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My Rostoker Relationship

 Thesis advisor from 1974 to 1979
 Experimental and Theory thesis work focused on 
Collective Ion Acceleration using an Intense Electron 
Beam.

 I also have to give credit to Amnon Fisher for being the 
driving force behind the laboratory, who along with 
Chuck Roberson provided invaluable expertise.

 Rostoker instructed graduate classes in Plasma 
Physics, Math‐Physics and Pulsed Power

 Relationship has been maintained over many 
decades since graduation 
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Outline
 Collective Ion Acceleration ‐ A Brief History
 The Rostoker Influence and My Evolution to Form 
FM Technologies, Inc. & Electron Technologies, Inc.  

 Multipacting and the Creation of the Micro‐Pulse 
Electron Gun (MPG)

 Applications of the MPG to Accelerators and 
Microwave Tubes

 Materials Processing and Application to Ethylene 
Production

 Summary
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Collective Ion Acceleration by Reflexing Electron Beam - Model



[1] “One‐Dimensional Model of Relativistic Electron Beam Propagation”, PIC Simulation (relativistic),
This provided the basis for a large potential energy well greater than or equal to electron kinetic energy and 
showed some promise for gas ionization to provide captive ions and acceleration to high energy.

[2] “The Expansion of a Plasma into a Vacuum”, Finite Difference Computation (non‐relativistic), 
Demonstrated that ions could continue to accelerate to near the electron velocity, thus achieving “the holy 
grail”, i.e., Ei~Ee*Mi/me. Electrons had a constant temperature and Boltzmann distribution.

[3] “Formation of Fast‐Electron Cloud during Injection of Intense Relativistic Electron Beam into Vacuum”, 
Theory, first calculation to provide an analytic expression of the electron beam produced potential energy well.

[4‐5] “Collective Ion Acceleration Controlled by a Gas Gradient”, Experiment & Theory (non‐relativistic),  
First validation of theory by experiment. By experimentally deducing the electron density  distribution the 
constrained theory is then used to predict the ion energy distribution which is then compared to experiment.

[6] “Collective Ion Acceleration by a Reflexing Electron Beam: Model and Scaling”, Experiment, PIC Simulation & 
Theory.  PIC simulation added to [4] it provide clarification to the phase unstable mechanism.

[7] “Laser Acceleration of Ions for Radiation Therapy”, Theory (relativistic). 
Demonstrated that ions could continue to accelerate to  much higher energy. Electrons had a continuous 
source of laser energy. Perhaps the solution for high energy ion acceleration.

Collective Ion Acceleration by Reflexing Electron Beam - A Brief History
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Equations (1) & (2) are closed by (3) assuming quasi‐neutrality. Solution Proceeds by Self‐Similar Calculation. 
Ref: Eq. (1) – (5) [4‐6] and Eq.(6) [7]

(1) Ion Continuity Equation

(2) Ion Equation of Motion

(3) Electron Density, ne, as a 
Function of Electrostatic Potential, 

(4) Experimentally Derived 
Electron Current Density, Je, as a 
Function of Electron Energy, Ee, α
is Determined by Experiment

(5) Non‐Relativistic (velocity=ve) 
Electron Density, ne, as a Function 
of Potential, 

(6) Ultra‐Relativistic (ve=c) Electron 
Density, ne, As a Function of Potential, 

Collective Ion Acceleration by Reflexing Electron Beam – Ion Equations of Motion

6



7

For Non‐Relativistic 
Electrons the Maximum 
Ion Energy is:
Ei=Zi eo (2)

For Ultra‐Relativistic 
Electrons the Maximum 
Ion Energy is: 
Ei=Zi eo (2+1)

For the Experiment: 
=3.42, eo=0.8MeV
Je0

=2.04 kA/cm2

• Non‐relativistic treatment gives slightly better agreement to data
• Maximum energy well below expectation [(M/m)eo]
• Number of energy ions drops off rapidly for practical applications
• The low ion energy and number resulted in termination funding in the early 80’s
• High Power Lasers appear to be the solution for High Energy Ions
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Direct influence from studying under Rostoker is great knowledge 
in Pulsed Power, Electron and Ion Beam Formation and Transport.

 Indirect, serendipitous influence in Pulsed Power, Particle and 
Radiation Beam Interaction with Materials. 

• For example:  Ti anode foil bonded to graphite cathode resulted 
in TiC, which can be used to make electrical contacts with 
diamond for detectors and hard ceramics for cutting tools, 
along with WC.

 So what have I been doing since I completed a thesis under 
Rostoker?

The Rostoker Effect
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 Worked for the Naval Research Laboratory for 8 years and 
contributed to 6 projects in Ion, Electron Acceleration and 
Microwaves. 

 Opened FM Technologies, Inc. (FMT) in 1987 and Electron 
Technologies, Inc. in 2014, completed to date 144 Contracts 
in Particle & Radiation Beam, Pulsed Power & Advanced 
Materials.  

 FMT contracts from many foreign and domestic government 
agencies and commercial entities. 

My Path After Rostoker
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 Multipacting: hated by many, loved by few

 In particular, accelerator and microwave tube 
designers are always trying to get rid of it

 But we have found a positive attribute of 
multipacting that is useful for both of the above 
applications 

 The creation of the Micro‐Pulse Gun (MPG) 
exploits secondary electron emission and more, 
specifically multipacting to form a narrow self‐
bunching RF fed electron gun [8‐16]

The Micro-Pulse Electron Gun



11



12

f=1.497 GHz

MPG Self-Bunching
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f=1.497 GHz
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Applied RF power in cavity (top)

20 A/cm2 transmitted macro-pulse at 
S-band (bottom)

Peak micro-bunch current is about 
20x higher than average

Current trace of L-band MPG micro-
bunches showing one bunch per RF 
period
- pulse width ~40 ps
- peak current density ~22 A/cm2

L-band experiment showing tapered 
waveguide and L-band MPG

Technology Readiness
Experimental Verification of MPG Bunching

15



16

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.75

3

3.25

3.5

3.75

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

400
420
440
460
480
500
520
540
560
580
600
620
640
660
680
700
720
740
760
780
800
820
840
860
880
900
920
940
960
980
1000

Av
g 

G
un

 &
 T

ra
ns

m
itt

ed
 C

ur
re

nt
s (

A
)

St
ea

dy
 S

ta
te

 B
un

ch
 C

ur
re

nt
(A

) &
 L

en
gt

h(
ps

)

LMPG Input RF Power(W)

LMPG Bunch Current & Length & Avg Currents vs Input RF Power
f=1.497GHz, Transmission=T=0.7

Steady State
Bunch Current

Bunch Length

Avg Internal
Gun Cathode
Emission
Current

Avg
Transmitted
Current, T=0.7

CW LMPG Performance



17



18

Two Primary Applications for the MPG:
Microwave Tubes and Accelerators



– MPG brazed to short commercial RF linac and installed in a magnetron driven RF system
– Beam reached the design energy of 1.25 MeV at 160 mA avg. with a normalized 

transverse emittance of 3.8 mm-mrad, thus validating the MPG application RF linac 
application

Technology Readiness
S-band MPG Beam Acceleration Demonstration
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Technology Readiness
Examples of MPGs

S-band MPG, 2.85 GHz, 20 A avg. S-band MPG, 2.99 GHz, 175 mA avg. X-band MPG, <12 GHz, 2 A avg.

X-band MPG, <10 GHz, 0.5A avg.

Have:
– 15 times higher current than 

presently available by existing 
medical devices

Need:
– 8 times higher energy
– Readily achievable w/ RF 

acceleration
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Desired Advances in Medical Linacs*
1. Higher energy, compact, robotically mounted machine for accurate and precise 

treatment of both deep and shallow tumors
• Two primary vendors can treat deep tumors but cannot be mounted on a robotic arm
• Third primary vendor uses robotic arm but requires high monitor unit, longer times to 

treat deeper tumors such as abdomen and bladder cancers

2. Rapid energy selection and power adjustment during exposure for accurate true 3D 
conformal tumor treatment

3. Increased dose rate to shorten exposure time
• Improves dose accuracy
• Mitigates impact of patient motion, e.g. breathing

4. Significant reduction of facility size and shielding requirements

Need for higher dose rate, higher current and energy, higher frequency, 
tunable and versatile compact medical linear accelerators (linac)
* Prime source –highly regarded medical physicist from New York

21



3DRadTM

Integrated Concept w/ Imaging and Shielding

Treatment by X-ray 
or electron beam

Multi-axis 3DRadTM

w/ integrated imaging

Cut-away of X-ray 
shielding
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MPG Klystron Tube 
Development

23
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 Output Power: 14.3 kW CW
 Beam Voltage: 15 kV
 Beam Current:  1.04 A
 Drive Power: 500 W
 Frequency: 1497 MHz
 Efficiency: 81.9%
 Existing Technology 

Efficiency: <30%
 L‐MPK Wasted Energy<10% 

of Existing Technology, thus 
L‐MPK is a Green Technology

The LMPK, A CW L-Band Klystron

17”
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LMPG-Klystron Performance Summary
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Ethylene Production
 Hydrocarbon feedstock cracked in a pyrolysis furnace

 Superalloy temperature limited (~1150 °C)
 Increased production capacity desired 

• Requires higher operating temperature
 Production limited by capabilities of furnace coil material

 Furnace coils traditionally are superalloy
 Coils experience:  extreme thermal cycling, coking, 
carburization, oxidation and creep during service

 Fe‐Ni‐Cr superalloy family reaching ultimate operating limits

 SiC furnace coils are better in almost every way
 With SiC at 1250oC → 10% more throughput → $10B 
increase in revenue
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Why Use Ceramics?
 Chemical and atmospheric inertness

 High temperature mechanical strength

 High creep resistance

 Possible candidates for ethylene production:
 Silicon nitride (Si3N4)
 Fused quartz (SiO2)
 Alumina (Al2O3)
 Silicon carbide (SiC)
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SiC vs. Ceramics/Metals
 SiC has superior properties

 Thermal conductivity >3X better than Al2O3

 Thermal shock resistance 2X that of Si3N4

 Does not lose strength at high temperature (out to 1900oC)
 Hardness, i.e. scratch resistance, 65% greater than Si3N4 or Al2O3

 Tensile Strength >5x at >1150oC than superalloys
 Thermal Conductivity Equal to superalloys > 1150oC
 Reduced Coking, Oxidation Resistant & Almost No Creep Rate

Al2O3 SiO2

Si3N4

SiC
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Silicon Carbide Joining
 20+ years of ceramic joining R&D by FMT [17‐28]
 Early joining work provided oxidation resistance and 

strength, the joining methods were:
• SiC to metal joining using pulsed electron beam technology
• SiC to SiC joining using a polymer and microwave joining technologies

 FMT development has SiC‐SiC/SiC‐metal joints that are: 
 Helium leak tight
 Oxidation and coke resistant
 Very strong, equal to SiC received material
 1150‐1400°C service temperature for SiC to SiC 
 700‐900°C service temperature for SiC to metal

 Applications include: Petrochemical Furnace Coils, Nuclear 
Fuel Rods and Solar Receivers
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FMT SiC Joining Technology
 Various SiC to SiC tube joints
 SiC plug joint with 400X photomicrograph

 Note features completely filled to below 0.25μm

 All joints helium leak tight
 1150‐1400°C service temperature

25 microns
SiC SiC

Joining 
Material  -
Makotite™
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FMT SiC Joining Technology
Using Makotite™
 Various SiC to metal joints
 All joints He leak tight
 700‐900°C service
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FMT SiC Joining Technology
Using Makotite™

 Complete miniature SiC coil assembly
 Helium leak tight and structurally strong
 Oxidation resistant and coke resistant
 1150‐1400°C service for SiC portion
 700‐900°C service for metal portion
 Can be welded to superalloy pipe
 Bellows provide stress relief

Feedstock In
Ethylene + Bi‐Products Out

Weldable to Superalloy Pipe 
Outside Firebox (700‐900°C)

SiC Coil Inside Firebox
(1150‐1400°C)
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SiC Coil Field Installation

Feedstock In Ethylene + Bi‐Products Out

Cut‐away of firebox

Array of easily replaceable 
U‐coil assemblies
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Summary
 The Future of Ion Acceleration Appears to be with Lasers

 MPG Applications: Accelerators and Microwave Tubes

 MPG Driven Medical Linac (3DRad™) Has Clinical Advantages

 MPG Gives a Green Path for Future Klystrons

 Makotite™ Joining Technology Yields Superior Performance 
SiC Furnace Coils for Ethylene Production

 Makotite™ Joining Also Has Applications to Nuclear Fuel Rods 
and Solar Receivers
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My time visiting 
Norman always came 
with excitement!
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Norman we will surely 
miss you!!
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