An optimized microchannel Ta target for high-current accelerator-driven neutron sources
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Abstract
[bookmark: _GoBack]An optimized neutron producing tantalum target with an optimized internal microchannel cooling was developed for a 70 MeV proton beam with a peak current of 100 mA, a duty cycle of 1.43 % and an average power of 100 kW on a target surface area of 100 cm². In this work a target with microchannel cooling structure is described which matches with the proton’s energy to minimize hydrogen implantation and to produce energy deposition with optimum homogeneity inside the target to minimize the thermal stresses. For the purpose of getting an optimal target design, the investigations of energy deposition, proton fluence, the spatial distribution of (p, n) reactions and the spatial distribution of stopping protons of the target with different microchannel geometries were performed with the particle transport code FLUKA. The resulting design produces a homogeneous proton fluence and energy deposition without hot spots. Furthermore, only 4.4% of the impinging protons accumulate in the metal target, which significantly decreases the risk of hydrogen embrittlement and blistering. 
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1 Introduction 
Neutron scattering and neutron analytics are powerful methods for fundamental and applied research in sciences as well as in many technical and industrial fields [1]–[4] Suitable neutron sources with desired intensity, reasonable dimensions and low overall expenses are required. With the ongoing decommissioning of older fission-based neutron sources, the demand for accelerator-driven neutron sources has increased worldwide. Responding to this situation, the High Brilliance neutron Source (HBS) project [5]–[9] was initiated at the Jülich Centre for Neutron Science (JCNS) of the Forschungszentrum Jülich GmbH, which aims to deliver high brilliant neutron beams to a variety of neutron instruments. In the framework of this project a high-current accelerator-driven neutron source (Hi-CANS) [7], [8], [10], [11] has been proposed to produce high-brilliant neutron beams by proton induced nuclear reactions with an energy well below the spallation threshold. Such a Hi-CANS should not only have a high neutron yield, but also have a stable long-term service life. This requires all the core components to be designed properly. Especially the target, which is one of the central elements for neutron production. 
[bookmark: _Hlk110929725]Previous investigations [12] suggest that different materials are preferable for different ion energy ranges. For example, the low-Z materials, Be and V, generate more neutrons at proton beam energies below 20 MeV. However, for ions’ energies above 50 MeV, high-Z materials e.g., Ta and W, are preferable [12]. Tungsten is a non-reactive material, which endo-thermally dissolves hydrogen. In contrast, the solution of hydrogen in tantalum is an exothermic process. Hence, tantalum has a higher hydrogen solubility (0.76 H/M at 100 °C and 1 atm [13]) compared with tungsten (1.3 × 10-19 H/M at 100 °C and 1 atm [14]). Here the hydrogen solubility is expressed as the atomic ratio of hydrogen (H) to metal (M) at 100°C and 1 atm. Correspondingly, tantalum can accumulate a large amount of hydrogen and the blistering threshold is up to 0.17 H/M at room temperature and 1 atm [15], [16]. Tantalum's capacity to store large amounts of hydrogen inhibits blistering and thus benefits the life of the target. In addition, tantalum exhibits a good machinability and weldability. Besides, tantalum possesses a high melting point of 3017 °C as well as excellent thermal performance and mechanical properties, especially pure tantalum displays excellent ductility even after irradiation [17] . Therefore, tantalum has been chosen as the target material for the HBS project. 
[bookmark: _Hlk94736326]Table 1 Main parameters of the HBS target [18]
	Target material
	Tantalum

	Particle type
	Proton

	Particle energy
	70 MeV

	Peak current
	100 mA

	Duty cycle
	1.43 %

	Average power
	100 kW

	Peak power
	7 MW

	Average neutron yield
	1.45×1015 s-1


The main parameters of the HBS target are summarized in Table 1 [18]. At HBS, the accelerator delivers proton currents of 100 mA and 70 MeV energy with a duty cycle of 1.43% to impinge on the target. The high average proton current of 8.74×1015 s-1 might cause hydrogen embrittlement and blistering problems. Over time, protons resting inside the tantalum target can trap electrons and thus form atomic and molecular hydrogen, which eventually accumulate into hydrogen bubbles. The hydrogen atoms inside the target can penetrate into the solid tantalum, which leads to lower the stress required for crack generation and extension in the tantalum; or to form brittle hydrides, which results in enhancing brittleness and decreasing tensile strength, the so-called hydrogen embrittlement [19]. On the other hand, atomic hydrogen diffusing through the tantalum target may accumulate at internal defects like inclusions and laminations and form molecular hydrogen. High pressures may build up at such locations due to continued absorption of hydrogen leading to blister formation, growth and eventual bursting of the blister, which results in localized deformation or even destroys the walls of the vessel [20], [21]. In order to avoid these problems, we have chosen a geometry, where the thickness of the target is reduced to be slightly thinner than the penetration depth of 70 MeV protons, so that most of the impacting protons end up dumped in a water sink (“proton pool”) on the backside of the target, which is simply called “beamstop”. The other potential issue endangering the target integrity is thermal stresses due to the large volumetric heat load release in the small target volume of 60 cm3. For this a reliable cooling should be guaranteed for the target during the operation in order to avoid local hot spots due to overheating. Correspondingly, we propose an optimized internal cooling microchannel structure [22], [23] with sufficient cross-sectional area of channels to dissipate heat. The cooling substance chosen is light water, which is not critical and can be obtained easily. In addition, water has a very good heat capacity, high density and a wide temperature range in the liquid phase, which results in being effective in heat dissipation, and water is easy to handle. It is hardly activatable compared to metals and it is easier to be sealed compared to gases. Besides, no corrosion has been observed when tantalum is in contact with water under irradiation [24]. Another problem is that the heat deposition in the target is not homogeneous as protons have different scattering cross sections and thus penetration depths in tantalum and water, which leads to temperature gradients and then to induced thermal stresses. For this, a microchannel structure which can produce a homogeneous energy deposition should be determined. Therefore, to engineer a reliable target it is necessary to develop a design that minimizes hydrogen implantation and features a cooling system that efficiently removes heat and produces homogeneous energy deposition within the target. Objectives, potential problems and mitigations and partial constrain conditions are listed in Table 2.
Table 2 Objectives, potential problems and mitigations for target optimization 
	Design goals
	Potential issues
	Mitigations
	Constraints

	 (1) Minimum proton implantation, 
(2) Homogeneous energy deposition 
(3) Sufficient cross-sectional area of cooling channels
(4) Maximum neutron yield [12]

	(1) High proton (peak) current of 100 mA 
	Optimize microchannel structure
(1) to have enough cooling area
 (2) to produce homogeneous heat deposition 
(3) to minimize proton implantation 
	(1) Microchannel thickness 0.35 mm;
 (2) 1.2 mm² of cross section of water channels on every mm of target width; 
(3) Number of elements of microchannel structure must be more than one

	
	(2)100 kW heat (average) release in a small target of 60 cm3
	
	

	
	(3) Inhomogeneous heat deposition 
	
	



2 Microchannel structures of the target
[bookmark: _Hlk113292857]The principle of a metal target with microchannel cooling structures can be described as following the schematic drawing depicted in Fig.1. The gray part shows the solid tantalum, and the white microchannel structures are filled with water. As the power density of the HBS project is up to 1 kW/cm2 and the target is just 0.61 cm thick, the power density is very challenging from a cooling perspective. For this the contact area with the tantalum to be cooled must be sufficiently large in order to efficiently remove the entire heat via the water coolant.  P. Mastinu et al [25] have shown that a microchannel structure with water coolant was able to remove heat up to 3.5 kW/cm². A “fin structure” is adopted to increase the cooling surface area. The diameter of the microchannels is chosen as 0.35 mm for a high heat transfer coefficient (17.000 W/m²/K with 8 m/s coolant velocity) to obtain a sufficient cooling efficiency [18]. The target consists of several individual microchannel structures as shown in Fig.1 instead of a long microchannel structure throughout the entire target width, which minimizes bending stresses caused by the static pressure of water. The estimated pressure at the target inlet is 5 – 6 bar. The pressure loss in the target is approx. 2 bars. The solid tantalum parts between these single microchannel structures are abbreviated as “bridges” in the following texts. The water beamstop behind the target offers additional cooling at the target’s backside with the highest heat deposition. Each of the individual microchannel segments are cut out via wire erosion. The starting holes for this process are fabricated via sinker electrical discharge machining [26].  
[bookmark: _Hlk86103162]The arrows in Fig.1 represent straight paths of protons inside the target, the ends of arrows are the positions of terminated protons. Fig.1 shows the protons in different paths traveling through different amounts of metal tantalum and water. For example, the protons crossing the bridge sections only travel through tantalum (like “C”). However, some protons traversing the microchannel structures go through the paths containing tantalum and water (like “A” and “B”), which results in an inhomogeneous distribution of stopped protons as protons have different penetration depths in tantalum and water. Correspondingly, the heat deposition in the target is also inhomogeneous. In order to avoid these issues, some tantalum in the bridge sections should be removed to match with the part of microchannel structures owing water and tantalum, which can be depicted as grooves where “D” and “E” cross through in the right part of Fig.1. In addition to the bridge sections, even for the protons impinging at the same microchannel structure, the amounts of water and tantalum in different paths are also different. For instance, some protons only travel through the main horizontal channel (like “B”) but the other also go through the fins in addition to the main channel (like “A”). Therefore, a proper microchannel structure, which has sufficient cross section area of cooling and can minimize proton accumulation and also can produce homogenous energy deposition inside the target, needs to be determined.   
[image: ]
[bookmark: _Hlk87983120]Fig. 1 The schematic of a tantalum target with microchannel structures
Note: d is the distance between neighboring fins, h is the height of a fin,  is the angle of a fin

The straight trajectory of protons depicted in Fig.1 is the ideal situation. The realistic physical paths of impinging protons are far more complicated than that because of the collisions of protons with other particles or target nuclei atoms. Usually, the protons are forced to deviate from the straight track after a collision and the paths become straggling. Therefore, this work adopts the particle transport code FLUKA 2020.0 [27], [28] as the tool to simulate the process of protons bombarding the tantalum target to determine a proper microchannel structure. The key parameters to determine a proper microchannel structure are the angle , the height h of the fins and the distance d between the neighboring fins as shown in Fig.1. The details of the investigation and the resulting microchannel design will be presented in section 4 (Results and discussion).
3 Numerical method
[bookmark: _Hlk113531188][bookmark: _Hlk92730352]All the simulations in this work are performed with the particle transport code FLUKA 2020.0 for GNU/Linux operating system, which is a fully integrated particle physics simulation package. The cross-sections for all simulations are taken from ENDF/B-8R0 [29] and JENDL40-HE [30].
The geometrical model utilized for the FLUKA simulations is depicted in Fig.2. The simulated geometry includes all details of the neutron-producing center of the target. The outer edge of the target and the cooling water connections are not simulated. The proton beam is a monoenergetic beam of 70 MeV, which is defined as a rectangular volume source, emitting the protons homogenously along Z (the target depth) direction. The beam surface covers the facing target surface completely. The assumption of a rectangular volume source is valid because the proton beam in the HBS project is scanned over a rectangular portion of the target with a high focus of only a few centimeters beam diameter. The volume of the rectangular metal target is 10×10×0.61 cm3. The microchannel structures are filled with water. The beamstop at the backside of the metal target is 0.8 cm thick. The beamstop is filled with water to provide additional cooling at the target backside and to stop the protons. All water in this work is considered as liquid without bubbles at room temperature and standard atmospheric pressure. A thin layer of tantalum (0.2 cm) behind the beamstop is used as a structural material and to prevent proton leakage from the beamstop. The target actually is composed of 5 identical pieces with the same microchannel structures. Thus, the “lattice card” is used to replicate the periodic geometry when building the simulated model. The whole geometry has to be contained in a closed blackhole to absorb all escaping particles. This boundary condition is applied for all the simulations in this work. 

[image: ]
Fig. 2 Target geometry for simulations with FLUKA
[bookmark: _Hlk86103705]Concerning the energy deposition and proton fluence, the USRBIN estimator is selected to score the pertinent quantities. The (p, n) reactions occurring in the whole target were recorded with the USEEDUMP card. The information cannot be obtained through the standard options of FLUKA. Thus, an advanced subroutine, the USDRAW entry of the MGDRAW was modified accordingly to record the 3-dimensional coordinates of the (p, n) reactions. The USEEDUMP card is also utilized to record the spatial distribution of stopped protons. Analogously, the ENDRAW entry of the MGDRAW routine is also customized correspondingly. In order to reduce the statistical errors sufficiently, the number of primary source particles to be simulated was always set to 5×106. The computation time of such a simulation is about one hour with Intel(R) Xeon(R) Gold 6154 CPU @ 3.00GHz. 
4 Results and discussion
4.1 Bragg curves of 70MeV protons
The knowledge of the proton penetration depth versus stopping power curves, or “Bragg curves,” is a fundamental prerequisite for the investigations in the neutron producing target design. According to [31],  a Bragg curve plots the energy loss of ionizing radiation during its travel through matter. Hence, we used FLUKA to calculate the energy deposition [MeV/cm/primary] (i.e. energy loss) of protons along the target depth during its travel through tantalum and water respectively. 
For a high current proton beam bombarding a tantalum target, nuclear reactions along the penetration path lead to a build-up of neutron production and also an accumulation of stopping protons and an enormous energy being deposited towards the backside of the metal target. However, the protons resting within the tantalum target can lead to hydrogen implantation, and the heat deposition can cause stress problems. Thus, it is important to find out how the specific ionization is distributed along the path of the particle. Such a distribution, for a monoenergetic 70 MeV proton beam in solid tantalum and liquid water, is shown in Fig. 3 (a) and (b), respectively. Apparently, both the resulting depth-energy profiles (Bragg curves) exhibit a flat plateau region at the beginning of the track and a distinct peak near the end range of the particles. (Note, a monoenergetic homogenous volumetric proton beam perpendicularly impinges from left perpendicular on the target.) 
From the curves in Fig.3 the penetration depth of 70 MeV protons in tantalum and water can be determined as 0.55 cm and 4.25 cm, respectively. The stopping range of tantalum for 70 MeV protons is about 7.8 times shorter than for water. Theoretically, a target with a thickness more than the penetration depth of ions is thick enough to stop all protons within the target. For a distinction, this work will define such a target as a thick target, e.g. 1 cm tantalum target in Section 4.2. And a target with a thickness thinner than the penetration depth will be called a thin target.

[image: ][image: ]
Fig. 3 Bragg curve of a 70 MeV proton beam in (a) Tantalum and (b) Water
[bookmark: _Hlk88006386]4.2 Thick target
In order to create a target design with a periodic microchannel cooling structure which minimizes proton implantation and possesses sufficient cross-sectional area of cooling and homogenizes energy deposition, a microchannel structure as shown in Fig.1 was optimized. The main optimized parameters are listed in Table 3. 
Table 3 Main optimized parameters of the microchannel structure of a thick target
	Optimized parameters
	Values
	Steps

	Angle of the microchannels 
	0o -30o
	0.5o 

	Height of the microchannels h
	0.7- 6 mm
	0.2 mm

	Distance between neighboring channels d
	0.4- 8 mm
	0.2 mm

	Number of fins of each straight trajectory n
	0-4
	1



The parameter optimization is a manual step by step process. The optimization process can be described in the following workflow diagram as shown in Fig.4. 

[image: ]
Fig. 4 Workflow diagram for target optimization
According to the investigation of the parameter optimizations, it turns out that two conditions are necessary for a proper microchannel structure to get a homogeneous energy deposition and also the proton stopping distribution. The first condition is to ensure that the part of the distance covered by every proton over a straight, undistributed path in the target that goes through Ta metal is the same, no matter if the proton travel through the center of the microchannel structure, through an end section, or through a bridge between two microchannel structure elements. The second condition is that the y-coordinate of Fig.5 of the connection of any fin to the central water channel coincides with the y-coordinate of the end of a fin on the opposite side of the central channel.
[image: ]
[bookmark: _Hlk94736438]Fig. 5 A slice of a thick target with periodic microchannel structures 
In a target with a microchannel structure as shown in Fig.5, a straight trajectory of each impinging proton, e.g. the red arrow in Fig.5, intersects 4 fins as well as a main water channel. Besides, the beginning of one microchannel fin on one side always coincides with the end of the second next fin on the opposite side. The main parameters of the thick target are listed in Table 4. The angle of the microchannel fin with respect to the main channel is =14.5o, the height of the microchannel fin is 0.141 cm and the distance between neighboring channels is 0.267 cm. The thickness of the tantalum target on the right side is 1 cm. With such a thick target, all protons are stopped in tantalum so that the Bragg peak position can be determined. In this way, a proper target thickness which is slightly smaller than the penetration depth of protons but without a concomitant reduction of neutron yield can be obtained. 
Table 4 Main parameters of a slice of a thick target
	Parameters
	Values

	The angle of the microchannels 
	14.5o

	The height of the microchannels h
	0.141 cm

	The distance between neighboring channels d
	0.267 cm

	The number of fins of each straight trajectory n
	4



For the purpose of obtaining a proper target thickness to alleviate hydrogen implantation but without the associated loss of neutron output, the percentage of stopping protons, the percentage of neutron production and the percentage of energy deposition as a function of depth in the thick target are shown in Fig.6. The percentages have been normalized by dividing the total number of corresponding quantities in the target. The green curve shows the ratio of stopping protons along the target depth, which remains at an almost constant level until a steep step at a target depth of 0.61 cm. To be more specific, it is only 4.6% of protons are implanted where the target is 0.61 cm thick but 95% of protons accumulate in the subsequent narrow interval of 0.04 cm. The stopping protons include the primary and secondary protons, and it is same for the other results associated with protons. Besides, according to the red curve of the percentage of neutron production over the target depth, it indicates that the neutron production induced by 181Ta (p, n) 181W goes up with an increase in the target depth reaching up to 99% at the target depth of 0.61 cm, where only 4.6% of protons are implanted. Correspondingly, the Bragg peaks would appear in the beamstop (water channel) behind the thin metal target. Analogously, the accumulated energy deposition was also normalized and plotted along the target depth as shown in yellow curve of Fig.6, which directly depicts the percentage of heat load along the target depth. The yellow curve shows the percentage of energy deposition increases steadily towards the end of the target and reaches 100% at the target depth of 0.65 cm. With the intention of reducing heat load and minimizing hydrogen implantation in the target but also maximizing neutron production, the target thickness should not be thicker than 0.61 cm. Fig.6 shows just 76% of the heat load is deposited in the target and 24% of the heat load can be shifted towards the beamstop when the target thickness is reduced to 0.61 cm.
[image: ]
[bookmark: _Hlk93335834]Fig. 6 Percentage of stopping protons, neutron production by 181Ta (p, n) 181W and energy deposition along target depth of the thick target
4.3 Thin target 
To determine a realistic target structure, the thickness is set according to the results of the previous section 4.2. In addition, the periodic microchannel structure needs some ends to mechanically connect the top and bottom half of the target. Therefore, a complete thin target as shown in Fig.7 is obtained based on the thick target with microchannel structures as presented in Fig.5. The main parameters of a periodic microchannel structure (part A in Fig.7) are summarized in Fig.8. The distance between the bridges and the width of the bridges can be determined by the mechanical properties of the target material to avoid too much bending stress due to the water pressure inside the microchannel structure. The total interface area between tantalum and coolant water is 9.5×104 mm2 with 164 mm2 free flow cross section. In order to avoid proton implantation at the bridge sections, tantalum is symmetrically removed at the corresponding parts to ensure a homogeneous proton energy loss throughout the whole target so that the Bragg peak appears in the beamstop. Given the notch effect [32], each microchannel structure ended with rounded segments with maximum possible radius to minimize uneven stress distribution. Analogously, the tantalum at both sides of the rounded segments are slightly removed to prevent hydrogen accumulation caused by the stopping protons there.  
[image: ]
Fig. 7 Schematic of a complete thin target 
[image: ]
 Fig. 8 Technical parameters of a periodic microchannel structure 
The spatial information of proton fluence and energy deposition for the whole thin target are presented in Fig.9. The proton fluence as shown in the Fig.9(a) is nearly homogeneous within the tantalum target. Within the beamstop, the proton fluence decreases, indicated by the color transition from red to yellow, which reveals the protons deposit in the sites of fluence decreasing. This transition appears already inside the tantalum at the bridge sections between the microchannel structures due to some protons crossing the steep edges which are scattered into the ambient solid tantalum. Those protons pass through additional tantalum, so that the corresponding Bragg peak appears earlier compared to the situation when the protons are crossing water channels. On the contrary, some protons entering the grooves are scattered into the rounded end segments. As a result of passing through water instead of tantalum, those protons would have more energy to traverse a longer distance, which creates the small convex purple peaks occurring at the end of the transition zone in the beamstop. This is inevitable since some protons which cross through the tangential interface between water and tantalum at the boundaries of the bridge sections can always be scattered into the ambient solid tantalum or water channels randomly. Apart from the fluctuations in the bridge sections, the proton distribution in the central parts of the individual microchannel structures is homogeneous. It can be inferred from the straight dark blue line that the penetration depth of most protons through the central regions is the same. Fig.9(b) shows a homogeneous energy deposition within the complete target, which can significantly reduce thermal stresses caused by temperature gradients. The stopping power for protons is a function of its energy and therefore the penetration depth according to the Bragg curve in Fig.3. The incremental energy loss increases with reduced particle’s energy and reaches a maximum value at the Bragg peak, shortly before the energy drops to zero. This exactly explains that the deposited energy gradually increases towards the end of the target. The dark purple regions in the beamstop correspond to the Bragg peaks of protons through the central parts of the microchannel structures. This also proves that this target design can efficiently alleviate the heat load in the metal target. 
[image: ][image: ]
Fig. 9 (a) Proton fluence and (b) Energy deposition of the complete target
The key to minimize the risk of hydrogen damage is to minimize the number of protons accumulating in the tantalum. For this, the spatial distribution of stopping protons in the complete thin target is recorded correspondingly as shown in Fig.10(a). As apparent in Fig.10(a), most protons accumulate in the blue region, i.e. most of the protons are dumped into the beamstop (“water channel”) at the backside of the tantalum target. There are nearly no protons accumulating in the metal target except few spots at the end of the bridge sections. One probable explanation for these spots is some protons crossing the steep edges of the bridge sections are being scattered back into the solid tantalum. Those protons traverse more tantalum, which results in losing all energy and ultimately rest inside the target. The small spots exactly correspond to the concave peaks in the proton fluence presented in Fig.9(a). 
The percentage of the stopping protons over the target depth is plotted in Fig.10(b). Only 4.4% of protons accumulate in the metal target and 95.1% of protons stop in the beamstop. Even only 0.5% of protons arrive to the tantalum wall behind the beamstop, which states the current target design results in a well-defined Bragg peak positioned inside the water beamstop minimizing the accumulation of protons within the target. This work also tried to decrease the percentage of protons accumulating in the target, it turns out 4.4% is already the optimal situation which is not sacrificing the neutron yield. Most of the protons lost inside the target have experienced a (p, n) reaction event or a scattering event with a Ta nucleus, which leads to a strong energy loss or a strong deviation from the original flying direction, so that they cannot reach the beamstop. 
[image: ]
Fig. 10 (a) The spatial distribution of the stopping protons and (b) Percentage of stopping protons along the target depth of the complete target
In addition to prevent hydrogen implantation and inhomogeneous energy deposition, this work also optimized the target design for a high neutron output. The pattern of neutron production of the target is as expected, based on the obtained distribution of the 181Ta (p, n) 181W reactions in the thin target and the number of neutrons produced by181Ta (p, n) 181W events along the target depth, depicted in Fig.11. Most 181Ta (p, n) 181W reactions take place in the metal Ta of the target. The blue region at the beginning of the target indicates most neutrons are produced where the energies of the protons are highest. The amount of the neutrons becomes lower towards the end of the target. In the beamstop and also the tantalum wall behind the beamstop nearly no neutrons are produced as the proton energy threshold is 10 MeV for 181Ta (p, n) 181W reactions [29]. This also states the thickness of 0.61 cm of the thin target is a proper choice for 70 MeV protons to produce a high neutron output. 
[image: ]
[bookmark: _Hlk86185708]Fig. 11 Neutron distribution produced by 181Ta (p, n) 181W reactions for the complete target
Considering the manufacturing and maintenance expenses, the HBS target is expected to have a service period as long as possible. This work thus also calculated the DPA (Displacement per atom), a unitless physical quantity standard indicator for radiation damage in materials, to estimate the target’s lifetime. The induced damage is dominated by protons and neutrons, which is consistent with the results in the literature [33]. The damage caused by protons and emitted neutrons are characterized based on the two-dimensional spatial distribution of atomic displacement in the target, as show in Fig.12 (a) and (b) respectively. It can be seen from Fig.12(a) the maximum values of the proton-induced DPA mainly concentrates at the end of target, corresponding to the region where the protons have the highest energy loss and are stopped. As shown in the Fig.12 (b), neutron-induced damage is quantitatively smaller and more evenly distributed compared with DPA induced by protons. 
[image: ][image: ]
Fig. 12 (a) DPA induced by protons (b) DPA induced by neutrons of the complete target
The minimum lifetimes are estimated based on the reference DPA values derived from irradiation tests of the tantalum target operated for ISIS, i.e. 11 dpa [17], [34] for proton-induced damage and 0.14 dpa [35] for the damage rates of neutrons, as depicted in Table 5. According to the total integrated values of the average DPA induced by protons and neutrons over the target, the lifetimes of 6.0 and 1.3 years are predicted respectively, which are higher than the estimation of 2.62 and 0.78 years reported in [33]. The reason is the target in [33] is a solid tantalum target without water channels inside and the target thickness is 0.5 cm, where the top point of Bragg peak occurs exactly according to Fig.3(a). In this case, the highest energy loss of protons occurs inside the target, and then more protons accumulate there, thus causing higher DPA damage and shorter service life.
Table 5 Estimation of the minimum target lifetime
	
	Annual dose [dpa/fpy]
	Minimum target lifetime [years]

	
	Reference values
	Calculated values
	This work
	Reference [33]

	Protons-induced
	11 
	1.82±0.02
	6.0
	2.62

	Neutrons-induced
	0.14 
	0.11±0.02
	1.3
	0.78



5 Conclusions 
An optimized microchannel tantalum target for a low energy (proton beam 70 MeV) accelerator-driven neutron source was obtained by parameter optimizations. The challenge in such a design is the hydrogen embrittlement and blistering problem because of the high average proton current of 8.74×1015 s-1 focusing on a target surface of 100 cm2 and high heat load release in the thin target, and thermal stresses due to inhomogeneous energy deposition. It is resolved by determining an optimized internal cooling microchannel structure matching the energy of the proton beam and a proper target thickness, which is slightly smaller than the ion penetration depth. In this optimized design more than 95% of protons are dumped into the beamstop and only 4.4% of protons accumulate in the target, which strongly minimizes the risk of hydrogen damage. A cross-sectional area of cooling channels of 164 mm2 are used to dissipate heat. Also, a homogenous proton fluence and energy deposition can be obtained by this target design, which can efficiently decrease thermal stresses caused by temperature gradients. Last but not least, based on the damage induced by neutrons, a minimum lifetime of 1.3 years is predicted.
This work provides an efficient and practical target design to produce high neutron yield with a limited hydrogen implantation, which will be of benefit in the development of compact accelerator-based neutron sources. 
6 Outlook
The target design obtained in this work is the result of a parameter optimization with FLUKA simulations, which aims to minimize the risk of hydrogen damage and achieve a homogeneous energy deposition. Further investigations with ANSYS to check the mechanical and thermal-mechanical properties are in progress. An iterative optimization will be conducted. A prototype will be manufactured to conduct an experiment with a high-power electron beam to determine the critical heat flux at the metal-water boundary and also the maximum power which the target can withstand. 
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