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RadiaBeam: Brightness, Applied
Founded in 2004 - Santa Monica, California
Accelerator Physics &  MeV X-ray systems
oSimulation, design, fabrication and testing
oCu vacuum devices
oCustom magnet structures
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AM Introduction:
History

Additive Manufacturing: Process of joining materials to make 
parts from 3D model data, usually layer upon layer, as opposed 
to subtractive and formative manufacturing methods
Prehistory: Sheet lamination and weld deposition 
Precursor: 1960-1980 CAM + High power beams: LBW, EBW 
Modern: 1988 3D Systems sells first stereolithography system 
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Pirani -1907 - US 848,600
Refractory ebeam powder melting

Baker - 1925- US Patent 1,533,300. 
3D objects with weld overlay



AM Introduction:
Metal Printing

Software algorithm + toolpath mechanism + joining
oSolid state: ultrasonic or friction stir welding
oSintering: Green body + furnace 
oFusion: Laser or ebeam welding
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AM Introduction:
Metal Printing

Key drivers for AM
oDigital manufacturing
oNew geometric capabilities
oBespoke designs
oAccelerate development cycle
o Support legacy systems
o (New materials)
o (Supply chain management)
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https://www.aniwaa.com/best-of/3d-printers/best-metal-3d-printer/



Electron Beam PBF
System Components
1. Thermionic gun (W, LaB6, 60 kV) 
2. Magnetic optics 
3. Powder hoppers 
4. Mechanical rake 
5. Built part 
6. Building platform 
Process:
A. Lower platform
B. Rake powder onto platform
C. Selectively weld 2D slice of 

component
D. Repeat
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Beam heating
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Transient dynamics of powder spattering in laser powder bed fusion additive manufacturing 

Transverse incident fluence of Gaussian beam travelling at v [mm/s]

𝑞௢ = 𝑃2𝜋𝜎𝑣  𝐽 𝑚𝑚ଶൗ
𝑞 𝑦 = න 𝑝 0, 𝑦, 𝑡 𝑑𝑡 = 𝑞଴ exp െ 𝑦ଶ 2𝜎ଶൗ  𝐽 𝑚𝑚ଶൗ

Where centerline fluence

APS-2018



Powder layer 
Enthalpy of melting
δhsurf [J/mm2]:  Energy needded to melt powder layer

𝜙: [A. U] Powder packing density𝑡௣௢௪:[mm] Powder layer height
ρ:[g mm-3] Bulk density 
Hfusion :[J g-1] Latent heat of fusion
H(Ti) :[J g-1] Volumetric enthalpy at temperature Ti
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δhsurf = Φ𝑡௣௢௪ ∗ 𝜌 𝐻 𝑇௟௜௤ െ 𝐻 𝑇௢ ൅  𝐻௙௨௦௜௢௡) 𝐽 𝑚𝑚ଶൗ

Ti64 - e-beam Ti64 - laser
To [C] 700 25
ΔH [J g-1] 1049 1466
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λmelt: Dimensionless 
Analysis

Adiabatic dimensionless analysis:

𝜂 A. U. beam absorption 

Roughly: 5 <𝜆௠௘௟௧ <40
oMelt 2-3 layers : bonding and defect repair
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𝜆௠௘௟௧ [A.U] =  η ௤బδhsurf = 𝜂 ௉ଶగఙ௩ ∗  ଵ஍௧೛೚ೢఘ ு ்೗೔೜ ିு ೚் ା ு೑ೠೞ೔೚೙)
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Trapp- 2018 - In situ absorptivity measurements of metallic powders during laser powder-bed fusion additive manufacturing



λmelt: Dimensionless 
Analysis
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𝜆௠௘௟௧ [A.U] =  η ௤బδhsurf = 𝜂 ௉ଶగఙ௩ ∗  ଵ஍௧೛೚ೢఘ ு ்೗೔೜ ିு ೚் ା ு೑ೠೞ೔೚೙)
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𝑞଴ high
𝑣 high

𝑞଴ low



AM Powder
Powder is as critical as beam
oFlow like water
oSpreading ≠ gravity-driven flow: No standard yet 
oHigh packing density: spherical shape with narrow PSD

Industrial hygiene
oCosts: Powder recovery and reconditioning

Powder challenges: 
oAgglomeration: Difficult to spread <10µm powder
oDeveloping new powders & process requires investment
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Additive 
Industrialization
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Civil Aviation:
GE Catalyst engine
2018: first clean-sheet turbo-prop engine in 30 years
1/4 of engine is printed
oParts consolidation: 855 components into 12
o -5% weight, -20% fuel burn and +10% more power

2-year development cycle
oTooling-free: Iterate from CAD

GE owns 
oConcept Laser, DE: L-PBF 
oArcam AB, SE: EB-PBF
oAP&C, CA: Powder atomizer
oMorris Tech, US: Service bureau
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https://generalaviationnews.com/2018/03/07/new-turboprop-engine-ge-designed-catalyst-ga/

https://www.ge.com/reports/treat-avgeeks-inside-look-ges-3d-printed-aircraft-engine/



Civil Aviation:
LPT Blades

Ti-48Al-2Cr-2Nb low-pressure turbine blades for GE9X engine
o Strength comparable to superalloys w/ 50% density reduction
o Crack-prone intermetallic: Print at To= 1050oC

Avio Aero- Italy: 
o x35 printers: 6 blades/print over 3 days (3kW, 200 x 200 x 380mm) 
o 60,000 blades by 2023
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Space:
Ka-band antennas
Ka-band 4×4 monopulse array 
oPart consolidation: 100’s to 1
oBespoke design: 1 year -> 2 months
oCosts: Production -25%, NRE -75%
oWeight: -95%
o System IL reduction despite the 

higher Sa: no RF joints

Concept Laser w/ AlMgSi alloy 
Currently being tested on 
International Space Station
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https://www.mwrf.com/components/additive-manufacturing-yields-optimized-antennas



Medical: 
Dunlee/Phillips

Radiography: 100% pure tungsten
oPositional accuracy: 25 μm
oFeature size:100 μm
o 300:1 aspect ratios

L-PBF: Modified EOS M280
Patented post-processing
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https://www.dunlee.com/a-w/3d-metal-printing/our-offer/anti-scatter-grids-for-ct.html



Automotive:
GH Inductors
Part-specific induction coils: hardening, brazing, etc.
◦ No brazed joints or human influence
◦ External surface with internal cooling
◦ Cu EB-PBF 

Extended service life: +100,000/cycles
◦ Higher initial costs, lower total cost of ownership
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https://3dinductors.com/



AM challenges for 
accelerators
Internal features
◦ Post-processing & finishing
◦ Vacuum outgassing and leak rate
◦ As-built Sa & geometric tolerances

Copper
◦ Large thermal diffusivity (αCu ≈ 20 αTi) 
◦ Poor laser absorption at 1.06µm
◦ Purity: <10ppm O content for hydrogen brazing

Niobium 
◦ Refractory: large latent heat of melting
◦ Purity: RRR

Industrial focus on structural alloy: Al, Ni, Fe, Ti
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Beam Position Monitor
Topologically-optimized, reduced length BPM
oCost: -50%, Production time: -60%
o Improved mechanical accuracy/impedance matching
oUHV-qualified w/ as-printed Ra = 6-10µm
oL-PBF of 316 Stainless steel
Post-processing: 
oWelding electrical feedthrough 
oMachined knife edges

NAPAC- Sept 5© 2019 RADIABEAM  19

Delure – 2018 - Building accelerator components: A 3D-printed Beam Position Monitor
Jenzer – 2018 - Study of the performances of a 3D printed BPM 



SRF Components
L-PBF of Nb @ CERN: Seam and seamless 6GHz cavity, HOM coupler 
o As-built: RRR= 7.2 (Al pickup from atomization, high O,C,H,N)
o As-built: Ra =11µm

Post-Processing
o 1200oC/80Hrs with Ti getter coating: RRR = 112
o MMP Finishing® coupons: Ra =0.07µm  w/ etchable embedded abrasives
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Gerard-2018 - Additive Manufacturing for RF and Superconducting RF applications



Additive at 
RadiaBeam
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Past efforts: ’09-’13
Copper gun fabrication
Application: Water-cooled RF photocathode, 70MV/m, 3.3MeV
◦ Powder: 3 different Cu powder vendors
◦ EB-PBF w/  99.3% density, 97% IACS
◦ Post-processing: Oversized & machined

UTEP, NCSU, UCLA: SBIR DE-SC0000867 & DE-SC0000869
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Frigola - 2014- Fabricating copper components with Electron beam melting



Past efforts: ’12-’15
SRF cavity fabrication
Application: Single cell 3.8 GHz cavities tested
◦ Powder: Plasma atomized with RRR=40 wire  
◦ EB-PBF: 60kV/20mA ,To = 600oC
◦ Post-processing: Oversized, machined, EBW, BCP, HT & BCP
◦ Qo =1E9 @ 5 MV/m

JLab, UTEP & NCSU: STTR DE-SC0007666
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Frigola – 2015 - ADVANCE ADDITIVE MANUFACTURING METHOD FOR SRF CAVITIES OF VARIOUS GEOMETRIES*T



Current effort 
Multi-Material EB-PBF

Objective: Combinatorial alloy design using EB-PBF-light
oSingle layer powder mixing (i.e. high-entropy alloys)
o100kV/20kW cryopumped Canmora EBW: 2.5 x 0.8 x 0.9m 
oMulti-Material Deposition System (MMDS)

Contract:DE-SC0017688 
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Current effort
AM of vacuum electron device

NAPAC- Sept 5© 2019 RADIABEAM  25

“Establish the critical to quality characteristics of AM OFE 
copper to enable AM of RF Vacuum Electronic Devices”

Targets: X-band, Sa = 0.04µm with <10 ppm O
NCSU, SLAC: STTR N68335-18-C-0103

Coupled Cavity Travelling 
Wave Tube



EB-PBF @ NCSU
Machine Customization
Rebuilt chamber

• Hand polished internals
• In-vacuum powder bakeout
• Inert gas powder loading
• Instrumentation ports
• Smaller build platform

Base pressure: 1E-2 ->1e-7 mbar
Instrumentation: RGA, Near IR & 
high speed camera 
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Surface Finish: 
Powder + Process
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28µm Sa

44µm Sa53-106 µm
~600 ppm 
O

50 µm layers Sa 64 µm 

15-53 µm
~700 ppm 
O

20 µm layers 15 µm Sa

Z



Cu EB-PBF Challenges
Layer height and powder size reduced: Spot size dominates 
surface finish
oPost-processing: electropolishing/ tumbling
oRF DfAM: Optimize design and printing constraints
oDe-powdering

In-progress: BSE camera & in-situ H2 reduction
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Collaborations
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ALE3D simulation Cu electropolishing

15°

45°

RF DfAM
e-beam/powder

diagnostics

Consortium of Additively Manufactured Copper: GE, Siemens, SLAC and 
Calabasa Creek (Pending: L3, Northrup Grumman, ORNL, PNNL, SRNL) 



Conclusion (1)
Industrial metal AM is real: not plastic toys
o30 years: significant commercial and strategic importance
oStructural alloys: Fe, Al, Ti, Ni
oWill complement conventional manufacturing (ex EDM)

e-beam PBF improvements are needed: 
oWorkforce training
oVacuum systems
oBeam: cathodes, magnets, power supplies, diagnostics
oPowder & powder deposition 
oSoftware algorithms
oIn-situ process monitoring
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Conclusion (2)
Indirect opportunities for accelerators: 
oCT X-ray inspection
oElectron beam optics 
oBeamline experiments
oUniversity partnerships

Challenges for accelerators:
oAccelerator equivalent to tensile dog-bones 
oDfAM, post-processing and qualification are unique
oIndustry coordination for high quality powder (Cold spray)
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Thank you!
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Summary:
Powder Bed Fusion

Industrialization: Laser >> Electron beam
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L-PBF EB-PBF

Advantages

o Better Ra: Powder (15-
45µm), spot (75µm)

o Less complex, many OEMs
o Better understood

o High power 
o Fast deflection
o Quasi-vacuum furnace

Disadvantages

o Ar atmosphere 
o Absorptivity instabilities
o Support structures

o Lower Ra: powder (45-106µm) 
spot (200µm….??)

o More complex, single OEM
o Limited research



Current effort: 
Cold spray

Cold Spray: Selective explosion bonding, solid-state consolidation
oReduced oxidation, residual stress, HAZ
oMetastable materials via mechanical alloying
oDeposition rate: 1-8 kg/h, machinable, ID coating possible

Objective: Cu coatings of Nb for enhanced conduction cooling with 
Inovati Technologies, Ca 
Contract:DE-SC0019714
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physik:σ Electron beam
The beam diameter is function of 
◦ Ib & Vacc (Space-charge effects)
◦ focus offset
◦ cathode material/gun
◦ surface state of cathode
◦ working distance/ bed position
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Cordero - 2017 - Nucleation and growth of chimney pores during electron beam additive manufacturing
Sirrus- Arcam - 2014- Additive Manufacturing with EBM - The Route to Production

Ib 4.5mA 9.6mA
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physik:σ Ellipitical
Beam
Von Ardenne 1984: surface ebeam melting with quadrapole EM 
lens in CTW 5/60 guns 
◦ increased productivity
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Schiller - 1984 surface modification by ebeam scanning
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Example:Yadroitsev 2010
Variable 
316 SS powder, 

physik: 50W laser, v= [40:20:280] mm/s

ηFe-pow =0.7 tlayer = [0:400]um
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Yadroitsev- 2010 - Selective laser melting technology, from single laser melted track stability to 3D parts of complex shapes

0.21 0.41 0.62 0.83 1.04 1.24 1.450δhsurf

12.0

4.01

2.4

1.7

e
a
b
s
-
C
L

𝛾௠௘௟௧ = 𝑒௔௕௦ି஼௅δℎ௦௨௥௙

γmelt ≈8.0

γmelt ≈7.7

γmelt ≈8.2
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Challenges of Printing Cu
Material:
oPoor absorption at λ=1.06μm
oLow viscosity: turbulent melt pool
oHigh thermal conductivity: short melt pool lifetime
oHigh purity/ low oxygen: ASTM F68 Class 1 Cu <10ppm O
oØparticle= 50μm -> 0.12nm oxide
oSintering kinetics 

Design
oSurface finish: Sa = 0.4μm 
o Internal features
oDownfacing surfaces
oOverhangs
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Dimensionless heat source
Dimensionless heat source size – Eagar 1983

σ* ≈ 0: Point source/Rosenthal Model (𝐹𝑊𝐻𝑀 = 0)
σ* : Distributed source model (Cline/Eagar) 
◦ Fast beam speed: large v
◦ poor conductors: small α
◦ large beam spots: large σ/FWHM

◦ Unidirectional heat flow into building plate/substrate
◦ Heat is not extracted with chips as in machinng
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Thomas - 2015 - Normalised model-based processing diagrams for additive layer manufacture of engineering alloy

PBF processes

𝜎∗ =  ௩ఙ2α [A.U]
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AM PowderBuild table displacement(Δz)  does not equal tpow!
◦ Example: Assume Δz = 0.1mm and Φ=0.5
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Steady state: tpow= 200um and Δz converges to tpow /Φ = 100umContributing factor for challenges of downskin surfaces and overhangs

Layer 1 Layer 2 Layer 3
ztable [µm] 100 200 300
tpow [µm] 100 150 175
zsolid [µm] 0.5*100 = 50 125 212
zgap [µm] 50 75 88
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