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I. INTRODUCTION

The objective of this program 1s the design and development of a
millimeter-wave device to produce 200 kw of continuous-wave power at

110 GHz. The device, which will be a gyrotron oscillator, will be
compatible with power delivery to an electron-cyclotron plasma. Smooth
control of rf power output over a 17 dB range is required, and the device
should be capable of operation into a severe time-varying rf load

mismatch.

The technical baselines for the gyrotron and the associated power supply
are shown in Table I. In the gyrotron, which is shown schematically in
Figure 1-1, the electrons are formed into a hollow beam by a 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 frquency is 110 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 rota-
tional energy of the dec beam. The spent beam enters the region of
decreasing magnetic field, 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 waveguide 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 program is planned for dual approaches to the electron gun
and collector. The magetron injection gun is well understood and allows

the use of the extraction anode (as well as cathode temperature variation)
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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

110 GHz
200 kW RF
35%

70 kV

8.2 A
42.46 kg
1.5

8 A/cm2
0.44 cm
0.36 cm

100 kV dc
10 A

0-35 kV dc
200 mA
0-15 V, ac
15 A

10 pus pulse length
1 ms -~ 10 s pulse length

cw
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to vary the rf power out. The diode gun configuration, however, could lead
lead to lower thermal spread in the electron beam, and thus to a higher
efficiency. It also has a somewhat simpler mechanical construction.

For rapid variation of the rf power out, the diode gun could be designed
with a control electrode, in the form of an aperture grid or a modulzated
anode. Similarly, at least two design approaches will be taken with respect
to the collector, which has to be able to dissipate over 550 kw in unde-

" pressed operation. Fabrication and processing of prototype devices will

proceed in parallel,

During this first reporting period work has begun on a number of design
tasks, including the magnetron injection gun, rf circuit, collector and
power supply specifications. These activities are detailed in Section
III of this report, following the delineation of relevant background

material.
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IT. BACKGROUND

2.1 INTRODUCTION

During the past decade, the avallable power levels at millimeter wave~
lengths have increased dramatically. Hughes has achieved 5 to 7 kW at
55 GHz and 1 kW cw at 94 GHz from coupled~cavity TWT amplifiers. These
results define the current state of the art for cw devices that rely on
slow-wave interaction circuits., This is illustrated by the solid curves

shown in Figure 2-1.

Although the TWT has been in the forefront as a millimeter-wave high-

power source, it has become increasingly evident that fundamental limita-
tions to the TWT approach will allow only relatively small further increases
in performance. These limitations include voltage breakdown, thermal dis-

sipation and lower efficiency.

As illustrated in Figure 2-1, other standard amplification devices (such
as klystrons and crossed-field amplifiers) have not shown the same poten~
tial for high-power performance in the millimeter-wave region as the
coupled-cavity TWTs. For klystrons, the limitations arise from the
problems associated with large power levels in a single, relatively
high-Q cavity. For crossed-field devices, the fact that the electron
beam is collected on the delicate rf interaction circuit prevents a

high-average~power capability.

The average power performance for devices of this type drops below about
100 W at 50 GHz. The only method known for increasing the power of
these devices is to extend the interaction circuit (or cavity) in a
direction transverse to the beam, thereby distributing the losses over

a larger area. For example, a multiple-beam klystron, which effectively
accumulates the power from up to 40 klystrons into one rf circuit, has

1 . \ .
been demonstrated. More than an order-of-magnitude increase in average
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power is thus possible, but the complexity is increased greatly and the
resulting circuits require mode control to prevent undesirable

oscillations.

Studies to date indicate that so-called fast-wave, or periodic beam,
devices are achleving a breakthrough in power generation for millimeter-
wave applications. These devices use a periodic electron beam to inter-
act with a fast wave in a relatively large low-loss waveguide, thus
circumventing the power-handling limitations of slow-wave circuits.
Although these devices sometimes requive higher beam voltages and oper-
ate in an overmoded condition, they offer enormously improved thermal

dissipation and power-handling capabilities in returo.

One such fast-wave device, the Ubitron, was pursued actively in the late
1950s and early 1960s, with much of the work done by General Electric,zné
At that time, the device was proven experimentally, but applications

and support for high-power millimeter-wave tubes were lacking and the
development effort was terminated. GE's Ubitron achieved 150 kW of peak

power with about 67 efficiency at 54 GHz (Ref 5 and Figure 2-1).

For the proposed application, the Ubitron is not an attractive approach.
The efficiency of 6% 1s significantly lower than that of a gyrotrom
device and the construction and cooling of the RF circult is much more
complicated. PPM focusing was found to be unsuitable for cylindrical
Ubitron devices as this type of focusing system inherently scallops the
beam. Because the rf gain mechanism depends strongly on the radial
position of the beam, the scalloping motion is prohibitive.6

Other fast-wave devices have been reported in the literature,’ ~ the
most important of which is the gyrotronlowla (or cyclotron resonmance
maser, CRM). The Naval Research Laboratory (NRL) has done extensive

15-18

research on this device using an intense relativistic beam. Mega~

watt levels of pulsed power have been reported at frequencies up to



90 GHz (see Figure 2-1). NRL's theoretical work has provided the basis

for rf design of gyro-devices.

Most gyrotron applications research has been done in the USSR, where
work on these devices has apparently been going on for a decade. Although
the principles of gyro-TWA amplifiers have been described by Soviet

authors,lo’11

single~cavity oscillators are the only high-power operat-
ing devices known to have been reported in the literature. The highest
average power levels wevre 12 kW at 107 GHz and 1 kW at 350 GHz. The
efficiencies of these two gyrotrons were 30% and 6%, respectively, with
the latter device operating at the second harmonic of the cyclotron fre-
quency. Electronic efficiencies up to 43% have been veported. Beam

voltages range from 19 to 27 kV,

Jory et al.19 reported on gyro-klystron development at 28 GHz in the USA.
Pulsed power outputs of up to 248 kW at 347 efficiency have been obtailned
from a single-cavity oscillator. This result 1s plotted in Figure 2-1,
Also, 40~dB gain was reported in a three~cavity gyro~klystron amplifier

with 50~kW pulse output at 7% efficiency.

Based on these results and large signal performance predictions of a
preliminary design, the successful development of a 200 kW, cw gyrotron
at 110 GHz appears achievable, although the very high average power
densities required on the device do represent a considerable technical
challenge. An oscillator is preferred over an amplifier for a number
of reasons, chief among them being the elimination of the need for an
rf source as well as an input coupler, and the greater likelihood of

stable operation.
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2.2 CAVITY DESIGN

With a well designed cavity1 the gyrotron converts a large fraction of
the rotational energy of the dc beam into rf with an overall electronic
efficiency of about 35%. Hence the required beam power for 200 kW

of output power is about 5370 kW. The efficiency has a broad maximum2 at
a value of vy = 1.10, i.e., at about 70 kV. This voltage is also accept-
able from an electron optical point of view since the corresponding beam
current of 8.15 Amps can be drawn from a cathode of moderate size with an
emission density which is achievable with impregnated tungsten matrix
materials. Voltage breakdown in the gun and in the power supply does not
present a major design problem. The magnetic field in the cavity is
determined only by the operating frequency and for 110 GHz amounts to

42 .46 kG, A field of this magnitude must be generated by a superconduct-
ing magnet. Higher harmonic operation with a field of one quarter this
value may have allowed the use of a water cooled magnet; however the
attendant loss of efficiency produces problems in other areas and makes

this mode of operation unattractive.

The efficiency of operation is predicated on a low axial beam velocity
spread and the latter is a sensitive function of the extraction anode
voltage.3 It appears possible therefore to tailor the microwave power
pulse rise time by spoiling the efficiency of the device by changing
the extractlon anode voltage. Preliminary design parameters are given

in Table 2.2-1.

The small signal theory of the RF cavity interactiens in a gyro-magnetron
is treated in detail by Chu.4 The geometric model for the analysis is
shown in Figure 2.2-1; a definition of the variables used in this report

appears in Table 2.2-2.
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TABLE 2.2~1

PARAMETERS OF THE GYROTRON

Beam voltage

Beam current

Magnetic field
Transverse/longitudinal velocity ratio
Relativistic gamma

Beam velocity*

Axial velocity*

'Rotational velocity*

Cathode loading

Cathode radius

Cathode length

Mean radius of beam in cavity
Larmor radius

Cavity diameter (nominal)
Length of cavity (nominal)
Diameter of output waveguide
Electronic efficiency1

Cavity Q

RF power

Frequency

v/e

70 kv
8.2 amp
42.46 kG
1.5
1.1370
0.4759
0.2640
0.3960
8.0 A/cm2
0.44 cm
0.36 cm
0.08 cm
0.018 cm
0.611 cm
1.833 cm
1.23 em
35%

232

200 kW

110 GHz

#*Normalized to e, velocity of light

1With cavity tapering
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TABLE 2.2~2

Description

Symbol and Defining Equation

Speed of light

Electron charge, rest mass

Beam voltage, current

Power output, Beam power
Electronic efficiency

Axial magnetic field

Average beam radius

Larmor radius of electrons

Radius of cavity wall

Number of electrons per unit length
Cyclotron frquency harmonics mode

Indices for radial, longitudinal

modes
Relativistiec correction factor

Relativistic cyclotron frequency

Space charge parameter

Cavity length and normal form
Total electron velocity
Transverse electron velocity

Longitudinal electron velocity

Normalized velocities

Frequency, radian frequency
Normalized radian frequency
Transverse propagation constant
nth nonzero root of JI(X)
Longitudinal propagation constant
Normalized propagation constants
Cavity transit time

Normalized transit time

Forward wave transit angle
Backward wave transit angle
Total field energy in cavity
Cavity Q

Peak cavity electric field

Beam energy gain per transit

¢
e, W,
Vo, Io
P0 Pb
n
B
o
b
o
a
o
r
w
N
s
n, {
-1/2
Y = 1+ (e/m cz) \Y = 1 - (v c)2 !
o o o
AT ’E/m]BO/YO
2 2
v = Ne“/mc
_ o
., 1. = L/r
.
N 2
Yo n\/l—‘— I/Yo
v .
£, ) vz v2 = )2
10 z0o
v
2o |
(B> B> EZ) = (v, v 0, v O)/c
f. = 2nf
T or /C
kn = Xn/ru
’\n
k = 78/L
kn = knr; - 'Xn’ kz = kzr;
T = L/v
zo
T = 1c/r
w
\oo= w - - 50
A ( kzvzo s 0/YO) 1
AY = . - 59
(. + kzvzo S:O/YO) T
Wf
:'_,YV
Q Wi /PO
6o
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It is assumed in this analysis that all of the electrons entering the
cavity have the total energy and a fixed ratio of transverse-to-
longitudinal velocity (i.e., no velocity spread; (xév /vZ = constant).
It 1s also assumed that the guiding centers of all electrons have the
same radius, bo, giving an annular beam thickness is twice the cyclo-

tron radius, ao .

Assuming that the RF energy is reflected at the ends of the cavity the

electromagnetic fields for the TEOn modes in the cavity are given by

2
E6 = Eeo Jl (knr) sin (kzz) cos (ut) (2.2-1)
k
Br = (~i~) Eeo J1 (knr) cos (kzz) sin (wt) (2.2~2)
kn
Bz = -\ E80 Jo (knr) sin (kzz) sin (wt) (2.2-3)

For operation at the fundamental cyclotron frequency (s = 1) the elec-
tron beam-RF interaction is optimized by making the average beam radius
bo correspond to a peak in the electric field Ee. For the n = 2 modes,

this beam radius is bO = 0,26 rw.

The frequency of the cavity eigen modes of oscillation is given by

1/2

) 2, .2 _
o, = c(kz+kn) (2.2-4)

which can be plotted as a set of points along the dispersion curve, for
cylindrical waveguide having the same radius, T An example of such a
diagram is shown in Figure 2.2-2. In this figure we have also plotted
the sth beam cyclotron mode in such a way that it passes through the

TEOnl cavity mode.
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The Q of a cavity is defined as the ratio of energy stored, Wf, to the

energy lost per radianm, PL/m

=
o

(2.2-5)

——
€ ll“rd
S ——

For a gyro monotron, the power loss PL

pated in the walls of the cavity, PD, plus the output Power, Po’ coupled

is made up of the power dissi-

to the output wave guide.

For most practical cases Po >> PD and therefore the loaded Q is deter-

mined essentially by Po'

The stored energy in the cavity is determined for each mode by inte-
grating the energy density (eE2 + uHZ) for that mode over the volume of
the cavity. Since the field shape is fixed for each eigen mode of the

cavity, this procedure results in
W = Em E (2.2-6)

where gm is the cavity "form factor' for the mth eigen mode and EO is
the peak transverse electric field. Using Equations 2.2-1, 2.2-2 and
2.2-3, for example, the stored energy for the cylindrical cavity is
given by

nel, 2 .2 2

W = ~— 1 J (x)E

fn 4 w o0 n 6o (2.2-7)

The value of the cavity Q is a key factor in the design of gyromonotrons.

In the small signal case, the threshold beam power required to start
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oscillations 1s inversely proportional to the cavity Q. 1In the large
signal case, saturated output power occurs at a specified value of

peak electric field which determines (in conjunction with the output
power and the cavity form factor) the design value of the cavity Q. Thus,
in operation the cavity Q determines both the starting beam power and the
saturated output power. For this reason, it is important that the cavity
Q determined in the RF design be achieved as nearly as possible in the

physical construction.

The losses in the cavity can be estimated by comparing the loaded and

unloaded Q's of the cavity. As previously noted the loaded Q is given

by
wW wW
. £ e _f -
. T T F7 P (2.2-8)
D o Io)
and the unloaded Q by
mWf
Q = 1t (2.2-9)
u PD

Since the condition of interest is to determine PD when Po is 200 kW,

Wf is approximately the same in both equations and can be eliminated to

give

o
o)
n
—
Dl L
[~
S ——
+d
Q

The theoretical unloaded Q of a TE circular cavity can be calculated

021
from well known equations.” For a copper cavity (c = 4(107) mhos/m)
with a length to diameter ratio of 6, Qu = 12200 at 110 GHz. Antici-

pating a loaded Q of approximately 230 then gives
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For the power level of the proposed device, the dissipated power in the
cavity 1is about 3.8 kW,

The power dissipated through waveguide losses is another factor which is
easlily calculated from well established theory.6 Figure 2.2-3 gives the
dissipated power per cm in a circular waveguide carrying 200 kw of power
in the TE02 mode (copper assumed).

Another important cavity design consideration for gyro-monotrons is the
caﬁity shape (form factor). By selecting a cavity shape other than the
simple cylindrical cavity it is possible to simultaneously achieve two
important design goals. First, it is possible to enhance the saturated
efficiency by profiling the RF field amplitude in the cavity. In general
this 1s achieved by a cavity where the fields increase along the electron
beam to the end of the cavity and then drop abruptly. Figure 2.2-4

shows such a cavity shape which was theoretically analyzed7 and which

demonstrated enhanced efficiency in an experimental gyro-monotromn.

The second design goal which can be achieved by shaping the cavity is to
move the unused eigen modes away from synchronism with the beam mode so
that only the desired mode will be excited. As will be shown, this is
an important consideration for gyro-monotron design because the

cylindrical cavity does not provide sufficient mode separation.

The previously cited Reference 8 discusses mode separation via cavity
shaping and provides a theoretical basis for calculating the eigen modes
of cavities which have a slowly varying cross section. Also, computer
codes exist for numerically simulating the eigen modes in cylindrical

cavities with atbitrary shapes.
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As was illustrated in the previous Figure 2.2-2, the dispersion relation~
ship for the beam cyclotron mode is given by

woo= k v, + — (2.2-10)

The synchronous case where the beam cyclotron mode passes through the

cavity eigen mode is given by

590 9 9 1/2
kzvz +~;;~ = {kckz) + (ckn) } = W (2.2-11)
If in addition to this equation we require that
_ Arc 5
W, T EE; (2.2-12)

we get the condition of tangency between the cyclotron beam mode and the
waveguide mode. This condition provides for optimization of the small
signal interactions In the cavity, but in general it need not be

strictly adhered to if other design requirements so dictate.

It is sometimes desirable, for example, to deviate somewhat from Equa~-
tion (2.2-12) in order to reduce the possibility of interactions with
undesirable modes. Also, large signal analysis usually shows enhanced
efficiencies for cavity lengths somewhat longer than the length dic-

tated by Equation (2.2-~12). Increasing the cavity radius-and-magnetic

- i =5 < x A
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In general, Equations (2.2-11) and (2.2-12) provide the starting point

for first order design of gyro-monotrons. These equations can be sim-

plified to the following set of design relationships.

L

For a specific example of V = 70
110 GHz, Equation (2.2-13) gives

respectively,

[a
i

=
]

=
it

XnYzc
2nf

(2.2-13)

2fg
z

kV, a = 1.5, s = 0o, n= 2, and f =

the following first order design values

3.157 mm

41.534 kG

5.177 mm

We now examine the start oscillation conditioms for the gyro-monotron.

Chu defines a dimensionless quantity F to be the rate of the total time

average beam energy gain during one transit time (1 = L/vz) to the

total stored field energy,

i (2.2-14)
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and shows that in the small signal approximation for a cylindrical
cavity, this quantity can be calculated from the basic parameters of the

beam and RF cavity.

The factor F can then be used to calculate the small signal start-
oscillation conditions for the oscillator as follows. The rate at which

the beam supplies power to the cavity is given by

wa
Pout = q (2.2-15)
Defining threshold as the point at which P, =P we get
. in out
- FQ = wr (2.2-16)
3 2 e s th
By using the beam power Pb = N(yo -~ 1) moc v, and by defining Pb as

threshold beam power required for oscillations, this can be rewritten as

2
me (y ~1) vaw )
3 0 o) z _
Pb Q = EET) (2.2-17)

The net result is that for any given set of mode numbers (s, n, &) and

oscillator parameters (w, A, Y,» P ut), one can calculate a value of

[s]

PbthQ for which oscillations will start.

Although the calculation of ¥ is somewhat cumbersome, our experience

seems to indicate that for the important case of maximum saturated
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output power, only the HS term of ay is significant and that the peak of

~F occurs at A =7 (for s =n = 2 = 1),

Another important feature of Chu's small signal theory is that it pro-
vides an estimate for the permissible velocity spread in the beam. Chu
shows that for a large range of design conditions the range of A over
which the function F is negative (i.e., gives up energy to the cavity)
is approximately 2.5 w, Thus if the axial velocity spread GBZ satisfies

the relationship
SA = (Ez 532) T << 2.5 (2.2-18)

there will be only a small effect on the efficiency. For the previous
110 GHz design example having a 70 kV beam with a = 1.5, this turns out

to be a relatively lenient criteria.

The basic approach used in the gyro-monotron computer simulation for
large signal saturation is similar to that employed in other large signal
analysis codes for O-~type devices except that the electron motions are
fully three dimensional. 1In the simulation, the trajectories of a set

of "test electrons” (up to 1000) are computed as they pass through the

dc and RF fields of the device belng analyzed. The average energy change
of the ensemble is then used to determine the basic efficiency of the

energy exchange.

The initial conditions of this ensemble of test electrons are chosen in
such a manner that both the spatial and temporal phase distributions of
the electrons in the beam are simulated. For example, a full simulation
of a gyro-monotron of the type being considered for this program might
use 320 electrons distributed in 8 rings with 40 equally spaced elec~-
trons around each ring. The rings would then be launched into the

gyro-monotron cavity at equally spaced phase intervals over one RF
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cycle. Space-charge forces in the electron beam simulation are included

in the computer simulatiomn code.

The equations which are integrated to determine the trajectories of the

test electrons come from the relativistic force equation

au . e s, > B
T - (E + U x Y) (2.2-19)
o
where the relativistic pseudo velocity vector U is defined by
dxX ]
Pt == e 7...
it Y’ (2.2-20)

X is the position vector, and vy is the Lorentz relativistic correctiocn

factor given (in terms of U) by

2
Yy = 1+_I—L,

CZ

The set of six nonlinear differential equations given in (2.2-19) and
(2.2-20) are integrated in a cylindvrical coordinate system to give the
values of (r, 0, =z, i, é, z) as functions of time. The RF fields in
the cavity can be calculated either from the analytic eigen modes of
the cavity or in the case of a vevry irregular cavity shape, from a mesh

solution technique.

Upon completion of integrating Equations (2.2-19) and (2.2-20) for each
test electron as it passes through the RF cavity, the efficiency of

energy exchange is given by

ho= 2L (2.2-21)
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2 N
where Y, is defined by the initial energy of the electrons, m_c (yo - 1),

and Y1, by the average energy of the test electron ensemble after all

electrons have passes through the RF cavity at z = L. This average

energy is given by mocz(yL ~ 1) where

o

I
1y, N
e

N
Yi o0 (2.2-22)
i

=1

i is an electron index, and Ne is the total number of test electrons.
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2.3 DESIGN APPROACH

Based on previous experience cited in the literature and our own gyrotron
simulations, the design of gyro-monotrons and their associated electron
guns at the 200 kW output power level (and 110 GHz) will best be accom~
plished at beam voltages in the 60 to 80 kV range.

The strongest driving factor to operate at this voltage level is the
required beam current and associated cathode loading. A first order
design trade-off of the magnetron injection gun shows that at 70 kV
with an assumed efficiency of 35%, and a = 1.5, the cathode loading for
a reasonable gun design will be about 8 A/cmz. Any lower beam voltage
or higher o will increase this cathode loading and/or make the gun
design more difficult. We have therefore elected to use VO = 70 kV and
a - 1.5 as electron beam design parameters. These parameters are also

consistent with high efficiency for the gyro-monotron.

The electron beam radius in the rf interaction region is determined from
a first order rf cavity design. TFor a cylindrical cavity operating in
the TE021 mode the cavity radius is 3.055 mm and the average beam radius
required to optimize the rf interaction with this mode is b0 = (.26 ,

= 0,80 mm. The cyclotron radius of the electron motion will be 0.18 mm.

The primary tool for optimization of the design parameters for maximum
efficiency is the large-signal Gyro-monotron computer code. This simu~
lation code provides the only practical means for predicting the effects
of design changes on the saturated oscillator efficiency and therefore

is indispensible both as an initial design tool and as a second iteration

refinement tool.
In design optimization, the large-signal analysis code 1is used to find

the optimum set of design parameters which provide the highest effi-

ciency by changing the parameters (within selected constraints) and
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observing the results. The primary variables for this optimization are
transit phase (magnetic field) and electric field (cavity Q). Thus,
for each case of beam voltage and mode geometry, an optimum efficiency

can be found as a function of two variables A and Eeo'

As an example of this procedure we have used the large-signal analysis
program to determine the optimum design parameters of a gyro-momotron
having a cylindrical cavity geometry. The results are given in Figures
2.3~1 and 2.3-2.

After finding the optimum value of efficiency at Eeo = 0,16 and

B/BO = 0,967 (BO is the magnetic field value corresponding to A = 0 for
the TE021 mode) the two figures were created by first holding B constant
and varying EO and then holding ED constant and varying B. The results

indicate a peak efficiency of about 36%.

Note that the TE021 mode is being used rather than the TE011 mode. This
has the advantage of delivering a higher peak efficiency (367 instead
of 31%) and results in a larger waveguide diameter, reducing heat dissi~-
pation. With shaped cavities, efficiencies approaching 40% should be

possible using the TE mode, assuming stable mode control can be

021
achieved.

The design of an electron gun is dictated by the parameters of the
required electron beam and is constrained by factors such as voltage
breakdown, maximum cathode loading, and available magnetic field. 1In
a gyrotron gun these parameters include in addition to the geometric
and electrical specifications the further restrictions that these
parameters be obtained with a specific magnitude of magnetic field and
that a given part of the beam's energy be in rotational motion. The
design problem is further complicated by the need to minimize the

spread in rotational energy.
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In a typical magnetron injection gun, the extraction of the electrons
depends on the presence of a magnetic field at the cathode. Unfortunately
this magnetic field plays a considerable role in determining the subse-
quent electron motion and therefore restricts the options available to

the designer. Specifically, the energy in rotation in the magnetic field
imparted to the electrons in the gun is related to the energy in the
magnetic field downstream by the '"transverse adiabatic invariant" and by

the need to conserve angular momentum.

The gun geometry is determined to a great extent by the available density
of emission from the cathode, and this parameter is left to the discre-
tion of the designer. Electron guns are normally operated in the space-
charge~limited regime to avoid the need for highly regulated heater
supplies and to minimize emission fluctuations associated with local

poisoning.

Gyrotron guns are however operated under temerature limited conditions
since it has been found by Tsimring et al.l’2 that the transverse elec-
tron energy spread increases rapidly with increasing space charge.

This is confirmed by our own computer simulations of magnetron injection
guns with and without space charge. The simulations show that when
space charge is introduced into a model a debunching of the trajectories
in the cathode region takes place and this causes a spread in the tra-
jectories in the nonuniform accelerating region of the gun and results

in a transverse energy spread.

Figure 2.3-3 shows a parameterisation of the gun design for a cathode
loading of 6.0 A/cm2 and a cone angle of § = 10° and an extraction anode
clearance factor of 1.25, It can be seen that for r, = 8.8 x 10-'3 meter
that the equivalent gun operates space charge limited and it is there-
fore necessary to work with a smaller radius cathode. The correct radius
cannot be obtained from this analysis, however, an estimate may be made
from the published data of Tsimring2 which shows the variation in perpen~

dicular velocity Av~L as a function of (IO/IL) for a specific gun design.

-
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ITT. PROGRESS

3.1 GENERAL

Effort for this program has been divided into the following tasks:

¢ RF Circuit

e Electron Gun

e Collector

e Solenoid

¢ Power Supply

@ Beam Analyzer/Tester
e RF Test Equipment

This section describes progress made during the subject period.
3.2 RF CIRCUIT

The RF circuit is a single cavity which will be resonant at 110 GHz

for a TE021 mode. The Q of the cavity must be predetermined, since the
cavity Q determines the start-oscillation threshold and the saturated
output power. Calculation of Q for a right cylindrical cavity is rela~-
tively straightforward. However complex cavity shapes require more

tedious calculations.

A numerical technique using interactive computer facilities has been
developed to rapidly evaluate the efficiency of arbitrarily-shaped
cavities, It is known that an optimum choice of longitudinal cavity
profile can greatly enhance efficiency through beam pre~bunching in
phase space. In examples computed at 30 GHz, use of a 1.2 taper cavity
increases mode spacing by 4-7 times (for TEO21 and TE022 modes) and can

increase the required Q of a cavity by more than a factor of 2, It is



suggested, but not yet demonstrated, that tapering can enhance the
efficiency beyond 50%. The effect of the size of input and output beam
holes also affects efficlency and Q.

Typical graphical output from the computer program is illustrated in
Figure 3.2-1 for a right cylindrical cavity. The contoured lines
represent the H fields of a TE02 mode, The E field lines are perpendic-
ular to the plane of the paper, directed into the paper for one peak
field and out of the paper for the othexr peak.

Figure 3.2-1A depicts the desirable TE021 mode, resonant at a frequency

of 33.606 GHz, while Figure 3.2-1B shows that the TE mode is only

022
0.282 GHz away. The unloaded Q calculated by the computer program for

this cavity is 230.

Figure 3.2-2 illustrates the same modes for a tapered cavity of exactly
the same length, only now, the TEO21 and TE022 modes are separated by
1.324 GHz. The computed Q for the tapered cavity is 567.

Figures 3.2-~1 and 3.2-2 also illustrate that it is theoretically pos-
sible to interact with either of the TEO2 peak fields. However, the
size of the input beam hole, which should be as small as possible to
prevent RF from traveling toward the cathode, may preclude the beam
reaching the optimum position of the upper peak E fields. The theoret-
ical efficiency which can be attained by interacting with the lower

peak in this cavity 1is 35% and 297 for the upper.

Theoretical in this case implies no variation of spread in v, . How~-
ever, practical limitations make it impossible to produce a beam with-
out velocity spread. Moreover, a beam made to interact with the more
efficient lower mode will have inherently more energy spread because of

its higher current density. Alternatively, interacting with the upper
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mode will cause the beam to pass close to the cavity walls, in particu-
lar to the smaller diameter ends of the cavity which produce an RF
short at the resonant frequency. In practice, the cavity need not
terminate abruptly; shorter or more gently sloped cavity terminations

should be feasible. These configurations are being analyzed.

It is generally recognized that shaping the cavity enhances gyrotron
efficiency, as well as providing greater mode separation. Many cavity
shapes can be found in the literature, and several have been evaluated
with our computer programs. The most promising cavity is shown in
Figure 3.2-3. The equipotential lines again show the H fields of the
TE02 mode. Figure 3.2-4 shows how beam ~ RF interaction efficiency
grows as the beam passes through this particular cavity. The peak
efficiency predicted by the computer program is 34.8%, which is approxi-~
mately that which could be achieved by a cylindrical cavity. However,
the Q, and consequently the mode separation, is significantly higher
for the cavity of Figure 3.2-3. Further evaluation of this cavity
design will be implemented during the next quarter, including cold
testing.

A study was made to determine reliable and accurate methods for making
cavity Q measurements, which would serve as a check of the computer
program. The methods chosen were transmission method and phase and
amplitude input impedance measurements using the polar plot network

analyzer,

Methods using complex eigenvalue differential equations were investi-
gated along with analytical methods and the Cavity computer program.
From these studies and cold-test experiments, considerable knowledge

of cavity design will be available.
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A set of cavities were drawn up with various shapes and hole sizes and
sent out for machining. Some preliminary testing was donme to check

equipment,

Velocity spread in the cavity is gemerally recognized as the most
important factor in failing to attain the ldeal efficiency predicted

by most computer programs. Consequently, a large signal computer analy-
sis has been undertaken to determine the effects of non-uniform trans-

verse velocity on the specific design of the 110 GHz gyrotron.

Preliminary results of the large signal analysis on gyrotron efficiency
indicate that for a spread of 107 in v, efficliency will be degraded
20%. That is, the predicted ideal efficiency of 357, will be reduced
to 28%. It is therefore imperative that velocity spread be minimized

to as low a level as possible in the final design.

The physical relationship between the RF cavity and the electron beam,
positioned at the lower peak of the TEO2 mode, is shown in Figure 3.2-5.

3.3 ELECTRON GUN

The basic gun configuration used in gyrotrons is the Magnetron Injection
Gun (MIG), operating in the temperature-limited region.l The object of
the design effort is to produce a hollow beam spiralling on guiding
centers which correspond in radius to one of the peak E fields in the
cavity. The rotational energy in the beam must produce the '"design
value" of v,, with a minimum variation (spread) in velocity. The

spread in v, can be produced, among other reasons, by operating the

cathode too close to the space charge-limited region.

The design of the electron gun can be approximated by assuming the

cathode and anode form concentric cylinders.2 Utilizing the appropriate
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design values for the lower cavity position (Figure 3.2-5), a computer
program was formulated which permits a rapid parametric analysis of
various gun configurations. For given final beam parameters, the pro-
gram provides characteristics of the gun, such as the width of the
cathode strip, anode voltage and magnetic field at the cathode. 1In
addition the program calculates the ratio of temperature - limited beam
current to space charge~limited current (IO/IL), which represents how

close the cathode is to space charge limited operaticn.

In Section 2.3 of this report, a graphilc representation of the output
of the computer program is shown (Figure 2.3-3), wherein, the ratio of
anode radius to cathode radius is fixed (ra/rc = 1.7), and the cathode
angle and current density are fixed at 10° and 6 A/cmz, respectively.
It can be seen from Figure 2.3-3 that the most variable parameter of
magnetron gun design is the ratio Io/IL’ whereas cathode magnetic field

and anode voltage are not crucial, first-order, tradeoff parameters.

The historical importance of IO/IL has prompted a more detailed analy-
sis, in which the cathode angle and current density are not fixed. The
results of this analysis are shown in Figure 3.3~1 for a beam inter-

acting with the lower peaklg field in the cavity.

In order to maintain a low ratio of Io/IL’ <107%, either the cathode
angle should be greater than 100, or the current density should be
increased to excessive values. But, at high values of cathode angle,
voltage breakdown or anode interception can occur, and this is shown

as the dashed lines of Figure 3.3~1. 1In fact, at higher cathede angles,
the validity of using concentric cylinder theory is questionable. At
low cathode angles, around 5%, the cathode can only be operated space

charge-limited.
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In contrast, for interaction with the upper peak of the TE mode, a

reasonable gun can be constructed with a 10° cathode angleoind 6 A/cm2
current density, while operating at only 7.2% of the space charge -
limited current. The disadvantage of interacting with the upper peak
field however is lower efficiency. This gun design for the upper field

is being explored only as an alternative.

It should be noted, that the affect of other values of ra/rC is to pro-
duce only a slight displacement of the curves, to the left for higher

values of T .
u ra/ -

The values used in plotting Figure 3.3-1 are those for the smallest
possible cathode radius, which just allows the first electron cyclotron
orbit to clear the cathode, This value of r. rroduces the lowest ratio
of IO/IL. A potential problem associated with the smallest value of r.
is that the width of the cathode is typically 10-307%7 larger than T,
(See Figure 2,3~3 for small rc.) This presents a problem in that elec-
trons leaving from widely spaced positions along the cathode could not
reasonably be expected to have the same transverse velocity in the
cavity. Successfully constructed gyrotrons have typically had the

cathode width, %, equal to 1/2 or less of r..

A reasonable tradeoff can be achieved by compromising rc, JC, and cathode
angle. Figure 3.3-2 illustrates a typical output from one case of the
previously described parametric analysis. The current density, JC, in
this case is 8 A/cmz, a high value not usually employed in microwave
tubes. However, at Hughes, M type cathodes, operating in the tempera-
ture~limited region, have exceeded 1000 hours of life. Therefore,

8 A/cm2 represents a reasonable tradeoff value which results in low

Io/IL and relatively long life.
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A magnetron injection gun was designed using the parameters of Fig-

ure 3.3~-2. A magnetic field, producing approximately 1300 gauss in the
cathode region and 42,460 gauss in the cavity, was designed using
computer—-alded techniques. The criteria for designing the magnetic

field for this gun were to provide a linear field over the cathode, pro-
duce a slow field increase in the beam acceleration region, have less
than 0.1% variation in the cavity region, and finally, to provide the
required field using realistic current density in the field-producing
coils. The effect of these design criteria was that the required spacing

between cathode and cavity must be approximately 23 cm.

The gun design was evaluated using a relativistic beam trajectory com-
puter program. The results of the initial design effort are reproduced

in Figure 3.3-3. The calculated transverse velocity (v,) spread was 25%.

The variation in v, was large enough that some electrons emitted from
the front (nose) of the cathode had all of their forward longitudinal
energy converted to transverse energy, which resulted in those electrons

being reflected back toward the cathode.

The apparent reason for this large velocity spread is due to the long
cathode width compared to its radius (l/rC = 0.8). Electrons near the
nose of the cathode are accelerated much more rapidly than those toward
the rear. Recognition of this fact led to a modification of the cathode
region which provides considerable reduction in v, spread. The modified
design is shown in Figure 3.3-~4. The shaped center electrode produces
lower acceleration for those electrons closer to the nose and higher
acceleration for those electrons toward the rear. The computed v,
spread in the cavity region is 8%. While the gun design is by no means
finalized, this value of v, spread is believed to be adequate, since a

10% spread will still yield efficiency of 28%.
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3.4 COLLECTOR

Two approaches for collecting the beam are being evaluated: the classi-
cal, axisymmetric collector and a collector which uses spherical mirrors
to separate beam from RF power. 1In the first design configuration,
illustrated in Figure 3.4~1, RF exits through the extreme end of the
collector and the beam is collected on the cylindrical walls. The
collector essentially begins immediately after the RF cavity. The cir-
cular waveguide walls will be smoothly tapered to a sufficiently wide
diameter at which the beam may safely be collected. The waveguide walls
will then taper down to the size of the RF window. The area over which
the beam is collected is dependent upon adequate cooling of the copper
walls. The spent beam must be made to diverge magnetlically and spread
over a conveniently large surface area. This collector design is the

most expedient means to obtain the first tube.

Tapering of the collector walls to a larger radius can cause the propa-
gating RF to transfer its power to higher order modes. A method designed
to minimize RF moding problems using spherical mirrors has been proposed
by R. Dandl3’4 of Oak Ridge which involves the use of two antennas facing
each other as shown conceptually in Figure 3.4~2. 1In this scheme the
electrons are brought out radially between their antennae. This scheme
requires a strongly varying magnetic field along which the electrons
maintain their cyclotron orbits. The use of a ceramic insulator between
the collector and the tube body allows the collector to be depressed
with respect to the tube body. This has two advantages, the beam col-~
lected is not only at lower energy but also a weaker cusp magnetic field
is required to spread out the beam. Further, if for example the cathode
voltage was -35 kV with respect to ground, and the tube anode and body
was +35 kV with respect to ground, the collector and output window would
be at ground potential. The collector would be depressed by 35 kV with

respect to the tube body. Opening up the diameter at which the electrons
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are collected easily allows the attaimment of the required area, for

easy heat dissipation by liquid-cooled fins.

A disadvantage of this latter scheme is that, at 110 GHz, the tolerance
on the mirror surface creates a critical design and manufacturing prob-
lem, especially when one considers thermal expansion due to high RF and
beam power in the collector region. This collector concept will require

careful evaluation before being implemented.

The major issue to be addressed in collector design is power dissipation.
Techniques are readily available for dissipating power densities of

1 kW/cmz. In order to evaluate the power density within the axisymmet-
ric collector which will be designed for this gyrotron, the gun design
should be finalized. The beam characteristics in the cavity, including
anticipated velocity spread, are then analyzed with the large signal
computer program to determine remaining energy in the beam. The exiting
beam characteristics from the large signal program are then used as
input to the beam trajectory program so that power density in the col-

lector region can be evaluated.

It is anticipated that several iterations of collector magnetic field
may be required before the power density can be optimized. A pole piece
may be required to assist the dispersion of the beam. Once the collec-~
tor radius is known, the collector will be redesigned as an RF circular

wavegulde using established techniques.5

3.5 SOLENOID

The peak magnetic field required in the cavity region is 42,460 gauss.
It is anticipated that this field will be obtained with a super-
conducting magnet. The design established thus far for use in the gun-

cavity trajectory plots employs five coils wound on a2 5 cm mandrel.
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The colil current density is less than 30,000 A/cmz, which represents an
upper limit for practical superconducting coils. The field in the

cavity varies less than 0.17%.

Over the cathode, a field of 1300 gauss is used in the present gun
design. This field is constant to within 1%. No pole-piece 1s required

in the gun region.

The spacing of the coils is such as to provide a slow rising field in

the gun region as well as to maintain reasonable coil current densities.

The remaining part of the solenold design concermns the collector region
and an optimum decay of the magnetic field. Once the gun design is
finalized, trajectory computations within the collector will be under-
taken in order to evaluate the superimposed magnetic field. This eval-
uation will include the use of collector pole pieces and/or auxiliary,

non—-superconducting bucking coils.

3.6 POWER SUPPLY

A dedicated power supply is necessary for operation of the gyrotron.
Salient features of this power supply are given in Table 3~1. A com-
plete specification has been written and sent to ORNL for approval,
before proceeding to solicit bids. The estimated delivery date is

12 months ARO. Until the power supply is delivered, testing will be
done with 10 us pulses and at low duty.
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TABLE 3-1

Cathode voltage
Cathode current
Control anode voltage
Control anode current

Control anode modes

Body/cavity voltage
Body/cavity current
Collector voltage
Collector current
Heater voltage
Heater current

Primary voltage

-100 kV max
10 A max

35 kV max
0.2 A

20-50 us pulse
10 ms~-10 sec pulse
cw

Ground

2 A max

~50 kV to ground
10 A max

15 V AC max

15 A max

4160 V 3 phase

Capable of being operated from a remote control panel.
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3.7 BEAM ANALYZER/TESTER

Knowledge of the actual beam geometry is important toc prevent circuit
overheating due to beam interception and to evaluate gun circuit and
collector performance, as well as construction techniques. Determina-~
tion of the electron velocity spread in the beam is necessary to opti-
mize the gyrotron efficiency. Direct measurement of these characteris~

tics will also help calibrate the design computer codes.

Two types of electron beam evaluation devices will be constructed and
tested to experimentally verify the design of the gyrotron. The first
device, a beam analyzer, will permit direct measurement of the beam
geometry and velocity spread under very low duty pulsed conditions. The
second device, a beam tester will evaluate the beam interception and
thermal capabilities of the tube subassemblies under pulsed and cw opera-
tion with no RF interaction. Since the beam needs to be measured at

full voltage and magnetic field each of these devices will use the

superconducting solenoid.

Electron Beam Analyzer

The beam analyzer will consist of a hole scanning device which attaches
directly to the electron gun and which can be slipped into the solenoid
for measurement. This concept is presently used on beam analyzers for

millimeter-wave Pierce guns.

The beam will be probed in the usual manner by scanning an aperture plate
with a small pinhole of about 0.002 cm diameter in it across the beam and
collecting the current transmitted through the pinhole in a Faraday cup.
The presence of the strong magnetic field requires adequate precautions
to prevent secondary electrons and reflected primaries from the collector

from falsifying the results.
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The beam velocity spread will be investigated by a retarding field

method.

In this method a uniform axially directed retarding electric field E;
is applied in order to induce selective mirroring in the uniform mag-
netic field'B0 of the interaction region. Figure 3.7-1 shows the

apparatus schematically.

The transverse electron motion is governed by the transverse adiabatic

invariant and, using previously derived equations,2 one finds that

m Yz v 2 n Y2 v 2
_21__0__?..____4.:_§.~= .%._9__9,.___1.& = const (3.7-1)

where the subscript s denotes the value of the variables at the collector
electrode which is held at potential ¢S and where the subscript o refers

to the value of the variables before entry into the retarding field.

Since

mcC
o

- (e Y 7.
y = ( 7t 1) - (511 * 1) (3.7-2)

with ¢ measured in kV one finds that since

o 1)
o
(~——~+ 1 Y
B 511 _ o _
vl,s B Vl,o o) | a Vl,o Y (3.7-3)
s 1) s
(s

that Vi is relatively unaffected by ¢q. Changing ¢S from 27 kV to

3

cathode potential varies Vs at most by 5 percent.
> §
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The axial velocity V. oo is computed from the definition of ¥y

2 2
Va,s Vi,s 1
-5 -—75 = %3 (3.7-4)
C o4 YS

which, on substitution for vi S/c2 from Equation (3.7-3) becomes
3

2
v \
Z,S _ 1 { L,0o 2 _
= = 1= =5 v, t1 (3.7-5)
c Y c

Substituting the tube design values into the above equation, to calculate
the retarding potential of which a monoenergetic beam is reflected

(Vz,s = 0), we find @s to be 49,45 kV.

For a transverse velocity distribution of +2.5% the electron with the
largest value of gl/c = 0,280 is reflected by a voltage of @X = 51.87

kV. The method has therefore reasonable voltage resolution for the

beam analysis.

In practice the design of the experimental equipment will be verified by
computer modeling to find the perturbation produced by the fringing
field of the aperture. Some concern may exist about the path of the
reflected electrons which are essentially tied to the flux lines and
which may produce an erroneocus current reading. In Figure 3.7-1 we show
a nonreciprocal element, an E-cross-B filter design to overcome this
problem. Electrons heading into the collector pass through the filter
undeflected, returning electrons however see a strong deflection field
since the deflecting fields add for them. These electrons are collected

on a suitable electrode.

3-37



Electron Beam Tester

The beam tester will use actual gun and collector assemblies with seg-
mented body structure which 1s thermally representative of the gyrotron.
Each of the segments will be electrically insulated to permit direct
measurement of the Intercepted beam current at points along the tube.

RF loss will be used along the body section to prevent oscillations from
occurring. This beam tester will permit complete evaluation of the gun,
magnetic focusing, and depressed collector designs under no RF condi-
tions. The sensitivity of beam focusing to tube alignment within the
superconducting solenoid will be determined. The thermal design of the
gyrotron can also be verified. Following the initial experiments with

the beam tester, it will be used to troubleshoot the hot test setup.

3.8 TEST EQUIPMENT

The unusually high operating frequency of this device, and its unique
operating modes require special test equipment which will be dedicated

to the program.

Commercially—-available RF generators and waveguide accessories have been
ordered. Measurement equipment for the 110 GHz range and for monitoring
the specialized pulse modes are currently being ordered. Specialized

mode converters are being designed and fabricated by Hughes.
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IV. PROGRAM SCHEDULE AND PLANS

Attachments to this section show the work breakdown structure, milestone

schedule and milestone log. Immediate plans are to continue on tasks

that have already started, and to come up to speed on tasks that were

originally scheduled to be underway, The hysteresis in the milestone

schedule is expected to be overcome now that a formal contract has been

signed (close of September 1979).
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MILESTONE LOG

Task - 1100 A Design data to power supply specs
B Design data to beam tester, analyze

C Design data to SN/I

Task - 1200 A Design data to power supply specs
B Design data to SN/2

Task - 1300 A Design data for solenoid to beam tester, analyzer,
Order solenoid

B Design data for solenoid with diode gun
Task ~ 1400 A Data for collector design
B Data for SN/1 design

Data for SN/2 design

Task - 1510 A Data for beam tester design
B Data for SN/1, SN/2 design

Task - 1520 A Data for beam tester design
B Data for SN/1, SN/2 design

Tagsk - 1610 A Data for beam tester design
B Data for SN/1, SN/2 design

Task - 1620 A Data for beam tester design
B Data for SN/1, SN/2 design

Task - 1900 A Preliminary layout

Finalized layout
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Task

Task

Task

Task

Task

Task

Task

Task

Task

Task

2110

2120

2210

2220

2340

2240

3110

3120

3320

5100

[ o T =< B

MILESTONE LOG (CONTINUED)

Magnetron injection geometry finalized

Fabrication complete

Design complete

Fabrication complete

Focus tests completed, magnetron injection gun

Focus tests completed, diode geometry gun

Thermal tests, collector 1

Thermal tests, collector 2
SN/1 assembly completed
SN/2 tests completed

SN/3 tests completed
Approved specs issued
Order placed

Manufacturers' test initiated

Installation at Hughes.
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