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Talk Outline
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• Advantages of SRF Linacs
• High-power SRF Linac Technology

– Two-pass accelerator layout
– Accelerator Subsystems

• Commercial Applications
– High-power x-ray sources

• Active Interrogation
• X-ray Sterilization
• Positron Sources

– High-flux neutron sources
– Medical and Industrial Radioisotopes
– Free-electron lasers



Why Superconducting?
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• 106 lower surface resistance than copper
– Most RF power goes to electron beam
– CW/continuous operation at relatively high accelerating 

gradients >10 MV/m

• For commercial electron linacs the minimum costs for 
a system occur around:
– 300-350 MHz (multi-spokes, re-entrant elliptical cells)
– 4.5 K (>1 atmosphere liquid helium)

RBCS ∝ f 2  exp −Tc
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Superconducting Electron Linac [1]
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Superconducting Electron Linac [2]
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Superconducting Electron Linac [3]
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Turnkey Linac Subsystems [1]
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Cryomodules

Superconducting cavities
in specialized geometries



Accelerating Cavity Cryomodules
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High-power On-axis Couplers
for SRF Cavities

9
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electron 
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• Advantages of on-axis coupler: symmetric fields, compact, 
halo at room temperature, strong HOM coupling on air side

• Additional features (not shown in schematic)
• liquid nitrogen cooling of cathode & inner conductor 
• DC bias for suppression of multipacting
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Turnkey Linac Subsystems [2]

Superconducting 
Cryomodule

Recirculating Arc Electron Source



Gated thermionic-cathode RF gun
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This cavity, now in operation at >10 mA average current, 
produces ~100 keV beams with ~10 MV/m at the cathode.

resonant 
frequency 350 MHz

gap 
voltage 100 kV

power 1 kW
cavity Q 16000

R/Q 560 Ω
geometry

factor 79 Ω

RF cavity

coupler 
structure

double bend achromat
and diagnostic section commissioning checks



Turnkey Linac Subsystems [3]
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Commercial 4 K refrigerators
(rugged piston-based systems, 

100 W cryogenic capacity)

Industrial Accelerator Controls
(Programmable Logic Controllers with 

PC interface)

Solid-state and tetrode
RF amplifiers
(up to 60 kW)



Commercial 4 K Refrigerators
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• Cryo-cooler to 5 W
– 4.5 K operation
– 5 kW electrical power

• Commercial refrigerator 
to 110 W
– 4.5 K operation 

(slightly above 1 atm)
– total electrical power 100 

kW
– higher capacity units 

available

compressor

5 W cryocooler

110 W refrigerator



• Solid-state supplies to 5 kW
• Tetrode amplifer to 60 kW
• IOTs to 90 kW
• Klystrons to >1 MW

solid state

tetrode IOT
klystron

RF Power Sources
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1 W                   1 kW                  1 MW

solid-state

inductive output tube
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Commercial Uses of
Superconducting Electron Linacs

Free Electron Lasers

High 
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Commercial Uses of
Superconducting Electron Linacs

High 
Power
X-Ray 

Sources
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Superconducting electron beam driving a 
bremsstrahlung target to make x-rays
• active interrogation (cargo scanning)
• sterilization without radioactive source
• high-flux positron source



Cargo Scanning System

High-energy x-rays photofission nuclear materials
• very specific and low false positive detection
• quick primary scans don’t impede flow of commerce
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Cargo Scanning Source
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• Superconducting Electron Linac
– Continuous operation (duty cycles 10-100%)
– High energy up to activation threshold (9 MeV)
– High average power (kW and more as shielding allows)
– Fast power modulation (kHz speed, < 1% - 100%)
– Small source size for sharp imaging (< 5 mm spot size)

• System cost ~ $1 million per unit

SNM



Beam Current
Modulation Scheme
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350 MHz three-cell 
accelerating cavity 

cryomodule
normal-conducting
350 MHz RF gun

Modulation of the beam involves synchronizing 
two signals
• Gating signal at the electron source
• Power delivered to the superconducting cavity

control injected 
current here

adjust power input here



High-throughput Sterilization
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Conveyor system

9 MeV
60 – 1,000 kW

Irradiated 
Product

Accelerator-based sterilization eliminates 
security risk of Co-60 facilities.



Competition
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• Co-60 gamma irradiators 25 kCi to 5 MCi
– T½ = 5.3 years, Eγ = 1.1 MeV and 1.3 MeV
– Increased licensing & safety requirements has led 

to increased cost of gamma irradiators, especially 
high activity facilities

– 1 Ci of Co-60 costs about $2.50

• Electron beams
– Superconducting linacs 60 kW to 1,000 kW
– Copper linacs up to 20 kW
– Rhodotron 100 kW to 700 kW

• System costs for copper linacs and Rhodotrons > 2x the 
cost of superconducting electron linacs

~
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Positron Production 
Conceptual Design

10 MeV, 100 kW CW
Superconducting Electron

Linac

flowing liquid 
metal target

positron-electron 
pair production

positron 
separation and 

capture

solenoid 
magnets

flo
w
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Positron System Hardware

Liquid Metal
Converter

Capture Solenoid

Separation
Dipole

Positron Solenoids

Electron Dump

Positron Target
Converter 
Solenoid



Commercial Uses of
Superconducting Electron Linacs

High 
Flux 

Neutron 
Sources
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High-flux fast and thermal neutron source 
without a nuclear reactor



Intense Neutron Source [1]
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Intense Neutron Source [2]
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Braking radiation 
(bremsstrahlung 
photons):



Intense Neutron Source [3]
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Lead-Bismuth Eutectic 
has several favorable 
properties as a liquid 
metal target material

• High conversion efficiency 
(Z=82,83)

• Low melting point (124°C) 
• High boiling point
• (1670 °C)



Intense Neutron Source [4] 
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PbBi source intensity & flux:
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Commercial Uses of
Superconducting Electron Linacs

Radioisotope Production
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Medical and industrial isotopes produced 
domestically, without a nuclear reactor, and 
without weapons-grade uranium



Conceptual Design
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Uranium Targets [1]
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Core

Be
H2O

H2O

Be
LEU mass < 10 kg
Mass of each rod < 100 g
Number of rods ~ 90
E-beam power 80 MeV, 400 kW
Neutron source ~ 1015 n/s
Peak thermal neutron flux ~ 2x1013 n/cm2*s
Fission power 266 kW
k-value 0.95
Time of irradiation 1 week
U-235 burnup ~ 0.02%
U-235 fissioned ~ 1.7 g/week
Mo-99 activity at the EOB ~ 9 kCi
Total FF activity at the EOB ~ 320 kCi
Total actinide activity at the EOB ~ 43 kCi



Uranium Targets [2]

• Natural and LEU targets
– Clad for containment of fission fragments
– Metal and oxide

• LEU Acquisition
– Y-12/NNSA
– Commercial Suppliers

32



Uranium Targets [3]
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Fission 
fragment T1/2(h) Activity 

(kCi/week)

FF Activity Inventory (kCi)

EOB 24 hours 3 days

Mo-99 65.9 9.1

~320 ~73 ~38
I-131 192.5 2.4

Xe-133 125.8 7.3
Sr-91 9.6 10.5
Sr-92 2.7 10.7

• E-beam: 80 MeV 400 kW
• k=0.95
• LEU core: <20%, <10 kg
• Irradiation: 1 week



Radiochemistry for Isotope 
Separation

• Twelve rods will be processed daily
• Mass of each LEU rod – 99g

– Regulated as byproduct from accelerators applies
• Produce up to 9,000 Ci/wk (1,500 6-day 

Ci/wk)
• Extraction of Mo-99 and other isotopes using 

LEU modified Cintichem process
• Standard Tc-99m generators

– Capable of using the existing supply chain

34



Commercial Uses of
Superconducting Electron Linacs

Free Electron Lasers 35

High-power tunable lasers at wavelengths not 
available from conventional lasers (span the 
range from THz up to x-rays)



Navy FEL R&D at Niowave
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• RF electron guns
• High-current cathodes

• Superconducting 
spoke cavities

linear accelerator

electron gun beam dump

FEL amplifier/oscillator

• 4 K liquid He refrigerators
• MW-class power coupler

High-power 
laser light



Superconducting 
Multi-Spoke Cavities
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• Advantages for low frequency, high current linacs
– Mechanical stability (stable against microphonics)
– Compact geometry for improved real-estate gradient and low-

frequency operation at 4 K
– Improved higher-order-mode (HOM) spectrum and 

damping



38

Niowave Facilities

Lansing, Michigan Headquarters

75,000 square feet
- Engineering & design
- Machine shop
- Fabrication & welding
- Chemistry facility 
- Class 100 Cleanroom

Test Facilities (2)
- Cryogenic test lab
- Two operating 100 W cryoplants
- 3 MW available at each location
- Licensed to operate up to 40 MeV 

and 100 kW



Headquarters Test Facility
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The high-power test facility at Niowave headquarters allows 
parallel development on multiple superconducting linacs
• 3 MW electrical power available
• three below-grade trenches for source and cavity testing
• two shielded tunnels for beam operation up to 40 MeV, 100 kW



Fall 2015

Niowave Airport Facility

40

• Production & processing facility
• Occupancy Jan 2015
• 24/7 operation
• Isotopes, x-rays, etc.

• Lansing International Airport
• Foreign Trade Zone

Fall 2014



Licenses Possessed [1]

• State of Michigan: 
– Licensed to operate 

multiple electron linacs
• Plan approved up to      

40 MeV 100 kW

– License number 
• PR-2013-0346

41



Licenses Possessed [2]

42

NRC: Source Material
• Licensed to possess, 

machine, and distribute DU, 
natU, 232Th 

• License number 21-35145-01



Licenses Possessed [3]
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NRC: LEU & Radioisotopes
• Licensed to produce, possess 

and transfer  certain 
radioisotopes, as well as 
special nuclear material

• License number 21-35144-02



Commercial SRF Linacs

44

Several technologies coming together to allow 
SRF linacs to be commercialized

– Rugged, piston-based 4 K helium refrigerators 
– Compact low-frequency cavity geometries
– Gated thermionic-cathode RF guns

Applications include isotope production, active cargo 
scanning, sterilization, positron and neutron sources, 
free-electron lasers…
Current rapid progress driven
by DHS, DOE, and commercial 
needs for high-power SRF linacs…
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