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Directed Energy Devices

ÅNovel technology to use high energy 
lasers and high power ñmicrowavesò 
to produce military utility

ÅAdvantages
ÅFast engagement

ÅDeep magazine

ÅPotentially non-lethal and covert

ÅChallenging to integrate ïboth 
technical, legal, and cultural issues to 
deployment
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High Power Electromagnetic Sources
ÅThe fields of vacuum 

electronics and directed energy 
technology have exhibited 
tremendous progress since 
World War II
ÅThere has been Mooreôs Law-like 

progress power-frequency 
squared product

ÅPf2 (power density) has doubled 
every 26 months since 1930

ÅMerger of plasma, accelerator, 
radar, and nuclear physics 
communities



HPM ïHigh Power Microwaves

ÅñMicrowaveò is a technical term, but we really care about the entire 
spectrum

Images from Booske07, and Zhang, 2019



Parallel Particle-in-Cell to the 
Rescueékindaé

Images from Luginsland 2012



Magnetron Physics (Crossed-Field Device)

Images from Yue 2020

Å Hull Cutoff
Å Buneman-Hartree
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So what is the challenge?

Å Device is complicated electromagnetically
Å Mode competition
Å.ŜŀƳ ƭƻŀŘƛƴƎ όάRHS of the wave equationέύ 

couples modes together and changes the 
άƘƻǘέ ǘǳōŜ ƳƻŘŜ ǇŀǘǘŜǊƴ ŀƴŘ ŦǊŜǉǳŜƴŎȅ 
dynamically

Å Mode, frequency, and output power all 
depend critically on level of RF power and 
ƛƴǇǳǘ ŎǳǊǊŜƴǘΣ ǾƻƭǘŀƎŜΣ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΧ

Å DC, RF, and space charge fields are all of 
equal magnitude

What can we do to shorten the design cycle?



ÅRescale a rising sun magnetron from 
2GHz to 4GHz and maximize output 
power for the new design subject to the 
constraint that the device operates in a 
particular mode (efficiency and 
extraction arguments) and starts quickly

ÅScaling laws exist for the electromagnetic 
piece and then can re-do Hull Cutoff and 
Buneman-Hartreefor plasma physics piece

ÅUse Dakota and do an optimization study

ÅFitness function 70% operating frequency and 
30% start-up time

Automated Test Case



ÅRescale a rising sun magnetron 
from 2GHz to 4GHz and maximize 
output power for the new design 
subject to the constraint that the 
device operates in a particular 
mode (efficiency and extraction 
arguments) and starts quickly
ÅScaling laws exist for the 

electromagnetic piece and then can re-
do Hull Cutoff and Buneman-Hartree
for plasma physics piece

ÅUse Dakota and do an optimization 
study

ÅHow to best use investment in ML 
to help? 

Automated Test Case

Wrong mode, even though 
right frequency

Dakota used Method of Feasible Directions



Work Flow

Lots of human in the loop



How do we get the human out of the loop?  
DNN Image Classifier



Details
ÅWe choose image classification as that seemed the source of how humans 

intervened in the design process
ÅñNumbersò (time history, field levels) we can get into the optimization routines 

directly, but what an image means typically takes the human wet-ware

ÅUsed supervised learning
ÅGenerated 10,000 images from 1000 simulations based on previous parameter ranges

ÅLabeled them (took about 3 hours)

ÅImages reduced to vectors 

ÅPixels (0,1) based on the presence of a PIC macroparticle (no density or weighting 
information) ïjust capturing spatial relationship.  This is set by the resolutions

ÅTrained via AWS

Å30% training data, 10% tuning hyper parameters, 60% test

Å91% effective at identifying 5-spoke pi mode (20 hidden layers, 25 neutrons per 
layer, classification threshold of 0.5)



Revised Work Flow



4GHz Design
ÅUsed image classifier in conjunction with optimization

ÅWeighted start up time 30% and operating frequency 70% via Dakota

ÅRequired Pi mode (5-spokes) ïThis was a constraint

Note difference in time scale

2.5 ms 500ns

2GHz 4GHz


