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1. High-power gyrotron application for beamed energy
propulsion “Microwave Rocket”

2. 94 GHz, 600 kW gyrotron development at the
University of Tokyo

3. Future research of air breakdown plasma using UT-
gyrotron

4, Summary
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Space transportation
“BEP (Beamed Energy Propulsion) ”

cccccccccccc

Launch demonstration,
1 MW mm-W, 109 g to 2 m, 2009

. . No onboard
Air-breathing propellant
from ground
Pulse detonation Simple
engine (PDE) structure
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Thrust generation using air breakdown ®
plasma induced by high-power mm-W

Propagation of ionization front
with shock wave

E
Thrust force

\ J
Y

Heated region

S aW graph of propagating
ionization front and shock wave

B Air inside a cylindrical tube (thruster) is heated and pressure is drastically
iIncreased. Pressure difference between inside and outside makes thrust
force.
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Thrust generation using air breakdown ®
plasma induced by high-power mm-W

Propagation of ionization front
with shock wave

E
Thrust force

\ J
Y

Heated region

B [1/m?] = Sheam |[W/m?] «—— Beam intensity
Uioniz [m/s|  «— Propagation velocity

S aW graph of propagating
ionization front and shock wave

B The smaller propagation velocity is for a certain beam intensity, the more
energy air can obtain.
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lonization front propagation velocity

of Laser and mm-W

breakdown threshold
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B Problem in numerical calculation
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IObservec plasma structures in 28 GHz
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110 GHz: A. M. Cook et al., Phys. Plasmas, 18:100704, 2011.
28 GHz: K. Tabata et al., IRMMW-THz, 2018.
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Propagation velocity of 28 GHz is higher than
that of mm-W frequencies.
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Propagation velocity of 28 GHz is higher than
that of mm-W frequencies.
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IGyrotron development and its specification

Thanks to cooperation of 4 research institutes, developing a new
gyrotron became possible.

Collaboration

* The University of Tokyo Cp B

E!

¢ UNIVERSITY OF FUKUI

* University of Fukui Qo1 Research Center for Development of Far-Infrared Region
+ QST @QST
* University of Tsukuba %ﬁﬁimﬁ

Specification

Frequency 94 GHz
Maximum output power 600 kW
Operation Single pulse operation
Pulse width ~ 100 ps
Beam profile Gaussian profile
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I UT gyrotron concept - demountable-type gyrotron " g

Ty

e Annular electron beam,
IO 25A \
,..,~ T Collector
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Mode . TE g5 — Gaussian
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3.696 T for 94 GHz
(MAX 230 GHz, 1st
harmonic oscillation)
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IGBT element: SKM150GB17E4 \ .
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Calculated electron trajectory using a EGUN. Electron Gun (Cathode) ,

. ) UNIVERSITY OF FUKUI Diode, 80 kV
By Dr. Fukunari ¢5” gesearch Genter for Development of FarInfrared Region
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{ Super conducting
i magnet, 8 T

IGBT switch

® Gyrotron components other than
cavity and mode converter was
already developed.

® By the end of next year, first
operation of the gyrotron will be
carried out.
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Future research of air breakdown plasma
utilizing a UT-Gyrotron
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Previous works — measured parameters
using a 28 GHz gyrotron

Former slides

{ B Propagation velocity of ionization front
B Plasma structures
—> Similar to microwave discharge

B Excited temperatures of neutral particles were
measured using optical emission spectroscopy.

—> Discharge mechanism below breakdown
threshold is becoming apparent. However, it's
not been well understood.
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I Measured temperatures in 28 GHz e 4
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K. Tabata, thesis for master degree, the University of Tokyo, 2019.
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Predicted thermal structure in 28 GHz

9 4

Example: S,.,, = 0.45 GW/m?, Velocity = 550 m/s

Plasma temperature [K]

Temperatures
measured region

In non-thermal plasma generated

by external electric field,

e Te > Texc > Tvib
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| Neutral particles will
electronically excited.

be

Predicted thermal discharge in mm-W

discharge.
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ISummary ® 4

B Microwave Rocket utilizes air breakdown plasma using mm-W for its
thrust generation.

B 94 GHz, 600 kW gyrotron is being developed at the University of Tokyo
for Microwave Rocket researches.

B Air breakdown below breakdown threshold will be investigated in detall
using the UT-gyrotron and numerical modeling of propagation velocity is
supposed to be constructed.
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ISummary e 4

B Microwave Rocket utilizes air breakdown plasma using mm-W for its
thrust generation.

B 94 GHz, 600 kW gyrotron is being developed at the University of Tokyo
for Microwave Rocket researches.

B Air breakdown below breakdown threshold will be investigated in detall
using the UT-gyrotron and numerical modeling of propagation velocity is
supposed to be constructed.

> Flight simulation of Microwave Rocket

2019/3/28 IW-FIRT2019

18



Flight simulation of Microwave Rocket

LX ~ 40 km
L%S

B Air-breathing phase

Flight
direction

Low density High density

B Thrust generation phase
Propagation velocity Thrust force

Ui [T S Sy [W/MY ® B (1/u] = e (V0

Energy that air obtains

81 GW class beam station
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Thank you for your attention!
Give me any questions or comments.
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