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Bio 

• B.S. in Physics from U.S. Naval Academy 
• U. S. Naval Officer (Surface Nuclear) 

– USS Elliot (DD-967) 
– USS Enterprise (CVN-65) 

• Ph.D. in Nuclear Engineering from the University of Michigan 
– Plasma, Pulsed Power, and Microwave Laboratory 

• Senior Research Physicist at AFRL 
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HPEM Research Overview I 

Vircator simulation plot showing 
tube geometry and radiated fields 

• Source Modeling and Simulation 
– ICEPIC  
– CREATE-RF 
– HFSS 
– COMSOL Multiphysics 
– CST Microwave Studio 
– SPICE 

• Density Functional Theory Modeling 
– SeqQuest 
– NWChem 
– Quantum-ESPRESSO 

 
 BaO nanoparticle, functionalized with 

phosphoric acid 

Modeling and Simulation 
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HPEM Research Overview II 

Cross-section view of the 
AFRL/UMich CACE RPM 

Split-cavity oscillator HPM source with 
Vlasov antenna 

• Source Development 
– HPM Oscillators 
– HPM Amplifiers 
– Solid State HPM Sources 
– Plasma Sources 

• HPM Effects 
– System testing 
– Device testing 
– Modeling 

 

Sources and Effects 

M. A. Franzi, “Relativistic Recirculating Planar Magnetrons,” University of 
Michigan Doctoral Dissertation (2014) 



Distribution A.  Approved for public release:  distribution unlimited. 6/48 

HPEM Research Overview III 
Power Systems 

• Pulsed Power Development 
– Compact Pulsed Power 
– High Rep-rate Pulsers 
– HV Switch Development 

• Prime Power Development 
– Batteries 
– Fuel Cells 
– Power Conversion Technology 

 

Cut-away drawing of a compact Linear 
Transformer Driver (LTD) 

High Voltages Gas Switches 

D. French, S. Heidger, D. Enderich, R. Richter-Sand, J. Parker, “Six Cavity LTD 
Based on Compact PFNs,” IEEE International Power Modulator and High 
Voltage conference, June 2014. 
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HPEM Research Overview IV 
HPEM Materials 

• Cathode Materials Research 
– Cathode Materials 
– Emission Properties 
– Cathode Lifetime 

• Failure Mechanisms 

• Materials for High Temperature 
and High Field Environments 
– Additive Manufacturing 
– High Strength Dielectrics 
– Ceramics 

 

Carbon fiber two-emitter array SEM and 
electric field modeling 

AFRL/UM 3-D printed anode structure N. M. Jordan, G. B. Greening, B. W. Hoff, S. S. Maestas, S. C. Exelby, R. M. 
Gilgenbach, “Additively Manufactured High Power Microwave Anodes,” IEEE 
Trans. Plasma Sci. (Submitted). 

W. Tang, D. Shiffler, K. Golby, M. LaCour, and T. Knowles, “Experimental 
study of electric field screening by the proximity of two carbon fiber 
cathodes,” J. Vac. Sci. Technol., B, 30, 061803 (2012). 
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HPEM Research Overview V 

• Non-linear propagation of USPLs in 
the atmosphere 
– Filamentation 
– Guiding of discharges 
– Interaction of other Electromagnetic 

waves with filamentation plasma 

• Mid-infrared short pulse lasers 
– 2.5-10 µm source development 
– Non-linear materials interaction 

• Laser wakefield acceleration 
• Modeling and Simulation 

 

Ultra Short Pulse Laser Interactions 

Color and time-lapse images of electrical 
discharge guiding using USPLs 

A. Schmitt-Sody, A. Lucero, W. White, V. Hasson, W. Roach, “Space charge 
effects during femtosecond laser pulse filamentation guided discharge in air, 
“CLEO Europe, June 2015. 
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Student and Postdoc Opportunities 

Directed Energy Scholars Program 
http://afrlscholars.usra.edu/ 
 
Space Scholars Program 
http://afrlscholars.usra.edu/ 
 
NRC Postdoc Program 
http://sites.nationalacademies.org/pga/rap/ 
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NLTL Intro and Background I 
Basic Idea 
• Transmission line filled with nonlinear magnetic or electric material 
• Propagation velocity is amplitude dependent → Shock Formation 
• Periodic elements → Dispersion → RF generation 
• Gyromagnetic Precession → RF generation (nonlinear magnetic) 

 
NLTL Types (Based On Materials) 
• Nonlinear Magnetic Lines 

− Gyromagnetic 
− Synchronous Wave 

• Nonlinear Dielectric Lines 
• Combination Lines 

Representative NLTL input and output 
waveforms 
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NLTL Intro and Background II 
Nonlinear Magnetic NLTL:  Gyromagnetic 

Landau Lifshitz Gilbert (LLG) Equation 

𝑑𝑑𝑀𝑀
𝑑𝑑𝑑𝑑 = −𝜇𝜇𝑜𝑜𝛾𝛾𝑀𝑀 ×  𝐻𝐻𝑒𝑒 +  

𝛼𝛼
𝑀𝑀𝑠𝑠

𝑀𝑀  ×  
𝑑𝑑𝑀𝑀
𝑑𝑑𝑑𝑑  

• Very short pulse (a few RF cycles) 
• Very high power (100’s of MW, peak) 

Precession Term Damping Term 

C. J. Simmons, “A TEM Horn Radiator for a Nonlinear 
Transmission Line,”  Thesis, Texas Tech University, 2014. 

S. J. F. Chadwick, N. Seddon, S. Rukin, “A Novel Solid-State 
HPM Source based on a Gyromagnetic NLTL and SOS-based 
Pulse Generator,” IEEE Pulsed Power Conference, (2011). 

Cross-section schematic of a gyromagnetic NLTL Typical gyromagnetic NLTL Waveforms 
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NLTL Intro and Background III 
Nonlinear Magnetic NLTL:  Synchronous Wave 

• Short pulse (~10 ns) 
• High power (10’s of MW, average) 

• The applied magnetic field sets the shock velocity 
• Shock velocity sets the operating frequency 

(a) Diagram of NLTL geometry with the 
dispersive circuit shown in blue.  
(b) Equivalent circuit model of the NLTL. 

Representative dispersion diagram for a 
synchronous wave NLTL 

D. M. French, B. W. Hoff, “Spatially Dispersive Ferrite 
Nonlinear Transmission Line With Axial Bias,”  IEEE Trans. 
Plasma Sci., Vol. 42, No. 10, October 2014. 
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NLTL Intro and Background IV 
General Classes of Dielectrics 



Distribution A.  Approved for public release:  distribution unlimited. 14/48 

NLTL Intro and Background V 
Nonlinear Dielectric NLTL:  Synchronous Wave/Soliton-like 

• Long pulse (10’s of ns) 
• Low power (< 1 MW @ GHz) 

• Korteweg-de Vries (KdV)-like solution to nonlinear LC ladder networks 
• Soliton amplitude proportional to velocity 

P. W. Smith, “Transient Electronics,” John Wiley & 
Sons, Hoboken, NJ, USA, (2002) 

D. M. French, B. W. Hoff, S. Heidger, D. Shiffler, 
“Dielectric nonlinear transmission line,” IEEE Pulsed 
Power Conference (2011) 

PMN Nonlinear dielectric parallel plate NLTL 

NLTL waveforms for lossy and  
lossless dielectric cases 

Nonlinear dielectric NLTL circuit schematic 
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NLTL Beam Driver 

Govt. Personnel:   Dr. Brad Hoff 
    Dr. David French (now at Lam Research) 
    Dr. Susan Heidger 
    Dr. Steven Fairchild 
         
In-House Engineering Support:  P. David Lepell (Leidos) 
    Dale Ralph (Leidos) 
 
Collaboration:   Dr. Y. Y. Lau (U of Mich.) 
 
DE Summer Scholars:  David Simon (U of Mich.) 
    Patrick Wong (U of Mich.) 
     

Funded by The Air Force Office of Scientific Research  
under AFOSR LRIR 13RD02COR 

Contributors 
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NLTL Beam Driver Concept I 

Step 1:  Convert the output of a high power NLTL to a modulated electron beam 

U. S. Patent 8,766,541 

• g 

Step 2:  Amplify the modulation on the electron beam and convert the beam energy to RF for extraction  

It may be possible to combine the frequency agility of a NLTL with the 
enhanced efficiency of a vacuum tube to create a tunable HPM source 
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NLTL Beam Driver Concept II 

Representative NLTL waveform applied to 
cathodes with different emission thresholds. 

𝐼𝐼 ∝  𝑉𝑉
3
2 
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Low Power NLTL Beam Driver I 

• Simulations performed using 
ICEPIC 
 

• Fowler-Nordheim (field emission) 
model used for cathode 
 

• Representative NLTL voltage pulse 
applied to the cathode 
 

• Simulation results predict the ability 
to modulate the emitted electron 
beam. 
 
 
 
 

D. M. French, B. W. Hoff, W. Tang, S. L. Heidger, J. Allen-
Flowers, D. Shiffler, “Nonlinear transmission line based electron 
beam driver” Rev. Sci. Instrum. 83, 123302 (2012) 

ICEPIC simulation geometry 

Current–voltage characteristic from ICEPIC simulation 
for a single carbon fiber field emitter 



Distribution A.  Approved for public release:  distribution unlimited. 19/48 

Low Power NLTL Beam Driver II 

Schematic of the experimental configuration 

Reverse-biased Schottky 
diode-based NLTL 

Reverse-biased Schottky 
diode capacitance plot 

Carbon fiber tuft cathode 
SEM image 

D. M. French, B. W. Hoff, W. Tang, S. L. Heidger, J. Allen-Flowers, D. Shiffler, “Nonlinear 
transmission line based electron beam driver” Rev. Sci. Instrum. 83, 123302 (2012) 
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Low Power NLTL Beam Driver III 

NLTL-modulated cathode voltage and 
collected current as a function of time 

Multiple traces overlaid 

Indications of cathode plasma formation 
(increasing average current as cathode 

voltage drops) 

D. M. French, B. W. Hoff, W. Tang, S. L. Heidger, J. Allen-Flowers, D. Shiffler, “Nonlinear 
transmission line based electron beam driver” Rev. Sci. Instrum. 83, 123302 (2012) 
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High Power NLTL Beam Driver I 

• Ferrite-based synchronous wave NLTL 
• Axial magnetic field bias:   𝑓𝑓 𝐺𝐺𝐺𝐺𝐺𝐺 ≈ 1.5 − 0.005𝐻𝐻 𝑘𝑘𝑘𝑘

𝑚𝑚
 

• 50 Ω saturated line impedance 

NLTL Dispersion Curve 

D. M. French, B. W. Hoff, “Spatially Dispersive Ferrite 
Nonlinear Transmission Line With Axial Bias,”  IEEE Trans. 
Plasma Sci., Vol. 42, No. 10, October 2014. 

Diagram of NLTL geometry  
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High Power NLTL Beam Driver II 

• Frequency tunable from 900 MHz – 1.45 GHz 
• Pulse duration ~10 ns (longer at high frequencies) 
• Peak RF output highest at lower frequencies 
• Max RF energy highest at lower frequencies 

 
Measured data for shots at 1.45 and 0.94 GHz. (a) 
Voltage at NLTL output (solid) and filtered voltage 
(dashed). (b) Power from filtered voltage (solid) 

and pulse energy (dashed).  

Frequency from FFT of filtered voltage 
traces. 

D. M. French, B. W. Hoff, “Spatially Dispersive Ferrite Nonlinear 
Transmission Line With Axial Bias,”  IEEE Trans. Plasma Sci., Vol. 
42, No. 10, October 2014. 
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High Power NLTL Beam Driver III 

Friedman electron gun and drift tube model used in ICEPIC simulations. 

• 2-D ICEPIC simulations used to investigate the possibility of generating GW-class NLTL-
modulated electron beams 

•  50 Ω input impedance to match NLTL output 
• Friedman-type electron gun 
• Annular Electron beam generated 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 
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High Power NLTL Beam Driver IV 

• Measured waveforms from experimental NLTL used to drive simulation cathode 
• ICEPIC predicts GW-class beams can be generated (100’s of kV and multiple kA) 
• Current modulations as high as 30% of the average beam current observed 
• Modulated electron beam frequency content matches NLTL output signal spectrum 

Injected voltage waveform and observed voltage at 
the cathode end and modulated current observed 

by the downstream current diagnostic 
FFT magnitude plots for the injected voltage 
waveform and for the downstream current 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 



Distribution A.  Approved for public release:  distribution unlimited. 25/48 

High Power NLTL Beam Driver V 

• Experiment constructed using existing AFRL synchronous-wave ferrite NLTL 
• Friedman-type cathode used to generate an annular beam 
• Commercial carbon fiber cathode used in initial tests 
• Cathode using a carbon nanotube (CNT) paper coating to be tested 

Engineering drawing of the experimental cathode assembly Graphite cathode with CNT paper 
coating 
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High Power NLTL Beam Driver VI 

NLTL Connection 

Beam Dump 

Drift Tube 

E-beam Diode 

X-ray Shielding 

Waveguide Connection Ports 

High Power Beam Driver Experimental Configuration 
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High Power NLTL Beam Driver VII 

Shot 1:  980 MHz, ~26% Modulation Shot 2:  1.32 GHz, ~11% Modulation 

NLTL average output voltage for both shots:  ~250 kV 
 

Peak beam power:  ~500 MW 
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NLTL Beam Driver Concept III 

Step 1:  Convert the output of a high power NLTL to a modulated electron beam 

U. S. Patent 8,766,541 

• g 

Step 2:  Amplify the modulation on the electron beam and convert the beam energy to RF for extraction  

It may be possible to combine the frequency agility of a NLTL with the 
enhanced efficiency of a vacuum tube to create a tunable HPM source 
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NLTL Beam Driver + Amplifier II 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 

• Modulated electron beam coupled to a DoR slow wave structure. 
• “Doorknob” output coupler into a pair of WR975 waveguides 
• Insulating post modeled as a dielectric approximating commercially available silicon carbide 

NLTL amplifier simulation geometry 
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NLTL Beam Driver + Amplifier III 

Dispersion plot representing the first 
passband of the slow wave structure 

Experimentally measured NLTL output voltages used as 
input signals in NLTL amplifier simulations:  (a) Shot 1, 

1.4 GHz; (b) Shot 2, 1.3 GHz; (c) Shot 3, 1.1 GHz 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 
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NLTL Beam Driver + Amplifier IV 

Shot 1 (1.4 GHz): ~10x RF peak power, ~17x RF Energy   

Shot 1 NLTL and amplified NLTL power and 
energy comparison 

Shot 1 FFT plots for (a) NLTL RF output, (b) full 
amplified RF signal, and (c) 10 second window (22 
ns – 32 ns) of the RF signal extracted from the TWT 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 
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NLTL Beam Driver + Amplifier V 

Shot 2 (~1.3 GHz):  ~12x RF peak power, ~20x RF energy 

Shot 2 NLTL and amplified NLTL power and 
energy comparison 

Shot 2 FFT plots for (a) NLTL RF output, (b) full 
amplified RF signal, and (c) 10 second window (20 
ns – 30 ns) of the RF signal extracted from the TWT 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 
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NLTL Beam Driver + Amplifier VI 

Shot 3 (~1.1 GHz):  ~4x RF peak power, ~10x RF energy 

Shot 3 NLTL and amplified NLTL power and 
energy comparison 

Shot 3 FFT plots for (a) NLTL RF output, (b) full 
amplified RF signal, and (c) 10 second window (35 
ns – 45 ns) of the RF signal extracted from the TWT 

B. W. Hoff, D. M. French, “Simulations of a Disk-on-Rod TWT Driven by a NLTL-
Modulated Electron beam,” IEEE Trans. Plasma Sci. (Accepted) 
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NLTL Beam Driver + Amplifier VII 

• Particle-in-cell simulations predict that 
GW-class electron beams (multi kA, at 
~200 kV, averaged over the pulse) with 
up to 30% current modulation can be 
generated   
 

• GW-class electron beam modulation 
demonstrated experimentally 
 

• Simulations predict amplified extractable 
RF peak power and RF energy increased 
over what can be directly extracted from 
the NLTL 
 

• Additional RF comes at the expense of 
the DC energy in the electron beam 
 

• NLTL-driven amplifier experiments to 
begin soon 

Engineering drawing of the NLTL amplifier geometry 
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Quasi-Free-Space Microwave Driven 
Plasma Experiment  

Govt. Personnel:   Dr. Brad Hoff 
    Dr. David French (now at Lam Research) 
    Dr. Julie Lawrance (AFRL) 
    Sabrina Maestas 
 
NRC Postdoc:   Dr. Remington Reid 
     
In-House Engineering Support:  P. David Lepell (Leidos) 
 
Collaboration:   Dr. Y. Y. Lau (U of Mich.) 
 
DE Summer Scholars:  Neil Arthur (U of Mich.) 
    Dr. George Leighty (Texas Tech, formerly) 
 

Funded by The Air Force Office of Scientific Research  
under AFOSR LRIR 13RD02COR 

Contributors 
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Plasma Experiment Background 

Project Goals: 
• Study quasi-free-space microwave-driven plasma discharges 
• Provide capability to validate plasma chemistry modeling 

Notional Experimental Configuration 

B. W. Hoff, D. M. French, R. R. Reid, J. E. Lawrance, P. D. Lepell, S. S. Maestas, 
“Apparatus for Generating Quasi-Free-Space Microwave-Driven Plasmas,” Rev. Sci. 
Instrum. (Submitted). 
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Plasma Experiment Apparatus I 

Fiberglass  
Vacuum Radome 

Window 

Chamber 

Langmuir Probe 
Translation 

System 

Flanges and Retaining 
Rings 

Chamber Diameter = ~1 m 
Chamber Length = ~1.5 m 

Distribution A.  Approved for public release:  distribution unlimited. 
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Plasma Experiment Apparatus II 

Gas handling, and vacuum system diagram Langmuir probe immersed in an 
argon plasma 
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Plasma Experiment Apparatus III 

Microwave source configuration 

Klystron amplifier repurposed  
from salvaged military  
communications uplink 

• Center frequency mechanically tunable from 4.6 GHz to 5.6 
GHz with ~3% instantaneous bandwidth. 

• Klystron provides ~40 dB of gain 
• Maximum rated output = 10 kW CW 
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Plasma Experiment Apparatus IV 

Half-size Kock-type lens prototype 

W. E. Kock, “Metal-Lens Antennas,” Proc. IRE 34, 828 (1946) 

𝑛𝑛 =
c

vph
= 1 −

λ
2a

2

 

1
𝑓𝑓 = 𝑛𝑛 − 1

1
𝑅𝑅𝑅 −

1
𝑅𝑅𝑅  

Index of refraction given by: 

For plate spacing (a) greater 
than one half wavelength, index 
of refraction is <1 

The Lensmaker’s equation is used to 
determine lens shape 
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Plasma Experiment Apparatus V 

a) Solidworks rendering of a metal plate array 
microwave lens.  b)  Electric field amplitude along 
the lens boresight.  c)  a 2-D color map of the 
electric field amplitude in a plane along the lens 
boresight and parallel to the E-plane of the lens.   

Calculated RF 
electric field 
magnitudes in the 
E-plane (horizontal) 
and H-plane 
(vertical) at the 
beam focus 

Measured RF 
electric field 
magnitudes in the 
E-plane 
(horizontal) and H-
plane (vertical) at 
the beam focus 

B. W. Hoff, D. M. French, R. R. Reid, J. E. Lawrance, P. D. Lepell, S. S. Maestas, 
“Apparatus for Generating Quasi-Free-Space Microwave-Driven Plasmas,” Rev. Sci. 
Instrum. (Submitted). 
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Plasma Experiment Apparatus VI 

a) A photograph of the experimental setup within the anechoic chamber, showing the vacuum 
chamber 1, the metal-plate microwave lens 2, the microwave horn 3, the Langmuir probe translation 
stage 4, the butterfly valve 5, and the turbopump 6.  b) A photograph of the lens-side of the chamber 
wherein the fiberglass radome is visible at the entrance of the chamber (shown in yellow). 
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Plasma Experiment Initial Results I 

Initial testing generated unstable plasmas that could be sustained for at most 10 
seconds before extinguishing. 
 
Recently, we have achieved quasi-stable and stable plasmas which may persist as 
long as the beam power is maintained. 
 
The quasi-stable and stable discharge modes occur under similar experimental 
conditions (same power, pressure, gas flow) and what causes the discharge to be 
stable or quasi-stable is not yet known. 

Working Gas Argon 

Beam Power 5kW - 9kW 

Background Pressure 140 - 200 mTorr 
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Plasma Experiment Initial Results I 

During initial experimentation, two general configurations of sustainable quasi-free-space 
(detached from the chamber windows and walls) plasma discharges have been observed.  
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Plasma Experiment Initial Results II 

Spectrogram of the oscillations Oscilloscope trace showing typical 
oscillations in the transmitted power 

The quasi-stable discharge exhibits periodic oscillations in the transmitted microwave 
power. These oscillations vary considerably in frequency and waveform from one 
discharge to another, but are relatively consistent within one discharge at a given 
power setting. 
 
Shown here is an oscilloscope signal showing a typical waveform and a spectrogram 
showing the stability of the frequency content of the transmitted microwave signal. 
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Plasma Experiment Initial Results III 

The stable discharges are consistent enough to allow a density scan using a Langmuir probe. The 
probe shows a low density, ~1014 m-3. The axial position of the probe coincides with the beam 
focus, and is thus on the downstream side of the brightest part of the plasma. It is possible that 
the plasma density is higher in the brighter region on the discharge. 

Electron density profile measured perpendicular to the 
beam in the tail of a stable discharge. 
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Plasma Experiment Initial Results IV 

Wavelength (nm) Normalized Intensity 

696.5431 0.2473 

706.7218 0.3005 

738.3980 1.4509 

763.5106 1.000 

794.8176 0.3521 

912.2967 0.6951 

Ar I emission line wavelengths and intensities normalized to 
strongest observed line (763.5106 nm).  Data acquired during 

“quasi-stable” discharge. 

Photograph of the “quasi-stable” discharge.  Circled region 
indicates approximate collection region for the fiber spectrometer 

Inferred electron temperature:  0.45 +/- 0.18 eV 
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Plasma Experiment Initial Results IV 

• The experimental arrangement constitutes a novel plasma source.  
 

• Useful for diagnostic development and modeling/analytical 
studies. 

 
• Additional diagnostics to be deployed over this calendar year:  

interferometry and a tunable laser system to probe the 
ion/neutral temperature 
 

“Stable” Quasi-free-space discharge Notional experimental configuration 



Distribution A.  Approved for public release:  distribution unlimited. 49/48 

Questions? 

Plasma vacuum chamber in its pre-salvaged “natural” state 
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