machining (EDM). Chan-
nels with 0.35mm width offer a good compromise between acceptable
water pressure drop, good heat transfer coefficients and sufficient
coolant flow. With narrower channels, the erosion-wire frequently
breaks and creates offsets. The erosion of wider channels is possi-
ble but the heat transfer and the interface area both drop quickly
with increasing channel thickness as well as the number of possible
arrangements.

Coolant Velocity
The pressure loss as well as the heat transfer coefficient depend on

the flow velocity and its three possible types of flow regimes lami-
nar, transitional and turbulent. Fig. 2 shows the correlation between
these three regimes for 0.35mm wide microchannels. The pressure loss
increases quadratically with the flow velocity in the laminar range,
the heat transfer coefficient increases with an exponent of 1/3 with
increasing flow velocity. In the transition range between 2.25m s−1

and 5.25m s−1, the heat transfer coefficient increases steeply. From the
turbulent flow range onwards, the heat transfer coefficient increases
linearly. The target coolant velocity should hence be well within the
turbulent regime to benefit from the strong heat transfer coefficient
in this region. At the same time, it must be ensured that a high
pressure drop does not lead to unacceptably high stresses in the target.
The minimum pressure loss inside the turbulent region is 1.25 bar. A
mechanical analysis of the target is therefore necessary to estimate the
stresses caused by the coolant pressure.

Stress consideration
Mechanical stress can endanger the targets mechanical stability and

is one of the main limiting factors in terms of achievable power density.
Stresses are generated by thermal strains, internal forces and external
forces. The thermal stresses are investigated within Section 4.2 ‘‘Finite
Element Method’’. The external forces are only caused by the coolant
pipes because these two are the only fastening and the target will be
operated in a vacuum. The coolant pipes are regarded as fixed bearings
and the strain generated by this connection have been minimized in the
design process and can be neglected. Internal forces are generated by
the pressure gradient between the coolant and the vacuum surrounding
the target. In order to estimate the stress generated by the coolant
pressure, the internal cooling structure consisting of two rows of mi-
crochannels as discussed in Section 2.2 and shown on the left hand
side in Fig. 3 must first be finalized.

The most loaded regions are the 0.8mm thin tantalum layers be-
tween the coolant and the vacuum as shown in Fig. 3 (a). These thin
layers can neither be increased nor reinforced with ribs, as this would
change the target thickness and thus would cause issues with hydrogen
implantation. However, the stresses can be limited by reducing the
unsupported width of the thin layers by dividing the two rows of
microchannels into narrow segments as sketched in Fig. 3 (b).

The basic relationship between the stress, the width 𝑤 (m) of a
single segment, the water pressure 𝑝 (Pa) and the thickness of the thin
tantalum layer ℎ (m) can be illustrated by considering each segment
as a so called equally loaded rectangular plane plate with fixed edges.
The dominant bending stress 𝜎 (Pa) of such a system can be estimated
as [39]:

𝜎=𝑥 ⋅
𝑝 ⋅𝑤2

, (1)

ℎ2
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Fig. 2. Effects of coolant velocity on pressure loss (𝛥P) and heat transfer coefficient (HTC) inside 0.35mm wide microchannels for a 12 cm target length. Values are estimated
based on correlations according to [38], Re is the Reynolds number.
Fig. 3. Basic micro channel structure consisting of two lamella structures one behind the other as discussed in Section 2.2(a), design with reduced segment width (b) and simplified
design with maximized radii for preliminary FEM parameter study (c).
where the factor 𝑥 depends on the ratio of segment width 𝑤 to length
in flow direction and was selected in [39]. The highest stresses occur
at the ends of the individual segments. These stresses are reduced by
adding radii at the edges as shown in Fig. 3(c). An analytical calculation
of the stresses is no longer practicable, so therefore a parameter study
was carried out using FEM.

Fig. 4 shows the correlation between the total coolant pressure 𝑝
and the pressure induced stress 𝜎 for various segment width calculated
with FEM using the simplified cooling geometry as shown in Fig. 3(c).
The static coolant pressure is set to 3 bar downstream of the target.
This pressure appears to be sufficient to compensate for pressure losses
in the return line as well as to keep the pressure sufficiently high to
suppress boiling processes downstream. A safety factor of 1.3 according
to [40] is set to the yield strength (172MPa) [35] of tantalum which
leads to 132MPa. This upper limit of the permissible stress represented
by the horizontal dark blue dashed line.

Around 105mm of the target width should include microchannel
segments in order to reliably cover the entire illuminated surface re-
sulting in possible segment widths of 21mm, 17.5mm, 15mm or 13mm.
15mm wide segments were chosen as these are the longest segments
where the pressure loss is larger than 2.5 bar and thus realizing a flow
in the turbulent regime.

Effective proton penetration depths
The influence of the internal cooling structure on the proton energy

loss was investigated using MCNP6.1. Ideally, all protons leave the
target with an energy just below the threshold value for the release of
free neutrons. Since the coolant structure affects the proton energy loss,
the energy spectrum of the outgoing proton beam behind the target
was used to determine this influence. A 5mm thick, pure tantalum
target serves as the reference case which is illuminated with a 70MeV
proton beam. The pure tantalum target is compared to the target with
internal cooling structure in lamella design as shown in Fig. 5 (b). The
total thickness of the lamella design target is adjusted to 6.5mm to
4 
compensate for the lower stopping power of protons inside the cooling
structure. The energy spectra of the outgoing protons are shown on the
left-hand side of Fig. 5. In the ‘‘pure tantalum’’ case the average energy
is 6MeV and the energy spectrum extends to 18MeV. For the ‘‘lamella
design’’ the average energy spectrum rises to 16.7MeV and extends to a
maximum of 42MeV. Note that the spectrum has a second maximum at
28MeV and a plateau between 15MeV and 25MeV. Since the projected
tantalum thickness and thus the proton stopping range in solid tantalum
and in the lamella design should theoretically be the same, these effects
are most likely caused by an unfavourable microchannel geometry. The
free path of protons inside water is significantly higher compared to
tantalum and thus the energy transfer per path length is about 6 times
smaller resulting in streaming paths for protons. This density driven
leakage effect is comparable to narrow gaps in radiation shielding.
Examples of possible leakage paths are outlined in Fig. 5 (b). Since each
possible path cause a different energy loss, the proton energy spectrum
shows all possible paths integrated over the probability as a histogram.

A slight inclination of the channels minimizes this proton leakage.
This new ‘‘fishbone design’’ as shown at Fig. 5(c) has a thickness of
6.34mm. The inclined channels reduce the chance of protons passing
through the target without interaction, thus homogenizing the energy
loss of the protons. The average outgoing proton energy is now reduced
to 10.8MeV and the energy spectrum extends to 30MeV. With this
design, neutron production is maximized while at the same time the
Bragg peak is behind the target, minimizing hydrogen implantation.

3. Target design

The basic design of the entire target is shown Fig. 6. It consists of the
neutron producing main body and two adjacent coolant supply tubes
welded on. The entire assembly is made of pure tantalum. The main
body weighs 1.1 kg and the weight of each coolant supply is 0.7 kg.
The water coolant enters the microchannel structure inside the targets
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Fig. 4. Correlation between total coolant pressure 𝑝 inside the target, microchannel segment width w and resulting equivalent stress 𝜎. The dashed line at 132 MPa indicates the
set upper stress limit. The three vertical dashed lines show permissible coolant pressures for possible microchannel segment width.

Fig. 5. Effects of coolant channel design on the proton spectrum behind tantalum targets irradiated by a 70 MeV proton beam, (a) pure tantalum (5 mm thick) (b) lamella design
(6.5 mm thick) (c) fishbone design (6.34 mm thick).

Fig. 6. Target with coolant supply tubes (left) and cross section through the main body: neutron producing tantalum layer with inner microchannel structure (right).
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Table 2
Parameter of the CFD simulation.
meshing parameters

number of nodes 8.1 × 106

sweep division in flow direction 40
first layer height (interface inflation) 1 × 10−6 m
y+ (max./average) 1.84/0.78

boundary parameter

inlet mass flow 1.34 kg s−1

inlet temperature 20 °C
outlet pressure 3 bar
heat release inside entire target 89.14 kW
heat load inside microchannels 4.18 kW

simulation results

pressure loss inside microchannels 2.0 bar
inlet pressure 5.0 bar
average coolant velocity 8m s−1

highest tantalum temperature 161.6 °C
highest interface temperature 119.9 °C
water heat up 15.6 °C
highest interface heat flux 4.4 × 106 Wm−2

main body through a supply tube with a coolant mass flow of 1.37 kg s−1
and around 5 bar. The water coolant is pressed into the microchannels
through a groove in the side of the supply tube, absorbs the heat from
the tantalum as it flows through and is further guided into an outlet
tube.

The neutron producing layer shown in Fig. 6 has two alternating
rows of 14.7mm wide microchannels segments and a free flow cross
section of 171mm2 in total. Vertical branches of the channels have
been inclined by 28◦ regarding the vertical direction to prevent proton
leakage. The two ends of the channel segments are designed as rounds
with a radius of 0.95mm, the maximum possible radius, to minimize
the stresses in this region. The density of the inclined branches varies
depending on the opposing microchannel geometry to ensure a constant
stopping power for each proton.

4. Simulations

The engineering phase focuses primarily on improving heat dis-
sipation and reducing mechanical stresses by adapting the cooling
structure. The CAD program Autodesk Inventor is used to create the
geometry. This geometry is transferred to the CFD (Computational
Fluid Dynamic) simulation software ANSYS CFX 2019 R3 which is
used to analyse the flow and calculate the heat flows and temperature
distribution. The temperature field, coolant pressure distribution and
the geometry are then loaded into the FEM (Finite Element Method)
software ANSYS Mechanical 2019. The FEM analyses are performed to
calculate the local stresses and to evaluate the selected coolant velocity.
The results from the CFD and FEM simulations are then used to itera-
tively revise the geometry, e.g. to reduce stress peaks and homogenize
the temperature field. Fig. 6 shows the geometry at the final stage of
the optimization process. It shows a repeating microchannel segment
from the cross section through the target.

4.1. Computational fluid dynamics

Within the CFD simulation the entire main body of the target is
simulated three-dimensionally, including the entire cooling structure,
without any geometric simplifications. However, the supply tubes are
modelled by boundary condition which does not influence the flow
inside the microchannel due to the high pressure drop inside the
microchannel (about 2 bar) compared to the minor pressure drop inside
the DN 20 supply tubes across the target width (about 200 Pa).

Table 2 summarizes the most important meshing and boundary

parameters. Each microchannel segment is meshed on the face with d

6 
inflation layers starting at the interface to the solid and stretched across
the volume using the sweep method. Each microchannel segment front
face is defined as an inlet, and each back face is defined as an opening.
The simulation is treated as a static problem. Tantalum is defined as a
solid material with a temperature depended thermal conductivity. The
microchannel segments are defined as a fluid domain using the formu-
lation of the thermodynamic properties of water IAPWS-IF97 [41]. The
energy release of the proton beam is modelled by a volumetric source.
Orthogonal to the proton beam direction, the heat source is confined
by a step function (on/off) to an area of 10 cm × 10 cm. The volumetric
heat release within the target thickness is calculated with the program
SRIM for a homogeneous mixture consisting of 78.5 vol.% tantalum
and 21.5 vol.% water. In the simulation, the volumetric energy release
is reduced to one sixth in the water domain and the total energy release
in the target is subsequently normalized to 91.5% of the initial energy
carried by the proton beam. The actual heat release is displayed in top
left side of Fig. 7. The outgoing proton beam is assumed to have a
remaining energy of 7.6MeV and hence 10.86 kW residual energy which
is deposited outside the target.

In the lower section of Table 2 the most relevant results of the
CFD simulations are summarized. The resulting pressure loss of 2.0 bar
in the microchannel structure is below the estimated value of 2.5 bar
according to Fig. 2. This is probably due to the complex channel
geometry where locally the ratio of fluid volume to surface area is
increased by the branches of the fishbone design. Fig. 7 (bottom)
shows the resulting temperature distribution within the cross section
through the target perpendicular to the flow direction at the position
with the maximum temperature. The temperature is highest at the
bottom of the target where the protons have the highest energy release.
The lowest temperatures are located between both microchannel rows.
Between the branches of the cooling channels, the cooling is optimal
due to the large surface-to-volume ratio. Temperature maxima are
located at the tantalum bridges between microchannel segments within
a row due to the low ratio of tantalum volume to interface1 surface.
However, the maximum interface temperature of 119.9 °C is below
the boiling temperature of the cooling water (133.2 °C at 3 bar). The
interface heat flux seems very high and will be considered next in
subsequent investigations in order determine the effects of possible
nucleate boiling.

4.2. Finite element method

The FEM simulations are based on the temperature distribution and
the dynamic coolant pressure provided by previous CFD simulations.
As part of the CFD simulation, the cooling water velocity was varied
to determine the optimal value. The results are shown in Fig. 8. As the
flow velocity increases, the heat transfer at the interface between the
target and the cooling water increases linearly and the average cooling
water temperature decreases. This causes the temperatures in the target
to drop. At the same time, the increase of the flow velocity causes a
quadratic increase of the pressure drop and thus an increase of the
pressure induced stresses. Based on these CFD results, the subsequent
mechanical simulations calculate the behaviour of the equivalent stress
for different coolant flow rates, as shown in Fig. 8.

The graph indicates that the lowest stress values can be expected
at flow velocities around 10 m/s. Lower velocities reduce the pressure-
induced stress but increase temperature-induced stress. For higher ve-
locities the pressure loss becomes dominant in relation to the
temperature-induced stress and hence the total stress rises. However,
the mechanical stresses are below the failure limits of tantalum for

1 According to the Pre-CFX Users Guide ‘‘domain interfaces are required
o connect multiple unmatched meshes within a domain (...) and to connect
eparate domains’’. In this case, the interface connects the solid tantalum
omain with the liquid coolant domain and manages the heat transfer.
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Fig. 7. CFD simulation of the HBS target: top left: heat source at 100 kW, top right: detailed view of CFD mesh of the micro channels, bottom: Cross Section through the target
perpendicular to the flow direction at the position with the maximum temperature.
Fig. 8. Effects of coolant velocity on equivalent stress, based on ANSYS FEM simulation (right) and representative equivalent stress contour plot with 8 m/s coolant velocity (left).
Fig. 9. Target with microchannel structure right after the wire erosion process at PGI-JCNS workshop in Forschungszentrum Jülich. The entry channels of the erosion wire can
be seen on the surface (top left). Target with welded entry channels (bottom left), test target with welded supply lines (right).
flow velocities above 6 m/s. On the downside higher velocities increase
mechanical loads such as the erosion rate and increase the risk of
cavitation at the exit of the microchannels. Erosion resistance cavitation
was investigated at 8 m/s as part of an inhouse experiment shown in
Section 5.3. Based on these investigations and in view of the mechanical
stresses, a speed of 8 m/s was selected.

5. Experimental validation

5.1. Prototype tantalum target

A prototype target was manufactured to perform load and erosion
tests and to confirm the manufacturing method. The main body width
is reduced from 116mm to 76.4mm and hence the number of parallel
microchannel segments is reduced by 5 segments. The length of the
main body is reduced from 120mm to 100mm. The thickness of the main
body is 6.2mm. Both supply tubes of the test target have an additional
groove as a window for inspection of the microchannels.
7 
5.2. Manufacturing

The microchannels are created via wire EDM (Electrical Discharge
Machining). Each segment is eroded separately by a 0.25mm wire
coated with zinc which enters the target from the surface. Each entry
creates a 0.35mm wide groove at the targets surface which is shown in
the upper right side in Fig. 9. The tantalum target is degreased, cleaned
in an ultrasonic bath and finally pickled in acid. The aim of cleaning
is to completely remove residues from the erosion process (especially
copper) before subsequent welding.

The subsequent welding processes are done without additives under
argon atmosphere (gas purity 5.0) inside a welding dome. An over-
pressure of 3mbar to 4mbar prevents the ingress of oxygen. A oxygen
measuring device is used to ensure that the residual oxygen in the
welding process is consistently below 10 ppm. This low concentration
is necessary due to the high affinity of Ta to H2 and O2 above 300 °C.

The grooves at the surface are closed via laser welding. For this
purpose, strips of tantalum sheet are stuck into the grooves, melted
by the laser, and thus fuse with the target. The strips are melted
alternately on the top and bottom of the target to prevent it from
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Fig. 10. JUDITH-2 basic design, drawing is based on [42] (left), and exemplary comparison of the temperature distributions at the target cross section caused by proton beam
and electron beam heating, both at average beam power of 1 kW/cm2 simulated with ANSYS CFX (right).
-

Table 3
Tantalum concentration inside cooling water during 6
week erosion test.
elapsed test time Ta concentration
[days] [μg∕L]

0 (2.3 h) 8.0 ± 1.5
12 3.8 ± 0.6
28 1.8 ± 0.6
35 ≤2.0
46 ≤2.0

bending. After hardening, external bulges appear, which are ground
off. The connecting tubes are welded to the target using TIG (Tungsten
Inert Gas) welding with Helium–Argon welding gas. The weld joints are
designed as lap joints for a fillet weld. The filler metal is a 0.8mm thick
tantalum wire.

A measurement of the microchannels via light microscope shows
that the basic structure of the microchannels is very precisely eroded,
but the individual fins are on average approx. 20% too thick, 0.43mm
instead of 0.35mm. A detailed measurement of the manufacturing
tolerances and the deviations can be found in [34].

5.3. Erosion test

The resistance of the microchannels to erosion caused by the cooling
water was demonstrated in a six-week endurance erosion test. The
target was streamed with 1.3 kg/s fully deionized water (equivalent to
8.9 m/s inside the microchannels) at 40 ◦C. Five water samples were
taken during the endurance test and analysed with ICP-MS (inductively
coupled plasma mass spectrometry) at ZEA-3 at Forschungszentrum
Jülich. The highest tantalum concentration was measured right after
the start of the endurance test as shown in Table 3. This indicates
that there were tantalum residue in the microchannels that originated
from fabrication. These residue were released by the water at the
beginning of the erosion test. A total of about 0.38 μg of tantalum
inside the coolant circuit was estimated. During the experiment, the
tantalum concentration decreased by a factor of 4 within 4 weeks
and then remains below the detection limit. The decrease in initial
concentration indicates that the initial tantalum residue settle over
time and only marginal amounts of tantalum particles are constantly
eroded which are not relevant for the technical operation of the target.
However, the measurements of the tantalum residue clearly show that
the cleaning procedure for the microchannels during production needs
to be improved.

Optical measurements to compare the channel thickness before and
after the erosion test as well as a constant monitoring of the pressure
loss do not show any changes in the dimension and the geometry of the
channels. However, varying the pressure in the outlet of the microchan-
nels produced reproducible audible cavitation below a static pressure
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of 1.7 bar. This threshold value increases with increasing temperature
and speed. However, a static pressure of 3 bar in flow direction behind
the target during operation should provide sufficient safety.

5.4. Heat load test

The target was successfully tested with a high heat flux of up to
1 kWcm−2 in the electron beam facility JUDITH-2 [42] at Forschungszen
trum Jülich. The basic design of the JUDITH-2 facility is shown on
the left side of Fig. 10. The target placed inside the vacuum chamber
is heated on the upper side on an area of 60mm × 80mm with an
electron beam and is connected to the water cooling circuit system
via the targets supply tubes. The electron gun scans a focused beam
over the target surface. The edges of the heated zone are shaded by
copper cooling elements. The water coolant enters the target with 20 °C
and approx. 7 bar with an average velocity inside the microchannels
of 8.2m s−1. The target surface temperature is measured at 20Hz with
an infrared camera which was calibrated for tantalum. The energy
absorbed by the target is determined by the temperature difference of
the cooling water as it flows through the target.

In the course of the experiment the absorbed power of the elec-
tron beam is gradually increased up to 1 kWcm−2 in increments of
about 0.05 kWcm−2. After each power change, the surface temperature
reaches a steady state after less than 2 s and it was kept constant for at
least 30 s.

The major difference between heat input using an electron beam
and heat input using a proton beam is the penetration depth. The elec-
tron beam power is deposited in the first few micrometres of the target
since JUDITH-2 run with a low acceleration voltage of about 40 kV to
benefit surface heating and reduce volumetric heating. As a result, only
the part of the cooling structure facing the surface contributes to heat
dissipation as sketched on the bottom right-side of Fig. 10. In contrast,
a proton beam cause volumetric heating over the entire targets depth
and hence the whole cooling structure contributes to the cooling and
leads to lower temperatures. As a result, the surface temperatures in
the JUDITH-2 experiment are above the expected temperatures caused
by a proton beam with the same thermal power density. However, the
CFD simulation of the JUDITH-2 experiment is used to validate the CFD
model of the target in order to be able to make reliable calculations of
the temperature behaviour in the case of the proton beam with this
validated model.

A qualitative comparison between measured and simulated temper-
atures at different powers is shown in Fig. 11. The cooling water flows
from the left to the right in each image. It is noticeable that the surface
temperatures are not homogeneous. In both, the measurement and the
simulation, a temperature profile orthogonal to the flow direction can
be seen in addition to a temperature increase in the flow direction.
This orthogonal temperature profile is created by the geometry of the

cooling channels, illustrated by the image of the cross-section of the
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Fig. 11. Comparison of the surface temperatures from IR measurement and CFD simulation (left side) and (a) cross section of the microchannels perpendicular to the (b) enlarged
section of a single IR image at a power of 0.72 kW/cm2 (right side).
target at the right side of Fig. 11. The tantalum bridges between the
individual cooling channel segments create the areas with the highest
temperatures on the surface (white lines). The cooling channel areas
with the regular microchannel structure have the most effective cooling
and hence the lowest surface temperature (blue lines). The welded
areas on the surface (dashed black lines) have different temperatures.
The thermal connection of the welds therefore appears to vary strongly.
The temperature increase in flow direction is caused by the temperature
increase of the cooling water. All these influences except the welds
are included in the CFD simulation. The resulting surface temperature
profiles match well in simulation and measurement. While the local
temperature distribution as well as the general trend over the power
agrees well between experiment and simulation, it is already notice-
able that the simulation consistently underestimates the temperatures.
However, the experiment proved the ability of the target to operate at
1 kWcm−2 even under the very conservative one-sided heat load.

6. Conclusion and outlook

The HiCANS facility HBS requires the development of a new type
of target due to its unique characteristics consisting of a proton beam
with 70MeV, 1.67mA average beam current and a 100 kW thermal
load. A stationary solid target made of tantalum was developed with a
novel internal microchannel cooling structure. The target is suited for
windowless operation in vacuum. It pays attention to known problems
of CANS targets such as hydrogen embrittlement by using tantalum
as the target material, which has excellent storage properties for hy-
drogen and by placing the proton Bragg peak outside the target. The
microchannel geometry of the target was iteratively optimized using
CFD and FEM methods under operating conditions to homogenize
the temperatures and to minimize the mechanical stresses. An initial
prototype of the target was successfully manufactured as part of a
production testing project. The heat dissipation capacity of the cooling
structure was successfully demonstrated with an electron gun at a
surface heat flux of 1 kWcm−2. The resistance of the microchannel
structure to abrasion caused by erosion was demonstrated as part of
an endurance test.

Nevertheless, potential for improvement was identified. The manu-
facturing technology must be further developed to ensure production
maturity with reliable tolerances and to establish a manufacturing
process which avoids the weld lines at the target surface. A cleaning
process must be developed to reliably remove the tantalum residue
from production. Optimization of the target with regard to neutron
9 
release and homogenization of the heat deposition caused by the proton
beam is planned. In addition, the target can be extended by an inte-
grated water beam stop. This beamstop could consist of a tantalum shell
behind the target that is circulated with cooling water. This additional
water layer would not only stop the proton beam and hence protect the
environment of the target from hydrogen implantation but also improve
the heat dissipation at the back of the target, the region with the highest
heat release.
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