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ICRF relatedICRF related
Plasma Science and TechnologyPlasma Science and Technology

Dual Purpose R&D

•Fusion enabling technologies
-Advanced heating and control
-Improved confinement

•Work For Others & CRADA’s
rf technology applications

-Near term applications
-Other national programs
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Advantages of Dual Purpose R&DAdvantages of Dual Purpose R&D

• Provides exciting research that supports National priorities in
government and industry

• Maintains key personnel and capabilities

• Generates favorable publicity that builds public, industry, and
government support for Fusion Energy Science and Technology

• Enhances generation of spin-offs and spin-ins

• Provides opportunities to compare the quality of Fusion Energy
Science to the rest of the Science community

• Does not divert us from our primary mission but rather it
enhances our success
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Our Work For Others and CRADA projectsOur Work For Others and CRADA projects
span a broad rangespan a broad range

• Semiconductor & Nanotechnology

• Space Propulsion

• Superconductor Applications

• Materials & Isotope Processing
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DoE’sDoE’s investment in rf and microwave investment in rf and microwave
heating infrastructure at ORNL is extensiveheating infrastructure at ORNL is extensive

• Over $30M invested in
hardware

– rf transmitters (3.5 MW @
2 - 80 MHz)

– Radio Frequency Test
Facility

– gyrotrons ( to 56 GHz)
– precision test equipment

• Extensive engineering,
modeling and fabrication
capabilities and experience
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RF Control and Feedback Issues Common toRF Control and Feedback Issues Common to
Plasma Etching and Fusion HeatingPlasma Etching and Fusion Heating

Power = 1,000 WattsPlasma Etching System

Generator Matchbox Etcher

SOURCE MATCHING LOAD
•Feedback Control
•Reflected Power Protection
•Arc Protection

•Fast Tuning
•Arc Detection
•Efficiency

•Power Stability
•Arc Recovery
•Wall Conditioning

Tokamak
Antenna 

Transmitter 
System

Stubs &
Phase Shifters

Total Facility
Cost ~ $1B

Fusion Heating System Power = 4,000,000 Watts
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ORNL’s rf Skills Have Lead to Better Tool DesignORNL’s rf Skills Have Lead to Better Tool Design

• Understand and improve power capability
–understand where systems are over-current or over-voltage
– relate matching parameters to voltage, current, efficiency
–measure (and control on) net power-to-the-plasma

• Improve coupling to the plasma
–better radial uniformity, especially in 300-mm systems
–elimination of undesired rf fields

• reduced azimuthal variations of  inductive fields
• reduced electrostatic fields

• Better real time control of power tuning
• Reduce unit-to-unit variability
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ORNL has tested rf components andORNL has tested rf components and
developed improved sensorsdeveloped improved sensors

RF component test facility

RF out R A B

Channel 
1

Channel 
2

RF out R A B

Broadband RF
Amplifier or

Source to be Tested

RF
Filter

Matchbox or
Sensor to be 

Tested

Precision
Calorimeter
and RF Load

Power reflection/
Mismatch

Characterization

Harmonics
Characterization

Precision Directional
Samplers

Phase-locked Network Analyzer
(HP 8753D)

Phase-locked Network Analyzer
(HP 8753D)

Vector Spectrum Analyzer
(HP 89440A)

Linear and non-
linear surrogate

plasma loads

ORNL RF sensor
for plasma process
control

Plasma
process
chamber

2 KW 13.56 MHz RF matching
circuit for plasma processing
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The equivalent circuit of theThe equivalent circuit of the
matching network can be complexmatching network can be complex

Z
Load

Csh

LRlossCser

RF input

C1

L2

r2

r3L3

C2

Cs2

r1L1roLo

Csa Csb Csc
Cs1

L4L5

Coil

RF inputRF output

Really looks like
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Tune Position = 1.194 Volts

• Processing implication: decreased or inconsistent etch rate and/or
inconsistent reflected power level:  Down time and lost product

• Root cause:  A faulty ground connection in the variable capacitor
affects the efficiency

Efficiency measurements are used toEfficiency measurements are used to
identify bad matching networksidentify bad matching networks
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An example of an unintended RF coupling loopAn example of an unintended RF coupling loop
leading to reduced reliability and early failureleading to reduced reliability and early failure

Induced RF passed through the mechanical tuner 
and arcing damaged the gear teeth
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Significant harmonic generation can occurSignificant harmonic generation can occur
even into a matched loadeven into a matched load

• High frequency components can interfere with control instrumentation
• Harmonic frequency output of generators can be load dependent
• Generators can go unstable even when matched at the fundamental frequency

The techniques for reducing harmonic generation are applicable
to Fusion systems

Frequency spectrum measured at generator output

P = 1kW @13.56 MHz
Load = 3.5 -j35
Matched at 13.56 MHz
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P = 1kW @13.56 MHz
50 ohm load
(no matching network)

-80

-70

-60

-50

-40

-30

-20

-10

0

0 20 40 60 80 100 120 140 160

S
ig

n
al

 le
ve

l (
d

B
m

)

Frequency (MHz)



13DAR- DOE RF review 5/9/00

A “300 mm” plasma source with improved
uniformity and stability

A large area plasma source for studyingA large area plasma source for studying
plasma uniformity and stabilityplasma uniformity and stability
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unstable
plasma

same power level,
with stabilization

Electronegative plasma stabilization

Basic understanding
of plasma control
and stabilization can
be applied to fusion
systems

Three important improvements were achieved:Three important improvements were achieved:
Uniformity, stability, robust matchingUniformity, stability, robust matching
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Plasma enhanced chemical vapor deposition
   Thin films for semiconductors and opto-electronics
   Hardened coatings

Plasma deposition can provide new materials forPlasma deposition can provide new materials for
semiconductors, semiconductors, optoopto-electronics, and-electronics, and

plasma facing componentsplasma facing components

c-BN

Gas input
for precursor(s) 

Gas input
H2, etc.

Plasma Region

To
Pumping

Flat Spiral
RF Coil

Gas rings

Reaction Zone

Quartz
window
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Advanced Space Propulsion research with NASAAdvanced Space Propulsion research with NASA
utilizes rf, magnet and plasma modeling technologiesutilizes rf, magnet and plasma modeling technologies
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Source and Heating Geometry forSource and Heating Geometry for
ASPL and RTDASPL and RTD
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Hot Ion Dynamics Plume directivityRF Power Deposition

Extensive use has been made of RF and ionExtensive use has been made of RF and ion
dynamic modeling codesdynamic modeling codes

This project is an excellent opportunity to compare 
experimental results with model predictions 
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Plasma isotope separation forPlasma isotope separation for
medical usesmedical uses

Microwave, radio frequency, and magnet
technologies first developed for fusion
plasmas and uranium separation are
being used to:

Produce radioisotopes
including palladium-103
for prostate cancer
treatment



20DAR- DOE RF review 5/9/00

PSP Operating PrinciplesPSP Operating Principles

EXCITATION REGIONSOURCE COLLECTOR

UNIFORM MAGNETIC FIELD

RESONANT ION 

                                NON-RESONANT ION 

                               Microwave launcher 

        Feed plate 

Product
Plates

Tails
Plate

                          Electron cyclotron resonant zone 

                        ICRF Drive coils 

          1.                        2.                  3.              4.          5.

-V BIAS
VOLTAGE

Vacuum
chamber

NEUTRAL (VAPOR)
SOURCE
Atoms introduced
by sputtering the
feed plate

IONIZATION SOURCE
Plasma produced
by microwave heated
electrons

EXCITATION
REGION
Oscillating electric field
applied to the plasma

Resonant ions
gain energy and
orbit size
increases

COLLECTOR 
Energetic ions hit
product plates
Low energy ions pass
through to tails plate
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30 kW microwave robot applicator
asphalt repair,  concrete removal

Nylon & carbon fiber processing by
direct microwave heating

Automated microwave systems for bulk
Materials processing

Microwave high-power test stands.
Sources have a wide frequency range (10 kHz-140 GHz).
High power, up to 1.5 MW
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High power 28 GHz
cavity applicator for
grain “de-bugging”

60 kW 915 MHz
Wood & pulp processing

Waveguide and cavity systems for
Bio-materials processing

Microwave high-power test stands.
Sources have a wide frequency range (10 kHz-140 GHz).
High power, up to 1.5 MW
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Crucible and drum applicator for
recycle and waste reduction

     75 kW microwave melter for
     waste glasification

Waveguide and overmoded chambers for
recycle and waste treatment

Microwave high-power test stands.
Sources have a wide frequency range (10 kHz-140 GHz).
High power, up to 1.5 MW
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Neutron science
RF support for SNS
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Dual Purpose R&D is a Win-WinDual Purpose R&D is a Win-Win
that does not divert from our primary missionsthat does not divert from our primary missions

• Exciting research

• Enhanced capabilities and personnel skills

• Favorable publicity

• Spin-offs and spin-ins

• High quality science

• Sustained funding with the flexibility to support dual purposes
can lead to continued success

• Opportunities in Semiconductors, Materials, Superconductors,
Plasma Propulsion, etc.


