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&bstract-This paper reports on

experimental results from study of

nonadiabatic pumped second-harmonic

gyrotron oscillator. A steady

second-harmsnic cavity emission has

been observed at 28 GHz and waveguide

mode TEO=. A peak power of - 25MW has

been reached with -

efficiency. Magnetic field

sect ion reyionis modeled

pumping is simulated.
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I. INTRODUCTION

Cyclotron resonance masers (CRM) are

wel 1 known as sources of microwave

emission in the centimeter and millimeter

regions. The major representatives of CRM

are the gyrotrons (l), gyro-travel ling

wave tube amplifiers (2), the

gyroklystrons (3> and the cyclotron

autoresonance masers (CARM) (4).

The general resonance condition for

CRM is expressed as follows:

u ==kv
II II

Gyrotron

region meets

+ nw=o/y (1)

operation in the millimeter

considerable difficulties

connected with high intensity

field generations because the

magnetic

cyclotron

frequency u
c

is proportional to the

magnetic field induction B
* 9 a.= ‘Bo’mcy”

The gyrotron mechanism operatea also at

cyclotron harmonic frequencies. This fact

suggests a possibility for reduction of

the requisite magnetic field induction by

a factor of I/n. This explain the large

interest and the significant achievements

in a second-harmonic generation~ discussed

in a lot c!f papers (5–7). This paper

reports experimental results about the

high-power high-current second-harmonic

gyrotron oscillator at 28 GHz with

electron beam of 550 keV and beam current

o+ - 850 6.

II. EXPERIMENTAL SETUP AND RESULTS

Our experimental setup is shown

Fig. 1.

on

T
7
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Fig. 1. The full experimental

arrangement: l-graphite cathode, 2-cooper

aperture, 3–resonator, 4–solenoidal

magnets 5–conical horn, 6–vacuum windows

7-semiconductor detector.
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A 600 W Blumlein pu15e-line

accelerator with a voltage pulse duration

of 30 ns i5 used to generate a hollow

electron beam in a +oilless diode.

Electrons are emitted by a sharp–end CO1 d

graphite cathode with a 10 mm diameter

through an explosive plasma emission and

are propagated in a cylindrical drift tube

of a 56 mm diameter.

The beam is created in a pulsing

magnetic field +rom a solenoidal magnet

with a space uniformity better than 98

percent. A pulse duration is 4.2 ms and

beam is pumped by transit trough a local

depression in the external magnetic -field.

The external magnetic field B in the

aperture region is homogeneous in space

but time dependent B=Bosi n (ret) , where

u=2rr[T, T=8.4ms. In our modeling the

copper aperture i% divided into N

subapertures thin enough to be treated as

a circular loops. The time dependence o+

electric current into each of them is

found as a solution of a system of N first

order linear differential equations~ with

initial conditions IJ=O (J=1,2...N)

(J=1,2. ..N)

where: L is the induction
J.1

coefficient

for the j–th circular loop, L,jk(j#k) - the

mutual induction coefficient between the

j-th and the k-th 100P, R.- the ohmic
J

resistance of the j–th 1 Oop , I%j– the

electromotive force created in the j-th

loop from the field of the solenoid. The

coefficients L. are calculated according
Jk

to the well known formulae.

The components of the magnetic field

of a single circular loop with a radius b.
J

are calculated as follows :

(B=)j = -#-

l“*X

[

b;-
2

r2– z

X K+ 1E

(bj-r)2+z2

(B).=—
rJ

‘j *X

(3)

[

bz+ r2+ Z2
x –K+J E

1

(4)
(b.–r)2+z2

J

(B).=C)
~J

(5)

where K = K(r,z) and E = E(r,z) are the

complete elliptic integrals of the first

and second kind. Thus we obtain the

components B and B o+ the resultant
r z

magnetic field from the solenoid and the

aperture. The numerical data allow us to

construct a z-dependence of B and B for
r

t=2.lms, r=const (see Fig. ;) .
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Fig. 2. Calculated B= and

Er distributions as a function 0+ z

coordinate.

To get some information about VL out

of the diode! electron propagation from
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the cathode to the electrodvnamlcal system

end has been simulated. For this purpose a

comput~r program has been created to solve

in cyl~ndrlcal ccmrd>nates (r. Ps =) the

statlonarv self— con5z5tent problem + or

propagation 0+ xn+lnltely thin hol lC)W

electron beam (with a given Inltlal energy

and d%rectxon relatlve t5 z) -From the

cathode to the drift tube end. The problem

1
is2/ = dlmens~onal (E = E = 0, v

@@
*O).

P
E@ is the p – component of the resultant

electric field from the beam and

electrodynamical system and due to the

cylindrical symmetry it is zero. The p

component of the beam magnetic field E ie.
P

very smal 1 campared to the external

magnetic field and is neglected. v is the
P

p component of the electron velocity. In

order to found the potential U on a given

space grid the Laplas equation AU = O is

solved by the Pieceman – Rackford

method which insure a +ast convergence,

The beam has been model ed by the

movement of one electron in the electric

and magnetic +ields described by

equation:

. .

R . (e/me) [E + (l/c)(; x il)l$

where R is the electron position.

value of E is calculated as follows:

E= (Ein +Eout)/2,

the

(6)

The

(7)

where E. and E are electrical
In

fields
out

on the inner- and outer beam Lager

boundaries.

In this simulations a system current

increases from zero to some value for

which either c]f the following conditions

is +ul+illed:

1). E= = O on the cathode,

2) . dl.J/~ + m even in one point

of the grid, which is sign of virtual

cathode presence.

The longitudinal velocity component

v,, +rom the solutzon o+ equation (6) are

used tor calculation 0+ sur+ ac e charge

densltv u o+ the beam laver at a g 1 ven

current value. The change o+ Er along the

transztxon trough the beam 1 ayer can be

calculated us~ng the value o+ o. It has

been found that +or Bo=iOkGs the angle ~

between electron velocitv and z IS In the

ranae 0+ 422°- 43’0, so the pxtch ratxo

cl=vA/v,l =tg~ ~ 1. For this value o+ B the

electrons leave the drift tube with energy

o+ 450 keV.

Two cylindrical cavities with equal

diameters of 24.8 mm have been +abricated.

A map o+ their cutoff frequencies is shown

on Fig. 3.

5 io i5 20 25

FREQUENCY (Gt+z)

Fig. 3.Map cutoff frequencies

modes falling between 5 and 32 GHz

3.4cm -diameter cavity.

30

of TE

for t?e

Both cavities have a waveguide

narrowing at the cavity entrance with

diameter of 12 mm and length L of 1!3 mm.

The waveguide narrowing Cutoff +requency

is higher than the doubled cutoff

+requency 0+ the cavity for the given

mode. This fact results in the full

reflection from the electrodynamical

system entrance with frequency up to - 20
c

for Doppler shifted CRM oscillations and

for second-harmonic gyrotron oscillations.

One of the cavities terminates by

output conical horn with a slope o+ 5°

maximum diameter of 56 mm. At the exit

an

and

of
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the other cavity there is a cutof+ section

with 13.5 mm diameter~ IZ mm in length and

45° transition towards cavity and the

output taper. This Cutcl++ sect ion is

supposed to trap gyrotron oscillations at

the fundamental cyclotron +requency and to

be transparent for e.econd and higher order

harmonics of cyclotron frequency as wel 1

as oscillation= with Dopp 1 er shifted

frequencies.

A set of experiments has been carried

out and aimed to better understand how

does the resonators operation depend on

the external magnetic field Bo, the local

depression A8 and the space interaction

length. When the cavity without a cutoff

section at the end has been used a peak

output power about 3CI MW has been

attained. RF +requency is 15 GHz at a

waveguide mode TE and is equal to
cm

cyclotron frequency corresponding to B. =

10 k%. So, we draw the conclusion that

the cavity operates as a gyrotron at the

fundamental cyclotron +requency. The

second cavity operation has been stud i ed

in more details. A peak power has been

attained (25 MW) at a frequency o+ 28 GHz

+ or operating mode TE02. Fig.4

demonstrates radial-power distribution in

horizontal plane for operating mode.

i) f? 4 6 h
r (cm)

Fig. 4. Radial power distribution +or

second-harmonic oscillations.

The starting current is about I -
s

500 4 and the peak power has been reached

at I - 850+ 950 A with an
b

external

magnetic field E. = 10 kGs. The measured

frequency is twice higher than the

fundamental cyclotron frequency for this

value of Bo, i. e the gyrotron operate at

the second harmonic. (L = 6+8 cm.).
Cav .

Microwave measurements are per+ormed by

special microwave and gas-breakdown

technic.
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