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ABSTRACT

The design and performance of several millimter-

wave harmonic gyrotron concepts are described in

which the interaction is between axis-encircling

electrons and cylindrical cavity WI 1 mcdes. This
EJ1OWS the magnetic field of the gyrotron to be
reduced by an order of magnitude. Efficiencies up
to 15% have been measured for mcxjerate h~nic

interactions, multi-kW per levels have keen

attained at the eleventh harmonic of the cyclotron

f rquency, 65 GHZ waves have ken prcducd, and a

sixth-harmonic gyro-klystron amplifier has yielded

23 & gain. AkO, an 18 GHz, ~ MW fourth-harmonic

gyrotron has ken constructed and is being tested.

INTRODUCTION

Considerable effort is keing devoted to the

developwnt of mcxlerate-to-high ~er millimeter–

wave sources. The gyrotron with electron orbits

shcwn in Fig. la has proven to be an efficient

source of high pcxver, high frequency micrmave

radiation (1) . Hcmever, very high magnetic fields

are req@red to prcduce millimeter waves, since the

output frequency is ccnqarable to the relativistic

cyclotron frequency, flc = eH/ymc, where
y= (1-v. v/c2)-~, and v represents the electron

velocity. Unfortunately, many of the applications
preclude the use of both high field pulsed magnets

and superconducting magnets. Another approach must
ke develo~ which can efficiently ogxxate at high
efficiency with lGW magnetic fields.

~ aLternate interaction is being develo~ at

UCLA based on the synchronism between axis-

encircling electrons and a high order %11 mcde
(2)

where n represents the azimuthal mode number. The
electron orbits in the new configuration are shcwn

in Fig.lb. Synchronism exist between the elec-

trons and cavity wave when u! = tic and rf genera–

tion due to the negative mass instability occurs

when u 2 I-@. The efficiency of this harmonic

gyrotron interaction has been shcwn(3) to have the
same parametric dependence as the conventional
gyrotron. Therefore, the magnetic field require–

ments are reduced by a factor of n and the

ptential for very high efficienq still exists.

Because the TEnIl nxxles are strongly lccalized

neu the wall, the filling factor, which measures

the strength of the interaction ad is shcwn in

Fig.2r EX?aks for high energy electrons. tiS would

appear to necessitate the use of extremely bulky

high voltage insulation. Hwever, by the use of

gyro-resonant rf-acceleration a canpact system can

& achieved. w rf cavity accelerator driven by a

conventional high pctver microwave source can pro-

duce 500 keV rotating bean with currents up to
1A(4) .

OSCILLATORS

RF-Acceleration

The basic cavity configuration is sham in F’ig.3.

A 10,? energy, magnetizd pacil electron beam is

injected into the circularly @arized TE1ll

accelerate cavity. We presently have two opxa-

ti.onal systans; one is drivem by a 200 kW, 9 GHz

magnetron and the other is driven by a 1 MJ, 3 GHz

klystron anplifier. BOth systems yield 500 keV

electrons. The rotating electron beam then pro-
gresses through the qzrotron cavity and finally

impacts with a diagnostic fluorescent Uranium glass

witness plate, which yields r& (or y) .

The dependence of gcwer and efficiency on current

for the TE11,1,6 interaction of T&e #S.3 iS shcwn
in Fig.4. Saturation cccurs for beam currents one

order of magnitude bsyond the start of oscillation.

The psak conversion efficiency of 2%, which is
twice the output efficiency for the critically

coupled interaction, is less than the theoretical

prediction of 4%. Hcnrever, in another experiment,

15% conversion efficiency was achieved in a third

harmonic interaction.
The expertital start-oscillation current for

the seventh and eighth harmonic interactions in an

E-band cavity are plotted in Fig.5 as a function of

magnetic field together with the theoretical start-

oscillation curves. Gccd agreement exists with

theory. 60W were emitted at 56 GHz and 12W at 65

GHz . Furthermore, since the initial cavity was

undercoupled, a futuxe critically coupled _i-

mnt should increase the pcxrer levels by an order

of magnitude.

To obtain higher frequency output one must use

either a higher order harmonic or a higher frequen-

cy accelerator driver. We have begun construction

of a 50 kW, 35 GHz accelerator systsm which should
yield 100-300 GHz radiation at 1 kW pwer levels.

Electrostatic Acceleration

As can be seen in Fig.2, the filling factor for

mderate harmonic interactions is non-negligible

for electron energies achievable by electrostatic

acoder~tion dtmcxlerate voltiiges(75 kV, v/c =0.5),
We have finished construction and begun testing a
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VerY high p= (~ ~) , fourth-harmonic gyrotron.
The first mxlel was designed to emit at 18 GHZ.

The rotating beam is prcduced by passing an annular

lx?am through a magnetic cusp (5) as sham in Fig. 6.

The start-oscillatim currents for a future + M,

90 GHz tube are shcwn in Fig. 7.

Dielectric Loading

An excitiq novel mncept under study is to

increase the filling factor of the rotating e-teem

with the radiation field by the insertion of a
dielectric rd along the tire of the cavity(6) ,

tiereby allwing Neumann function solutions in the
vacuum region. The filling factor can be made to

wak for 80 keV electrons as shcmn in Fig. 8 in a
radical departme f ran the standard high--tic

interaction. Here, the elections interact with

the evanescent field of a dielectric tie. The

pa.rarount experimental problems are 1) heat dissipa-
tion in the dielectric, 2) aligmnent accuracy,

3) coupling of the rf energy, and 4) surface charging
of the rcd. This con~pt has imprtant ramifica-

tions for an electrostat.i~lly--accel~ati high-

harmonic gyrotron.

GYRO-KLYSTRON AMPLIFIER

The majority of micrcwave applications require

an amplifier rather than an oscillator. A gyrc-

klystron amplifier which has been designed for

o~ation at the sti-harmonic is shown in Fig. 9.

This tube’s gain characteristics are *W in Fig.
10 together with theoretical pre&ctions. The

peak mall-signal gain of 23 dB is far in excess
of theory suggesttig that the drift tube is acting

as a “tiird cavity”. A saturation study is now

underway. The peak output ~er should be 10 kW.
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F@re 1. Schematic of electron trajectories in

the (a)snall-orbit, high magnetic field, standard

gyrotron and in the (b)large orbit, lCX,U magnetic

field, harmonic gyrotron.

0.48

0.36 [

F

L4
n.s

0.24 n=10

0.12
n=15

00 0.2 0.4 0.6 0.8 I .0

Figure 2.
for three

Dqxndence of the fill- factor on ~L

high harmonic interaction.

URANIUMGLASS
BEAM IMAGE!

b.

MM-WAVE
OUTPUT

HIGH POWER

Fxww:

< TYPICAL
ELECTRON
TRAJECTORY

Figure 3. Schematic of the rf accelerator and

gyrotron cavity configuration.
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Figure 4. Dependence of eleventh

harnmnic output power and rf wnver-

sion efficiency on injected electron

current for Tube #S.3.
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Figure 5. Experimental (data points) Figure 6. Schematic of

and theoretical (sxwxizh curve) start- electrostatic high-

oscillation current as a function of harmnic gyrotron system

magnetic field for TL@ #X.5. with e-gun, magnetic

cusp, and interaction
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Figure 7. Theoretical

start-oscillation

cmxent as a function

of magnetic field for

the third, fourth and
fifth harmonic inter-

actions in Tube #E.4.
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Figure 8. The depen- Figure 9. Schematic of the sixth

dence of the filling harmnic gyro-klystron a@ifier.

factor on fl~for the

lowest order mcdes in a

Eerrylia, alumina, and

glass ceramic rcd for a
tenth harmonic inter-

action. F&o shcmn is
the vacuun case.
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Figure 10. Gyro-

klystron gain as a

function of current for
the sixth hallTKXliC,

15 ~Z, ~(jll titer-

action.
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