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Abstract

The development and optimization of accelerator source charged particle extraction systems are central to
improving ion source efficiency, electrode durability, and beam quality. These systems involve complex in-
teractions between ionized particles and extraction electrodes, influenced by material properties like thermal
conductivity and resistance to ion beam erosion. Materials like molybdenum, tungsten, and graphite are
favored for their resilience in high-temperature, high-radiation environments. Challenges exist in bonding
dissimilar materials under thermal stress. Techniques such as shrink-fit connections and additive manu-
facturing address these challenges by optimizing thermal expansion properties. Graphite and molybdenum
carbide are ideal for additive manufacturing near a proton beam, with graphite requiring careful layer ori-
entation. For materials not exposed to radiation, aluminum alloy AA7041 or pure copper are recommended.
Advancements in additive manufacturing, including functionally graded materials, offer precise control over
material properties, enhancing ion extraction electrode performance and lifespan.
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1 Introduction

CERN’s linear accelerator Linac4 has been the main proton beam injector for the Large Hadron
Collider since 2020, capable of accelerating the beam to 160 MeV. The Linac4 source system
comprises a proton source and an extraction system. Negative hydrogen ions are created in ion
source chamber when pulsed hydrogen gas is ionized with 100 kW power from a radio-frequency
antenna. It creates mesh of hydrogen ions and extracted electrons, that are later separated from
proton beam.

The design of the extraction system (see Figure 1) has evolved over time due to its significant
impact on beam formation. Aim is to pull charged particles out of source chamber and create
first formation of particle beam also by accelerating them. The latest IS04 source features three
electrodes: plasma, puller, and ground electrode. Plasma electrode is often used as anode to
attract oppositely charged particles towards aperture. Each electrode disk has a specific voltage
and geometric shape. As the beam passes through the electrode system, it is shaped into a narrow
formation with aim to reach lowest emittance. The free, co-extracted ions are directed into the
electrode dump by a dipole magnet and a voltage of up to +1 kV, which helps eliminate secondary
electron emission.

Figure 1: IS04 source 3D model (left) and extraction simulation model in IBSimu (right) [1].

At the end of the extraction system, the produced beam current is typically 35 mA. However,
this current declines after passing through the RFQ (Radio-Frequency Quadrupole). Higher beam
intensity does not increase intensity after the RFQ. Consequently, new extraction systems are being
designed to more minimize the size of extraction system and extracted beam emittance, ensuring
it does not exceed the acceptance limits of the RFQ [1].

As beam dynamics become more precise, relying on subtle changes in extraction electrode
geometries, the mechanical characteristics of the electrodes also need to be considered. Factors
such as thermal expansion, durability under high radiation loads, and the ability to withstand
high voltages can significantly impact beam structure. The aim of this research is to enhance the
overall performance and reliability of proton beam injectors by conducting a deeper investigation
into the materials used in the beam extraction system and their constituent components using both
conventional and additive manufacturing methods. This includes evaluating how these materials’
mechanical properties influence the stability and efficiency of the beam extraction process.

2



The research process was based on the analysis of extraction systems used worldwide. Starting
with solid materials and progressing to multiple material combinations, the study identified the
proper functionality conditions of electrode structures. Combinations of materials were divided
between conventional manufacturing techniques, such as shrink-fit technology, and the possible
inclusion of additive manufacturing in the production of electrodes.

2 Investigation of extraction electrode material usage

This paragraph summarizes scientific researches or experience on charged particle extraction sys-
tems. Geometrical design impact has been investigated in numerous publications, therefore here
will be summarized specifically – electrode materials. Research and commercially used accelerat-
ors mentioned in scientific journals, patents, and publications were taken into account. Therefore,
due to information shortage, heavier ion source systems were also included as being with likewise
characteristics. Each description includes visual material that helps to understand the application
of the material for electrodes of various shapes.

2.1 Paul Scherrer Institute (Switzerland)

High intensity proton accelerator facility has reported usage of copper electrodes with small tungsten
filaments near beam emittance part. The base material is aluminum (see Figure 2). This ion source
tends to have low proton fraction, limited net proton current (11 mA) and high rate of damage at
ion chamber bottom from back streaming electrons. Dimensions of electrodes are about 37mm in
total length. Aperture of 4.5 mm in diameter. This system has experience breakdowns from copper
evaporation in extraction system, that entered plasma chamber and condensed, creating ”glassy”
layer and stopping plasma ignition process [2].

Figure 2: Schematic of the setup of the compact ECR proton source [2].
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2.2 Stern-Gerlach-Zentrum (Germany)

The Frankfurt Neutron Source at the Stern-Gerlach-Zentrum used different material combination
for proton ion source extraction electrodes. First puller electrode is almost completely made of
tungsten and only very base of is made of copper (see Figure 3). Second electrode is partly
tungsten and copper combination, but last two electrodes are only made of copper. Most parts of
extraction system are made of special composite named elconite, that is copper and tungsten alloy.
This indicates need of denser, radiation resistant electrode, as mentioned: “to reduce the surface
sputtering and electron generation at the electrodes” [3].

Figure 3: Schematic drawing fragment of the proton source [3].

2.3 Lanzhou university (China).

Institute of Modern Physics describes their first proton extraction system made in 1997, that
was built of 2 electrode beam extraction system (see Figure 4) with electrode tips made out of
TZM (molybdenum alloy “titanium-zirconium-molybdenum”). This system had accelerating and
decelerating electrodes with gaps 6 mm and 3 mm respectively. Their updated extraction system
was customized to fit CPHS (Compact Pulsed Hadron Source) proton source made with 3 electrode
extraction, but there is limited mention about electrode material [4].

Figure 4: ECR ion source extraction system [4].
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2.4 Egyptian Atomic Energy Authority (Egypt).

This paper primarily focuses on the design of an electrostatic lens system (see Figure 5). There were
no mentions of electrode materials, as the main focus was on electrode placement and geometries.
However, this paper highlights the tungsten usage as cathode material and the molybdenum usage
as anode material. The ion source system has a built-in anode as part of the source system;
therefore, it should not be equated with the plasma electrode (even though it has a pulling potential,
it is not an independent electrode) [5]. Anode material molybdenum here is worth mentioning as
it is located in a high-temperature, high-voltage, and high-radiation environment, that is similar
to electrode environment.

Figure 5: Schematic of the Freeman type ion source [5].

2.5 Nanjing University (China).

Nanjing Proton Source (NPS) proposed by Nanjing University has published triode extraction
system (see Figure 6) with two conical shaped electrodes and separated flat plasma electrode. This
system also uses molybdenum anode that can withstand large quantity of plasma induced heat
power [6].

Figure 6: Structural drawing of the NPS duoplasmatron ion source [6].
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2.6 CERN (Switzerland).

The Linac4 ion source, which operated around the year 2013 (see Figure 7), was the main ion
source for the LHC injector complex. The Duoplasmatron source also included an anode component
consisting of a molybdenum plate. The extraction electrodes are notable because they are made
of titanium, which has rarely been mentioned before. However, this source had the disadvantage
of being unable to maintain the 45 keV extraction energy, achieving only 35 keV. Electrons are
dumped using a graphite cup, but a significant amount of damage to the graphite dump has been
reported over a short period of time. Higher electron energy causes evaporation of the graphite
material, leading to breakdown and dysfunctionality of the dump system [7].

Figure 7: The CERN duoplasmatron proton source [7].

2.7 Axcelis Technologies (United States).

High current ion implanter patented in US in 2011 reports design of extraction electrode system
consisting of 2 disk shaped electrodes and one extraction electrode to create proton beam (see Figure
8). The electrode system has 2 parts – first is single graphite plate with an opening or aperture
and the second part is two matching graphite disk half assemblies with aperture in between disk
halves. Edges of disks that form narrowing are replaceable if damage from accelerating ions occurs.
This design can cut the cost by replacing only components with close contact to particle beam [8].

2.8 Budker Institute of Nuclear Physics (Russia).

This institute first began to use the negative hydrogen Penning ion source in the early 1970s
(see Figure 9). This system uses hydrogen and cesium vapor feeding system into the discharge
chamber. The beam is extracted from the plasma using high-voltage molybdenum electrodes [9].
It is important to note that the year mentioned reflects an older technology and does not represent
the newest or most widely used ion extraction systems. But feeding system works on similar design
as CERN Linac4 proton source.
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(a) Isometric projection of suppression disk half as-
sembly.

(b) Extraction electrode plate disk
halves side view.

Figure 8: High current ion beam extraction system with replaceable components [8].

Figure 9: Sectional schematic of a Penning H- ion source [9].

2.9 University of Göttingen (Germany).

This source used the ultra-low energy ion implanter ADONIS, featuring a new ion source system for
the ion implantation process (see Figure 10). This system has a different placement ion acceleration
and control process, but charged particles are extracted from the ion source using an electrode
similar to a plasma electrode. In this experiment, gas and later plasma were impacted through a
different cathode-anode system for ion creation, with an acceleration potential of 30 kV. The report
mentions two major materials used as accelerators: a tantalum cathode and a graphite anode for
focusing and accelerating Argon plasma ions. Both conductive components are separated from each
other by strong boron nitride (BN) insulators [10].
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Figure 10: Schematic of the conventional hollow cathode hot filament source with the typical
potentials [10].

2.10 Seoul National University (Korea).

Department of Nuclear Engineering reported research of high brightness ion beams with reducing
aperture size to micrometer scale to see how ion beam current has changed. Their experimental
setup (see Figure 11) consists of 3 electrode extraction system - plasma electrode, bias electrode,
ground electrode, and insulators (ceramic disk 1mm thickness) between the electrodes. Ground
electrode is made of aluminum, but all other are made of copper and they have water cooling chan-
nel. Accelerating voltage up to 4 kV is applied between plasma and ground electrodes. Results of
experiment concluded that while smaller apertures typically increase brightness, they also signific-
antly reduce beam current due to inadequate electric field penetration into the plasma source [11].

(a) Schematic diagram of the newly developed ion
source including electrical connections.

(b) Detailed drawing of extraction region
enlarged from the dashed circle.

Figure 11: A schematic diagram of the ion source [11].

2.11 Doshisha University (Japan).

This source conducted deeper research on ion beam effects on electrode surface by investigating
sputtering yields with a Monte Carlo simulation. Paper mentions use of graphite and molybdenum
materials as most used ion beam extraction electrodes. Due to sputtered molybdenum and tungsten
atoms from ion source system, atoms can reach extraction electrode surface and damage it, creating
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false geometries of apertures. Larger erosion pattern is detected on carbon graphite surface, but
far less erosion on electrodes made of molybdenum. This result shows advantage of high material
relative mass in respect to ion source elements – molybdenum has larger mass so it is less influenced
by retained atoms [12].

2.12 Shin Etsu Chemical (Japan).

A patent describes an ion extraction electrode system where most ion beam processing parts use
extraction electrodes made of graphite. However, these electrodes are prone to damage from the
plasma beam, necessitating cleaning or replacement. To minimize electrode damage from heavy
ions formed in the source, the inner surface of the ion source chamber, as well as the plasma contact
side of the electrodes, is coated with a thin layer of silicon or carbon. This coating reduces the
likelihood that the outermost ions, which might be heavy metal ions, will damage the electrodes by
contaminating them. The solution also suggests using semiconductors such as germanium, GaP,
InP, or GaAs. Long-term stability is achieved when the grounding and extraction electrodes are
made from the same type of semiconductor substrate, ensuring compatibility. In the event of
electrode damage, they will continue to produce the same type of ions, thereby maintaining purity
and control [13]. Further beam contamination can be reduced with silicon and oxygen (range of 5 to
30 ppm) mixture that accepts heavy ions and they can be trapped within extraction or grounding
electrodes. When using silicon as an electrode material, it is preferable, that electric resistance is
within 0.001 to 10 Ω · cm so pairing with similar electrodes can minimize electrical impact on the
silicon substrates. Overall, this processing can lower maintenance cost, increase operational rates,
improve productivity and increase yield [13].

2.13 Summary of material usage

Throughout these materials, molybdenum and graphite are considered as most used materials in
beam extraction system electrodes. However, electrodes or anodes consisting of such metals are
made solid and without connections or interactions to other conductive materials. Conductors such
as copper and tungsten can be observed to be both involved forming one electrode manufacturing,
most likely trough shrink-fit connection. Notable research was done in silicon usage as ion source
inner coating. Extracted ions from such coating does less damage to electrodes while creating
“outer layer” of beam than ions from heavy atoms ether from source or inner chamber walls.
Further research could focus on replaceable electrode sections in the case of erosion or fracture.

Investigation can also be narrowed to TZM material investigation as it is one of the most popu-
lar molybdenum-based alloys, that’s used with high temperatures. This material has high strength,
low linear expansion coefficient, good electrical and thermal conductivity, strong corrosion resist-
ance, that makes it suitable for long period usage. Better mechanical properties are reached with
powder metallurgy method where high-purity molybdenum powder, TiH2 powder, ZrH2 powder,
and graphite powder are mixed proportionally together [14].

Recent reports on the use of specific materials as extraction electrodes rarely specify whether
the material is pure or an alloy. Therefore, further on when including aluminum, some outstanding
alloys were selected based on the author’s opinion. Aluminum alloys exhibit a range of properties,
and for a deeper investigation, these alloyed materials should be examined further, particularly to
characterize their impact on the solid substance. For most aluminum alloys containing Mg and
Si, the thermal expansion coefficient increases more significantly in the temperature range from
50oC to 100oC. AlSi7Mg exhibits the lowest thermal expansion due to its high silicon saturation.
Alloys with lower silicon concentrations, such as AlMg3Si1, have higher expansion, especially at
lower temperatures up to 100oC.
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2.14 Summary of material properties

All materials mentioned in relation to ion source extraction manufacturing processes are compiled in
Table 1.Based on recent advancements aiming to combine high-durability materials with aluminum,
the table also includes some of the most notable alloys based on their properties. This table lists
their specific physical and mechanical properties that are crucial for electrode functionality. A
double line separates the materials based on their properties: those with high beam corrosion
resistivity are listed at the top and can be used at point of contact with particle beam. Materials
with higher conductivity, but lower durability are listed below and are more suitable further from
high radiation environment.

The properties compared in Table 1 are selected based on the specific requirements for ion
source electrodes. These properties include:

• Thermal and Electrical conductivity: These properties are crucial for ensuring the elec-
trodes can operate effectively under high voltage conditions.

• Thermal expansion, Melting point, and Radiation resistivity: These characteristics
are important for maintaining the material’s fundamental geometry in the high-temperature
particle beam environment. Radiation resistivity is not a scalar value, so the conclusion is
drawn from the authors’ overall research and opinion.

• Yield stress: Indicates the material’s ability to resist plastic deformation, which is essential
during the shrink-fit connection process.

Based on Table 1, it can be concluded that soft metals (listed in the bottom part) cannot be
used in close contact with the radiation beam. A more cost-effective approach would be to use
them as the base parts of electrodes to hold and create a transition to power source for materials
that have high radiation resistance. Because of the operating temperature of the Linac4 extraction
system, all the discussed materials are suitable for enduring the environment.

Evaluation of properties must be aligned with the requirements of the chosen manufacturing
method. If additive manufacturing is selected, higher thermal and electrical conductivity is neces-
sary. Thermal expansion should be low to prevent fractures on the product surface. Radiation
resistivity should be high for electrode tip parts, while the base material does not require high
resistivity. Yield stress should be maximized to ensure durable joints and products across all stress
regions. The melting point is not predetermined - it depends on the production facility. For ad-
ditive manufacturing, it is preferable for both materials to have similar melting points to ensure a
smooth transition and complete melting of all structures. High radiation-resistant materials should
have lower melting points, whereas lower resistance materials should have higher melting points,
minimizing the difference between them.

From these conditions, it can be concluded that for additive manufacturing in close contact
with a proton beam, graphite and molybdenum carbide (MoGr) are the most suitable materials.
However, it is important to maintain the correct orientation of graphite layers due to its highly
variable conductive and thermal expansion properties, which are a result of its allotropic nature.
Additionally, it is preferable to use nuclear-grade graphite because of its higher thermal conduct-
ivity and yield stress. For materials not in close contact with the radiation beam, it is advisable
to consider using aluminum alloy AA7041 or pure copper. These materials have the highest melt-
ing points among those close to radiation-resistant materials and are the best conductors. Pure
aluminum could also be further investigated due to its good thermal conductivity, but it has the
highest thermal expansion, which can lead to structural failures.
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3 Conventional multi-material electrode manufacturing

When using multiple materials in a composition, parts cannot be welded together due to the thin
electrode walls and the risk of compromising structural integrity. The most commonly used method
is the shrink-fit connection, which relies on the different thermal expansion coefficients of materials,
expanding one part through heating or shrinking it by cooling in a cryogenic environment. Table
2 compiles the ability of recently discussed materials to be used in shrink-fit technology.

Physical bonding can also create specific environments that affect metals over time, although
this has not been previously mentioned in the context of ion extraction systems. This paragraph
examines such conditions and their potential impact on the functionality of bonded metals, partic-
ularly focusing on the bonding of commonly used materials like tungsten, copper, and aluminum.

3.1 Tungsten - copper connection

When connecting multiple different materials for creation of a part, it can be done ether by manual
connection (tension) or using powder sintering. Each process strictly takes into account different
thermal expansion coefficients, that can lead to geometrical deviations or structural failures. Es-
pecially, the difference of thermal expansion at 25°C for tungsten which is 4.5× 106 and for copper
which is 16.6 × 106. Such difference can induce joint failures when thermal stress is too high and
not designed adequately. Ability of copper to conduct heat can be used in system also as a cooling
structure [50].

3.2 Tungsten - aluminum connection

So far there are no direct source of information, that covers experience of aluminum and tungsten
bonding. It is possible to consider use of aluminum-tungsten alloy, but there are also no valid
source of information with possible results or functionality of W-Al alloy. Only one source states
low cost of manufacturing and tensile strength of more than 300 MPa at room-temperature, that
can improve tungsten endurance at relatively low ambient temperature [51].

Atomic interaction forces can be detected at the boundary between aluminum and tungsten
materials. At a certain distance between these materials, a stronger chemisorption interaction
occurs between the aluminum surface atoms and the tungsten surface, resulting in the transfer of
aluminum atoms to the tungsten surface. This interaction is nonlinear and reaches its highest force
gradient at distances of 4.5 to 7.9 Å. At this range, the force gradient is negative, meaning that
increasing the distance initially increases the interaction force, which then decreases significantly
when the distance is less than 4 Å. It is important to note that these interactions and experiments
are conducted on clean aluminum and tungsten surfaces. The active oxidation process of the
contact surfaces is inevitable; therefore, it must be minimized chemically or physically before the
connection is made [52].

3.3 Overview of conventional material connections

As long as the two bonded materials have similar properties, overall functionality of system may
be reduced on border of changing environments, but it will not be significantly impacted if both
materials can conduct electricity. The quality of the connection is crucial - closer contact between
the surfaces (with minimal air gaps) results in better conductivity. To improve the connection
between two metals, either the lowest possible surface roughness or the use of soldering paste is
recommended.
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Based on Table 2 almost all material combinations are possible, as long as the induced shape
change is sufficient to ensure a strong bond. The connection between tungsten and aluminum ex-
hibits better material activity at the boundary, with aluminum being preferred when saturated with
silicon. All aluminum alloys, as well as copper, are good thermal conductors, making them suitable
for the shrink-fit method. However, graphite-saturated materials should not be used in shrink-fit
connections due to the unreliability of expansion direction. As an allotropic material, graphite
expands asymmetrically, and errors in manufacturing can lead to weak material connections.

Table 2: Materials Overview for Shrink-Fit Applications

Material Shrink-fit Evaluation Reference

Tungsten W Yes Usually not used pure material, because of poor machinabil-
ity. Used as carbide or copper alloy. Then it is chilled in dry
ice or nitrogen. Advised to use .005in/.007in interference
per side.

[53] [54]

Molybdenum Mo Difficult Molybdenum has low thermal expansion coefficient. It can
only be used as cooled inserts and under large cooling tem-
peratures.

[55]

Molybdenum
TZM

Mo-0.5Ti-
0.1Zr

Difficult Less used in manufacturing due to highly expensive costs
of substances. Can be stable in temperature above 1400°C,
that makes hard to maintain heat for expansion.

[56]

Molybdenum
Carbide Graph-
ite

MoGr Difficult* Graphite component ensures easier connection where friction
is dominating. High work temperature ensures outstanding
connection when cooling and shrinking material back to am-
bient temperature.*

Titanium Ti Yes Alloys (Grade 23 / Grade 5) are more resistant, but harder
for machinability than pure Ti. Cooled with liquid nitrogen
(-160°C).

[57]

Graphite C (crystal-
line form)

Yes Used for cold fitting and shrink fitting. For shrink fit bearing
system ISO tolerances are advised H7 for housing diameter
and for bearing before D8, after E8...E9. Nominal interfer-
ence advised 750 µm.

[58] [59]

Pure aluminum Al

Yes

Does not get brittle at cryogenic temperatures and has
high thermal expansion coefficient. When cooled in li-
quid nitrogen, aluminum gets highly flexible. Can also
be used as housing material for other heated elements
with high thermal expansion. If aluminum is heated,
it exhibits shrinking rate from 0.4% to 0.7%, mean-
ing shrink fitting will obviously not exceed lower mar-
gin. Lack of studies with each alloy means considering
materials with higher thermal conductivity and yield
stress.

[36] [37]
AA6061 AlMg1SiCu

AA7041 97.64Al-
0.84Mg-
0.62Si-
0.22Cu

EN AC-42000 AlSi7Mg

Al 4047 AlSi12

Hypereutectic
Aluminum-
Silicon Alloy

Al 11.6Si
0.97Cu
0.96Mg
1Ni

Pure copper Cu Yes Good conductor, so heated during fitting. Copper shrinks at
a rate of 0.5% to 1.5% after casting process, meaning shrink
fitting will obviously not exceed lower margin.

[37]

* No direct source was found for the previous use of such technology. Information was gathered using artificial intelligence
and the author’s overall understanding of each composite material.
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4 Multi material additive manufacturing

Two material bonding can be achieved using additive manufacturing. Usually, this technology is
used to compose 1 material 3-dimensional structure by melting metal powder and forming desired
shapes. Therefore, functionally graded materials are used - heterogeneous structures with different
micro-structure, where composition and properties can be achieved with multi-material composition
and consists of at least 2 material combination. Bonding can be discrete (definable boundary) or
graded (continuous boundary) (see Figure 12). Both bondings can be described in 2D form that
forms two “layers” and 3D form that results in material transition in at least two dimensions. Best
bonding is determined by similarity of both material atomic bonding and coefficient of thermal
expansion. So far most used are Fe and Al alloys for 2D; Cu and steel for 3D. Deformation in
interference zone can be minimized by determination of suitable geometries along the interfaces or
optimization of the process parameters. Advanced software is preferable to simulate and optimize
melt pool geometry and investigate heat input, thermal emission, phase transition and surface
tension [60].

Figure 12: (a) Conventional multi-material additive manufacturing vs. (b) functionally graded
MMAM (Multi-material additive manufacturing) [61].

For multi-material combination used are various blendings of polymer, metal, ceramic. Elec-
trodes are metal saturated, therefor metal-metal feeding unit is required with most focus directed
on compatibility of boundary. With direct energy deposition method (DED) high strength and high
ductility products can be acquired. DED process known as laser metal deposition (LMD), where
powder is added onto melt pull while being heated with moving laser, powder composition can be
changed between layers. This technique has already been used with titanium and nickel alloys,
steel and metal matrixes. This does not require special tooling, but performance limits depend on
abilities of AM machining. Biggest challenge is mismatch between thermal conductivity, expansion
and melting points of both materials [61].

For multi-material manufacturing, the powder bed fusion method (PBF) is also possible (see
Figure 13), where a layer of metal powder is deposited onto a substrate using a powder feeding
system. The powder is then rolled over the previous layer and sintered with a heat source, typically
a laser or electron beam. When using multiple materials with dissimilar melting characteristics, it
is critical to optimize the melting area by utilizing smaller particles for the higher melting point
material. This increases energy absorption and helps to reduce the formation of cracks between
the dissimilar materials. [61].
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Figure 13: Schematic representation of PBF [62].

Usual DED build up direction is vertical without angle. In case of extraction electrode manufac-
turing, they are generally cylindrical in shape, with the upper part bent at a noticeable angle. When
powder feeding system is co-axial (symmetrical from both sides) and equipped with 350W laser,
then additional material buildup can be observed when angle is increased (see Figure 14). When
research was done with Fe-Ni-Cr super alloy, this results in increased wall thickness for ∼ 45%.
Minor changes in wall parameters observed till 20o angle. Wall structural failure (deformation)
observed at 32.9o. Angles till 30o are named as stable [63].

Figure 14: Example of powder impingement for vertical and angled sample [63].

Similar experiment with direct energy deposition with buildup in certain angle was done ob-
serving changes in Ti-6Al-4V structure. Here laser has power of 450W and forming of structure
was narrow to observe structural integrity with minimal structural support at maximum overhang
angle. 50.8mm long structures were successfully deposited between 0o and 60o. As the laser turns
off, the melt solidifies, starting from the bottom and sides, allowing overhang formation. Con-
tinuous wave (CW) lasers cannot form highly-overhanging structures because they prevent proper
solidification, leading to large, unstable melts. Without the solidification of the melt’s edges, the
upward formation becomes impossible [64].

Multi material feeding systems can solid-state and powder state. Solid-state feeding system
consists of one (see Figure 15) or two material wires (multi-wire feeder), that can increase or
decrease feed rate independently, creating smooth transition. Powder-state feeding system can
use powder disposing system, but its greatest challenge is powder agglomeration during feeding.
Therefore, ultrasonic micro powder dispensing has been used with applying ultrasonic vibrations
to powder to create it more fluidize and dispensed accurately. Such system expresses material
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consistency better, improved productivity, waste reduction, higher compatibility between materials
and improved strength and surface finish [65].

Figure 15: Schematic of pulsed plasma arc wire-fed DED additive manufacturing [66].

When high melting temperature and Yield stress materials are used (for example Niobium
and Titanium), Nb powder melted partially, creating accumulation in transition zone, improving
hardness. For this method it is suggested to use fine particles to avoid precipitations of non-melting
particles [65].

From the perspectives of production cost and capabilities, we can conclude that the previously
discussed methods - DED, WAAM (Wire arc additive manufacturing), and PBF, where laser melt-
ing of powder or wire is involved - might not be the most cost-effective or accurate methods (see
Figure 16). DED tends to have poor surface quality, but this is a common drawback across most
additive manufacturing methods. However, DED does produce products with some of the highest
mechanical strength. The WAAM method can be less expensive while still offering good surface
quality and accuracy. PBF, although is relatively slow and costly, but provides very good part
accuracy [65].

Figure 16: (AFSD - Additive friction stir deposition; UAM - Ultrasonic additive manufacturing;
CSAM - Cold spray additive manufacturing; EFAB - Electrochemical fabrication) Comparison of
AM Processes based on the cost, deposition rate, surface quality, part accuracy and mechanical
strength [65].
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Overall, these three methods are also suitable for multi-material manufacturing and share sim-
ilar characteristics. PBF offers the highest surface quality, potentially reducing the cost of surface
treatment. However, the most important parameter is part accuracy, where PBF delivers the best
results.

Multi-material or single-material additive manufacturing has great potential for replacing con-
ventional electrode manufacturing methods. Alloyed materials can be easily mixed just before the
direct energy deposition method, and materials can be combined in their powder state. Despite
this, the lack of studies on materials with significantly different melting points raises uncertainty
about combining such materials while ensuring a durable connection. Despite the fact that the
low proton source temperature can help maintain a lower thermal stress environment, optimization
can be done on the length of the boundary, creating simpler and smoother transition zones. So
far, copper and molybdenum alloys appear to be promising materials for further research, based
on their closest melting points within the two different groups of electrode materials with high
radiation resistance.

5 Conclusion

Of all the reviewed electrode materials in Table 1, graphite and molybdenum carbide are the
most suitable for use near a proton beam due to their resistance to high temperatures, radiation
contamination, and high-voltage conditions. For graphite, maintaining proper layer orientation
is crucial because of its better electrical conductivity and lower thermal expansion properties at
XY plane. Nuclear-grade graphite is preferred for its superior thermal conductivity and yield
stress. For materials not in direct contact with the radiation beam, aluminum alloy AA7041 or
pure copper are recommended due to their high melting points and excellent conductivity. Higher
silicon saturation in aluminum alloys lowers thermal expansion, making them more suitable for
various types of manufacturing.

Shrink-fit technology is applicable to almost any electrode material connections as long as
both exhibit different thermal properties. Radiation-resistant materials often have significantly
different thermal expansion properties compared to conductive base materials. If using graphite and
molybdenum carbide, expansion mismatches can pose disadvantages when a shrink-fit connection
is used, therefore, molybdenum products can be better manufactured using powder-based additive
manufacturing methods. Graphite exhibits asymmetrical expansion so offsets in manufacturing
process can lead to unsimilar material connections.

Additive manufacturing offers a versatile approach for fabricating electrode materials, especially
when a homogeneous and continuous boundary is required. This method is particularly suitable
for materials like aluminum alloy AA7041 or pure copper, which are not in direct contact with the
radiation beam. These materials, known for their high melting points and excellent conductivity,
are compatible with powder bed fusion technology, where laser-induced heat treatment can enhance
material strength. Powder bed fusion also stands out among the reviewed technologies for its im-
proved part accuracy, which is crucial for electrode manufacturing. Since graphite’s characteristics
vary depending on layer orientation, it should be used only as an admixture and not as a base
material in additive manufacturing for more precise fabrication. Controlled ambient temperatures
in the LINAC4 extraction system at same time can reduce the risk of thermal stresses that, due to
differences in thermal expansion, could lead to structural failures on the material surface.
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