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I. INTRODUCTION

The obiective of this program was the design and development of a
millimeter-wave device to produce 200 kW of continucus-wave power at
11G GHz. The device, which will be a gyrotron oscillator, will be
compatible with power delivery to an electron-cyclotron plasma. Smooth
contyol of rf power output over a 17 dB range 1s required, and the
device should be capable of operation into a severe time-~varying rf
load mismatch. During the middle of this report period, the operating
frequency was changed to 60 GHz,

The technical baselines for the gyrotron and the associated power supply
are shown in Table I. 1In the gyrotron, which is shown schematically in
Figure 1-1, the electrons are formed into a hollow beam by a2 magnetron-
injection electron gun with a considerable amount of their energy in
rotation. A gradually rising magnetic field compresses the beam in
diameter and at the same time Increases the orbital energy according

to the theory of adiabatic invariants until approximately 2/3 of the
beam energy is in rotation and the rotational frequency is 60 GHz; at
this point the magnetic field becomes uniform and the beam enters a
quasi-optical open cavity where the spinning electrons interact with
the eigen mode of the cavity., The rf energy builds up at the expense
of the rotational energy of the dc beam. The spent beam enters the
region of decreasing magnetic fileld, undergoes decompression and
impinges on the collector. The latter also functions as the output
waveguide. In order to handle the power in the spent beam and the
power dissipation in the window the output wavegulde tapers up from

the cavity diameter to an appropriate value.
The duration of the program is 36 months, to encompass the building

and test of up to twelve devices in addition to a beam analyzer and

beam tester. The magetron injection gun is well understood and allows
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TABLE 1

The Gyrotron

Frequency

Power out

Electronic efficiency
Beam voltage

Beam current
Magnetic field

Transverse to longitudinal
velocity ratio

Cathode Loading
Cathode radius
Cathode length

The Power Supply

Voltage rating
Current rating
Anode supply voltage
Anode supply current
Heater supply voltage
Heater supply current
Operating Modes:

1.

2,

3.

60 GHz
200 kW RF
35%

70 kv

8.2 A
23.0 kG
1.5

4.5 A/cm2
0.60 cm

1.2 cm

100 kV dc
10 A

0-35 kV dc
<200 mA
0-15 Vv, ac
15 A

10 us pulse length
1 ms - 100 ms pulse length

30 s to cw

1-2
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Figure 1-1 Schematic of gyrotron oscillator showing applied
magnetic field and the rf field and phase in
the cavity.
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the use of the extraction anode (as well as cathode temperature variation)
to vary the rf power out. At least two design approaches will be taken
with respect to the collector, which has to be able to dissipate over

550 kW in undepressed operation. Fabrication and processing of proto-

type devices will proceed in parallel.

During this reporting period work was continued on a number of design
tasks, including the magnetron injection gun, rf circuit, beam analyzer
and power supply specifications. These activities are detailed in
Section III of this report, following the delineatian of relevant

material pertinent to the frequency redirection,



11, FREQUENCY REDIRECTION

2.1 GENERAL

This development program began in June 1979 with an operating frequency
of 110 GHz. On the basis of more current information, Oak Ridge has
determined that the most urgent requirements for Electron Cyclotron
Heating (ECH) are at a frequency of approximately 60 GHz. In response
to this latter requirement, Oak Ridge has redirected this development
program to 60 GHz. This frequency redirection has impacted the program
schedule. The following paragraphs discuss the Impact on specific tasks

already underway.

2.2 MAGNETRON INJECTION GUN

The magnetron injection gun designed for the 110 GHz Gyrotron represents
a compromise from optimum design values. The cathode current density of
8 Amps/cm2 was higher than preferred, but was chosen because a reasonable
velocity spread of 8 percent or less could be achieved., Lower current
densities would have resulted in higher velocity spread. Consequently,

a revised design approach 1s required for the 60 GHz gyrotron, which

will lower cathode current density and velocity spread,
2.3 SOLENOID

The superconducting magnet designed for the 110 GHz produced a field of
1300 gauss over the cathode and 42.4 kilogauss in the cavity region.
The axial separation between the cathode and cavity was approximately
23 cm. The 60 GHz design requires 23 kilogauss magnetic field in the
cavity., Preliminary gun design for 60 GHz indicates that magnetic
fields of 1300 gauss are required over the cathode. It therefore is

plausible that a common superconducting magnet can be used for 60 and



110 GHz gyrotrons. The factor upon which this decision hinges is the
required distance between the cathode and cavity for the 60 GHz gyrotron.

2.4 RF CAVITY

The preposed cévity design for the 110 GHz gyrotron would employ the
TE02 mode, with the beam focused to the E field closest to the axis.
All of the cavity effort thus far has been applied to computer simula-
tion and X-band cold tests. For the 60 GHz gyrotron, an jdentical
approach will be employed, and since the effort to date has not been

frequency selective, the cavity effort is applicable to both frequencies.

2.5 POWER SUPPLY

The power supply requirements for the 60 and 110 GHz requirements are
very similar., Preliminary results on the magnetron injection gun reveal
that the control anode voltage may be as high as 30 kV for the 60 GHz
requirement, as opposed to 10 kV for 110 GHz. However, the power supply
is to be capable of 35 kV modulation voltages. Therefore, no changes

in the power supply specification are required.

2.6 TEST EQUIPMENT

No RF test equipment existed at Hughes for 110 GHz operation and
therefore purchase orders were issued early in the program to overcome
.long lead times, At the time of the redirection in frequency, funds
were irretrievably committed for 110 GHz equipment. RF test equipment
at 60 GHz is either non-existent at Hughes or dedicated to other
programs. Therefore additional equipment must be ordered for operation
at 60 GHz. The lead time for this equipment is expected to be shorter
than that for 110 GHz, and no impact on the schedule is anticipated at
this time.

2-2



2.7 SUMMARY OF FREQUENCY REDIRECTION IMPACT

The major impact is in the area of gun design, and a possible redesign
of the superconducting magnet. As a direct result of the additional
design work required, the program schedule is expected to slip four

months.
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ITI. PROGRESS
3.1 GENERAL
Effort for this report period has been divided into the following tasks:

¢ RF Circuit

e Electron Gun

® Beanm Analyzer

e Power Supply

@ RF Test Equipment

3.2 RF CIRCUIT

The resonant frequency of cylindrical cavities can be readily calculated.
The resonant frequencies of tapered cavities can be obtained with
previously - reported computer codesl. However, in determining the
amount and location of the taper, it is important to understand how
the cavity RF fields are affected. The existing Hughes computer code
has recently been modified to provide better insight with respect to
the E6 fields within the cavity.

Figure 3.2-la depicts a right cylindrical cavity, which is axially-
symmetric about its axis (Radius=0). The contoured lines within the
cavity represent_ﬁ-field lines of a TEO2 mode. The E field is perpen-
dicular to the plane of the paper, and peaks at two radial positions.

The only component of E for TEom modes 1is Ee.

Figure 3.2-1b illustrates how E, varies across the length of the cavity,

8
peaked at the center of the axial distance and falling off uniformly

at the ends of the cavity.

3-1
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A tapered cavity 1s shown in Figure 3.2~2. The taper 1s only 5 percent

of the normalized radius, yet the E_, field peaks relatively sharply

0
(Figure 3.2-2b) compared to Figure 3.2-1. Also noteworthy is the
small peak at Z=1.0; this is a characteristic which appears many times

2,3

in Soviet cavities. It is believed that this small peak serves as

a prebuncher to enhance beam interaction.
Peaking of the EB field, on one hand, concentrates the iInteraction
efficiently over a comparatively small region of the beam, but also
concentrates the RF dissipation in the cavity walls over a small surface
area. Thus, tapered cavities can create a heat dissipation problem,

depending upon the actual heat lost into the cavity walls,

The heat lost to the cavity walls is dependent upon the Q of the cavity,
and the Q is dependent upon the amount of power which leaves the cavity
through the output iris. It is currently planned to modify the Hughes
cavity computer code to evaluate various RF output conditions, and to
determine the effect of these output shapes on cavity Q. At the same
time, cold test cavities will be machined, at X~band frequencies, to

enable measurement of Q using network analysis.

Recent interest in magnetic field tapering4 to enhance efficiency has
prompted an analysis of a proposed 110 GHz gyrotron cavity and tapered
magnetic field, utilizing the large signal computer program. The best
results are shown in Figure 3.2-3. An efficiency of 56 percent could
be attained by using an 8.5 percent magnetic field taper for the TEp;,
mode. The particular Q for this mode is 354, However, in order to

be completely effective, the cavity had to be lengthened by almost 25%.

Unfortunately, the Q for the TE mode is much lower than that for the

022
TE021, and would be difficult to excite.

This effort will continue through the next quarter.
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3.3 ELECTRON GUN

The magnetron injection gun 1s being redesigned foxr 60 GHz. Only a
preliminary study has been completed to date. The resulte are shown
in Table 3.3-1.

The salient features of the gun are that current density and ratio of
temperature~limited current to space charge~limited current are rea~
sonably low. Therefore, the feasibility of achieving a beam with low
velocity spread is considerably better than for the 110 GHz gun. This
latter gun achieved a v; spread of less than 8 percent (based on

computer trajectory calculations).

It is planned to continue effort on gun design until the design is
optimized with respect to velocity, velocity spread, and magnetic
field., Alternatively, it may be required to increase cathode current

density to 5 or 6 A/cm2 before the design can be fully optimized.

TABLE 3.3-1

Cathode Current Density 4 A/cm2
Cathode Radius (mean) 0.6 cm
R_/R >2.0

a'c o
Cathode Angle 15-25
ITL/ISC <10 percent
BC #1300 gauss
Anode Voltage 22-29 kV

3~6



3.4 BEAM ANALYZER

The purpose of the beam analyzer is to provide a means for verifying
critical beam characteristics. One such characteristic is the amount
of beam energy in rotation (proportional to ulz). Sophisticated
techniques used in measuring beams for conventional microwave tubes,
such as moving a 'faraday cup" across the beam, are not readily
applicable to beams where most of the energy is in rotation. Further-
more, measurements of the physical electron beam parameters are often

costly to the program.

A plan has been put forth to perform gyrotron beam analysis by measuring
the self-induced magnetic field produced by the beam. This induced
field can be measured by means of non-energized, specially wound coils,
called a diamagnetic loop. As the beam is pulsed on, an emf is produced
in the specilal coils which can be measured on a scope. This emf
measures the flux produced by the transverse beam energy. A complete

derivation of the equations used is given in the Appendix.

The flux intercepted by n coils is:

2
nly B
%A___~w.9___w~
B BII

0

(BO in kilogauss)

Figure 3.4-1 1llustrates the solution of this equation for n = 500 turns.
At the design values of o (= Bl/ﬁl‘) = 1.5, a flux of 128 maxwells will
be iIntercepted by 500 turns.

As the beam is pulsed on, a flux change should be detectable on an
oscilloscope, compared to the static flux of the solenoid. Calibration
of the scope change can be accomplished by varying the known flux of
the solenoid.

3-7
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Implementing extra turns in the superconducting magnet does not appéar
difficult. 1Inactive colls are usually provided in these magnets to
sense abrupt flux changes before the magnet goes '"normal". The coils
could bhe wound directly onto the outside of the warm bore tube, or

over the gyrotron cavity itself.

3.5 POWER SUPPLIES

During the latter part of this report period, it was learned that equip~
ment from the Missile Site Radar (MSR) on Kwajalein had become excess
Army property. The radar transmitter contains a 150 kV high voltage
supply with a capability up to 20 Amps DC. This power level is sufficient
for a 1 MW gyrotron, which is an anticipated, long range DOE requirement.
Because of this new development, the purchase of a new supply was post-
poned. Plans were made to view the existing equipment to determine its
applicability for use at Hughes. These plans were to be implemented as

soon as arrangements could be completed during the next report period.

3.6 RF TEST EQUIPMENT

The redirection to 60 GHz requires new cold test equipment. This

equipment is expected to be ordered during the next report period.

Cold testing of various cavity designs will be conducted at X-band,
initially, An Hewlett-Packard Network Analyzer has been made available
on a part time basis for carrying-out this effort. Network analysis
permits swept frequency measurements and displayed results on a Smith
chart. BSwept frequency measurements at 60 GHz do not appear to be

feasible at this time.

The limited availability of circular waveguide components at the mm

wave frequencies is cause for concern. Compounding the problem is the

3-9



high power level and TE.. mode at which develcpment is required. The

02
design and fabrication of circular waveguide components in-house appears
necessary. BSome design effort on circular-to-rectangular mode trans-
ducers has begun, based on work conducted by Hughes Culver City during

the 1960's.
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IV. PROGRAM SCHEDULE

4,1 PROGRAM SCHEDULE

A revised program schedule which reflects the frequency redirection

1s attached.
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APPENDIX A
DIAMAGNETIC LOOP
FOR GYROTRON
VELOCITY MEASUREMENTS



The use of diamagnetic loops for characterization of gyrotron beams 1s

a concept extrapolated from a technique employed in plasma diagnosticsl.

A.1, MAGNETIC DIPOGLE MOMENT

The magnetic dipole moment for the beam of Figure A-1, is defined aszz

T a 2
0

B = (cgs units)

where
I = current due to a single electron
= velocity of light
2 = Larmor radius

The Larmor radius is further defined as

where
u; = transverse electron velocity
and
w, = cyclotron frequency
e B -
- o
“c TYm e
o}



G572

Figuve A~1 Gyrotron beam cross-ssction.



e/m_ = charge-~to-rest mass ratio

< relativistic mass factor

<
i

=
)
i}

steady state magnetic f£lux denslty
The electreon currvent can be further defined as
e
I ==
E

where

t = time for one cyclotron orbit
2ra

o el o 2T
U.L U)c
Thereforsa,
. e (L)C
L= 2n
and
—_ Y movl
m IR

are the current and dipole moment due to a single electron.
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A.2 MACROSCOPIC MAGNETIZATION

The magnetic moment per unlt volume 1s often called the macroscopic

magnetization. It is defined as

where
N = 1s the number of electroms per unit volume.,
A.3 EFFECTIVE CURRENT DENSITY

The magnetization contributes to the vector potential as an effective

surface current density 3;:

where

8 1is a unit normal vector to the surface

Therefore, on the outer surface, & x M = +jé, and on the inner surface,

——

§ x M = ~-7_, where:

0

o

Y m0 c v N




A.4 SELF-INDUCED MACNETIC FLUX DENSITY

For steady-state magnetic fields,

where
mﬁi = Induced flux demnsity.

Taking the integral of the normal component of the above equation,

(see Figure A-2)

ol

f”\'f x E’ii‘ﬁ ap = A T. hodA
S 5

where

S implies the surface shown in Figure A-2

T is in the direction normal to Ehand‘gi
and
dA represents a differential area of 5.

Applying Stoke's theorem for the line integral that lies inslde the

f’ﬁ.-d?mﬂ/f-‘ﬁ*m
1 C
C Js

hollow beam,
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which implies that the induced field in the z divection 1s:

Substituting for Jes

A.5 ELECTRON DENSITY

Let

p = charge density = Ne
Then

I =p « velocity . cross-sectional area
or

I =

Ne v‘léﬂroao



Solving for W,

= LT v]| ra 2,

Substituting for s

I3
o

4‘” U'l U.L ‘ymo C ro

N =

A.6 SOLUTION FOR INDUCED FLUX

2
2r ym_ v, IB,

i B ' qnu‘l vy ym exr

UJ_I

Bi =7 vll cro

Since in cgs units, I must be converted to Amps, the above equation

can be rewritten:

B, = e (I in Amps)
i 20 Vll er N Amps

The flux from Bi which links n loops is:

d = Bi + Area

Substituting:

vy I

20V er” | AT, 3
] "o



or

Substituting for Bos and using normalized velocities

nwlwvu 2 m o
1Yo

L
P =
' 5 V‘|e B0
oY h
2
1 Bl
¢ = 1.07 §F-Yo-—— (B in kilogauss)
o [

This is the equation for induced flux, when the beam is turned on.
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