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ABSTRACT.

A pulsed Electron Cyclotron Maser (E.C.M.) was developed and
used to generate high power mm-waves in the W-band (75-110GHz) and
the G-band (150-220GHz) frequency ranges. The relativistic electron
beam (R.E.B.) was produced from a field-immersed, field-emission,
cold cathode. A shaped anode cavity was designed for the optimum
cavity Q, resonant: frequencies, relative mode density, reflection
coefficients and mode conversion in the output coupler.

Two pulsed conventional field coils were used; coil#1 (maximum
B-field <9T) produced the uniform intra-cavity magnetic field and
coil#2 (maximum B-field =1T) acted as a cathode field tuning coil.
The addition of the cati:xode tuning coil increased the useful
output energy in any pulse by a factor of ~400.

Four diagnostics were used to determine the characteristics of
the maser; 1) direct uncalibrated power monitoring, 2) calibrated
frequency measurements (made using a quasi-optical diffraction
grating spectrometer), 3) near field radiation pattern measurements
and 4) calibrated absolute power measurements (made wusing a
thermopile calorimeter).

The following characteristics of the maser oscillation were
identified: in the W-band, single mode oscillation in the TE;;
mode was observed, centred at 95.2GHz, with an output power of
=50kW. The cavity was crudely step-tunable with the excitation of
the TEj3 mode at 81.4GHz and the TE;, mode at 88.0GHz. In the
G-band, multi-mode oscillation was observed at all values of the
intra-cavity magnetic field. With the increased mode density at
these frequencies, the maser was quasi-continuously tunable and

200GHz oscillation was observed.
These results proved to be self-consistent with the
device-dependent calculations used to design the system and the

general E.C.M. theory developed previously.
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SYMBOL LIST.

Area.

The cavity diameter.

Diffraction grating groove spacing.
Magnetic induction.

Capacitance.

Speed of light.

Electric field. -

Energy stored in an inductor.

Energy stored in a capacitor.

Charge on an electron.

Cyclotron frequency of the electrons
in the presence of an magnetic field
Magnetic field,

(1/u9)B

Current.

Bessel function of order p.
d/dx(Jp(x)).

J(-1)

The parallel wave number of the guided

electromagnetic wave.

= The perpendicular wave number of the

guided electromagnetic wave.
The free space wave number of the

electromagnetic wave,

(kg2 + k,2)4/2,

Inductance.

The length of the magnetic field coil.
The length of the oscillating cavity.
Order of diffracted signal.

Rest mass of an electron.

Total number of turns.

Number of turns per unit length.

Power.

Magnetic field pressure.
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The cavity ohmic quality factor.

The cavity diffraction quality factor.
The cavity quality factor,

(1/Qq + 1/9p) 1.

Resistance.

The Poynting vector.

Electric potential difference.
Parallel component of electron velocity
w.r.t. the magnetic field lines.
Perpendicular component of electron
velocity w.r.t. the magnetic field
lines.

Velocity,

(vy2 + VL2)1/2_

Incident angle of collimated radiation
on diffraction grating.

Angle of diffracted signal from the
spectrometer grating.

The Lorentz correction factor.
(1-v2/c?)-1

x + f.

The permittivity of free space.
Efficiency.

The permeability of free space.
Electrical conductivity.

The qth root of Jp(x)=0.

The qtB root of Jp'(x)=0.

Angular frequency.

The modified electron plasma frequency.

The cyclotron frequency of an electron
in the presence of a magnetic field.

The frequency of oscillation of the

guided radiation.
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CHAPTER -1-

THE ELECTRON CYCLOTRON MASER.
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1.1 General Introduction.

Many authors have produced reviews of electron cyclotron maser
(E.C.M.) development and current research, (1,2,3).

The astrophysicist R.Q. Twiss (4) is regarded as the first to
recognise an amplifying mechanism for free electron gyroradiation
in 1958. This work was followed independently by the theorists
Schneider (5), using a quantum mechanical approach, and Gaponov
(6) using a classical approach.

This theory was followed up in the early sixties by
experimentalists such as Pantell (7), Chow and Pantell (8), Bott
(9,10) and Feinstein (11). All of these devices used low voltage
(#10kV), low current (~1mA) electron beams with total mm-wave
output power <<1W.

Later high power devices owe their success to the Russian
development of the three electrode, thermionic cathode, magnetron
injection gun (MIG) (12). This 1is capable o¢f producing high
currents and imparting large transverse energies to the electrons.
Using the MIG, people such as Granatstein (13), Ginzburg (14), and
Frank (15) demonstrated the feasibility of the device at
conventional microwave frequencies. Workers such as Voronkov (16),
who produced 23MW at 40GHz, and Gold '(17), who produced 20MW at
35GHz, moved the gyrotron into an operating regime completely
outwith the boundaries of conventional microwave devices, such as
magnetrons and klystrons.

Subsequent experiments have moved to still higher frequencies,
such as the results produced by Jory (18) at 60GHz, Gaponov (19)
at 86GHz, Andronov (20) at 100GHz and Kreischer (21) at 140GHz,

all of these devices producing in excess of 100kW.

The above experiments are all pulsed. Continuous wave (cw)
gyrotrons have also been developed by Varian (18), who produced
»7200kW at both 28GHz and 60GHz, primarily developed for electron
cyclotron resonance heating (E.C.R.H.), and Brand (22), who
produced <10W between =75GHz and 250GHz for plasma diagnostics.

Some typical results are shown graphically in £ig.(1.1). This
also demonstrates how the output power and frequency range of

gyrotrons compares with conventional mm-wave sources (klystrons,
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Fig.(1.1). Comparison of frequency and power capabilities
of microwave, mm and sub-mm wave sources.
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impatt diodes and backward wave oscillators (B.W.0.'s)), and low
frequency lasers.

The gyrotron has many varied and important uses filling in a
region of the electromagnetic spectrum where no high power devices
have previously been available. They have been successfully used
in E.C.R.H. (12,23) and for plasma diagnostics, utilising their

high power and narrow line width ({1kHz).

1.2 E.C.M. Theory.

In the presence of a magnetic field an electron will gyrate at

the Doppler shifted cyclotron frequency given by (24),

Yo 7 3_1?_10'" Vi Ky = Ve * Yy Ky (1.1)
Where,
-e = charge on an electron,
B = magnetic induction experienced by an i
electron,
my = rest mass of an electron,
Wee= cyclotron frequency of an electron in
the presense of a magnetic field,
vy = parallel componentibf electron velocity,
ky = parallel wave number of generated wave,
v = the Lorentz correction factor,
- 1
sty
v = total electron velocity,

c = speed of light.

If this interacts with a positive energy waveguide mode,

(1.2)

where Wg= the frequency of oscillation of the quided radiation,

and k,;= the perpendicular wave number of the guided wave,

then a net transfer of energy may occur, resulting in the wave
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guide mode experiencing gain. The dispersion relation for this
interaction is shown in fig.(1.2). Maximum gain occurs at grazing
incidence of the waveguide mode and the Doppler shifted cyclotron
frequency of the electrons. Substituting egqn.(1.1) into (1.2) and

solving the quadratic in kj, assuming only one solution, yields.

UCG V" 2 uie
k“ =~ 3 and k_L='—2'————2' (1.3),(1.4)
cC -V CcC -V

Equation (1.3) provides first order information on the length of
the cavity and egn.(1.4) on the diameter of the cavity.

The coherence o0f the radiation is due to the natural phase
bunching of the electrons as they spiral through the the B-field
(2,25). This 1is a purely relativistic effect known as the
cyclotron maser instability (26) which is a subset of the negative
mass group of instabilities.

There are three mathematical moc:lels which have been used to

describe the electron cyclotron maser mechanism (27).

1) The quantum mechanical apﬁroach. This was one of the first to
describe the E.C.M. interaction, used by Schneider in 1959
(5,28). This theory predicted a possible gain mechanism and
allowed the calculation of some necessary conditions, however
like many problems the design and analysis of a practical
E.C.M., does not 1lend itself well to a quantum mechanical
approach due to the extreme complexity of the mathematical
formalism required.

2) The ballistic approach. This is based on the self consistent
solution of the relativistic Vlasov eqn. with the Lorentz
force eqn. calculating the electron trajectories and their
subsequent interaction with an existing waveguide mode. All
generated egns. must be solved via computational techniques.

3) The plasma physics approach. This 1is based on the self
consistent solution of the relativistic Vlasov egqn. with the
electromagnetic wave eqn. Using this formalism it has been
possible to develop analytical expressions, thus providing a

greater understanding of the E.C.M. mechanism. Subsequent



k
I
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Fig.(1.2). The dispersion diagram of the Electron
Cyclotron Maser i1nteraction.
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equations, however, haved to be solved using computational
methods.

The linear dispersion relation was developed for an
infinitely thin planar electron beam propagating mid-way
between two semi-infinite conducting slabs immersed in a
constant B-field parallel to both, by Ott and Manheimer (29).
An almost identical expression was derived by Lau (30) for the
more realistic case of a cylindrical beam propagating through
a cylindrical waveguide. Sprangle and Drobot (31) also derived
the dispersion relation with a geometry similar to that of Ott
and Manheimer. In their paper they also developed non-linear
expressions governing the E.C.M., interaction.

The plasma physics model also allows the inclusion of the
temperature distribution within the initial electron beam and
its subsequent evolution as the electrons interact with the

intra-cavity radiation, the only model to do so.

The theory presented by Sprangle and Drobot (31) will be
outlined briefly below.

LLinear Plasma Theory.

The following theory is developed from the subsequent

linearisation and solution of the highly non-linear Vlasov eqn.

0 f

+ Vv .V f +F . 9f=0 (1.5)
0ot

and the electromagnetic wave eqn.

1 e 2 J
VX9XE=s - — -y — (1.6)
c? at? " a3t

For the case of an infinitely thin electron sheet placed in the
middle plane of a parallel plate waveguide with a constant

magnetic field parallel to both, the dispersion relation takes the

form,
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W * (u-k v )
0o c2(k%+ K2y = 2= 11 + (-1 _ 0 (x_)
1 { Y n n
w-kv-uw
i ce
(v,/c)* (0" -k )
- —_———— W o (x.) |. (1.7)
(w - kv -0 )2 non
i ce
Where,
2 a = the separation of the waveguide plates,
n lﬁe B
Kk = —m , uce = "
2 a Y m,

1 = the magnetic harmonic number

v, and v, the initial wvalues of the longitudinal

|
and transverse components of velocity.

2 2 |
. [ . (v, v vy ) ] 2
Y = S T4
C
mb = the modified electron plasma frequency.

0
!

12
d 2
n - “n [ . 2 - ] EE[ J3 (xn? ]
Il

d 2
wn B [JEE [ Jl (xn)]]
v Kk
1 1
X =
n
W
ce

This expression is by no means straightforward, however it may
be shown that the first term in the brackets on the R.H.S. of
egqn.(1.7) is always stabilising and the second destabilising.

There must also exist a frequency shift as the relation is

undefined for,

W = U + k v =1 .
ce | I 0

Looking for solutions near wy, and writing,
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2 uuz + 266w, and 66w <K< w

W= + 0w,

substituting into eqn.(1.7), yields.

w

mz (m-l-ﬁm—k V)
s® = [ =] (- 0™ L——F1 o ).
Y n n
2 W
0
2 2 2 2
(v /N +28uw -k2cy Wo(x)
[1--————————-—————l ° o 22 |, (1.8)
50 (u, + 80 -k v,) 0 (x )

Wnh(xn) and Qn(xn) are always positive for any given gyrotron and
hence imaginary roots of this egqn. will exist only if 56w is
positive. It may also be shown that a maximum growth rate occurs
for frequencies where 8w is small. There is also a critical value
of v,, below which no unstable modes exist. This leads to one of
the possible saturation mechanisms; as the electrons lose energy
and v, drops below the critical value, energy transfer will

cease. This is known as free energy depletion.

Non-linear Plasma Theory.

To gain any information from the complex and cumbersome analytic
results from the non-linear theory, computational techniques must
be'employed.

One graphic result which may be extracted from the non-linear
theory is a constant of motion. This may be used to qualitatively
describe the phase bunching of the electron beam, the associated
frequency up-shift of the resulting radiation and a second
saturation mechanism. This states that each particle moves in a
phase space (u,;,A), where u,=g,¥; and A 1is the relative phase
angle of the electrons w.r.t. the travelling wave, on C=constant
curves shown in fig.(1.3). (Many different systems throughout
physics demonstrate this bounded behaviour which arises from the
solution of the forced pendulum equation). When a monoenergetic
beam begins to interact with an electromagnetic wave, at a time

t=ty fig(1.4), at a later time it will begin to demonstrate phase
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0 /2 v 3n/2 2w A\
Fig.(1.3). Particle trajectories in phase space
showing the boundaries of regions accessible

to particles initially distributed between
0SAL2er and with Up=Uy ,.

wl|2 . 32 a2

Fig.(1.4). Particle ‘positions in phase space, t=to
indicates jinitial conditions, t=t indicates

the onset of phase bunching.

0 /2 r 31/ 2 2T XN

Fig.(1.5). t=ty corresponds to the particles when they
have lost their maximum energy and are 1n
a state corresponding to saturation.
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bunching, t=t;. This will continue until the electrons are in a
position corresponding to a time t=t,, fig.(1.5), and are in the
lowest average energy state. This leads to the second possible
saturation mechanism; phase trapping. If allowed to continue their
motion in phase space the average energy of the electrons will
increase at the expense of the electromagnetic wave.

Hence the non-linear theory, with the inclusion of some
reasonable boundary conditions, allows the modelling of the

subsequent evolution of the E.C.M. interaction.

The salient points from the above linear and non-linear theory

are.

1) Only the perpendicular energy of the electrons is available to
the E.C.M. interaction.

2) There also exists a critical value of v,; below which no
unstable modes exist.

3) The maser cannot oscillate at or below the cyclotron
frequency.

4) TFrom the non-linear theory the growth rate increases with §u
to some maximum, this will then reduce with further increase

of &w. This is caused by the limitation of the efficiency of

conversion of the beam energy into electromagnetic radiation
and the limitation of the growth rate as &w moves past its
optimum value.

5) The above theory has provided a clear graphical description of
the phase bunching of the electron beam which was hitherto
assumed to be the physical mechanism of the interaction.

6) There are two completely different saturation mechanisms, free

energy depletion and phase trapping.

1.3 Development of Strathclyde University E.C.M.

Most of the above mentioned gyrotrons have made use of the
three electrode, thermionic cathode, magnetron injection gqun
(M.I.G.) to produce the high current relativistic electron bean,

and a superconducting magnet to produce the intra-cavity magnetic
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field. At Strathclyde University it has been possible to
demonstrate the high power generation of mm-waves using various
two electrode configqurations with a field immersed, field-emission,
cold cathode. The required magnetic field was generated from a
pulsed, water cooled, mechanically reinforced, wound coil.

A gridded anode diode was used to generate 100kW of
electromagnetic radiation in the X-band, 8.2-12.4GHz (32) {(a full
definition of all the u-wave and mm-wave frequency bands, along
with their designations and waveguide dimensions is given in
appendix 1, table(A1.1)). With an improved field coil this was
developed into the present two electrode diode configuration (33).
This produced single mode oscillation in the Ka-band, 26.5-40GHz,
generating a peak power of &SIMW. This same anode-cathode
configuration was subsequently operated in the W-band, 75-110GHz,
with further improvements to the field coil (34,35). This resulted
in the generation of .3MW at a frequency of 85GHz with the cavity
oscillating in the overmoded regime.

A schematic diagram of the electrode system, cavity and field
coil position is shown in fig.(1.6). Another novel aspect of the
work at Strathclyde University has been the successive use of only
one field coil to produce both the cavity and the cathode magnetic
field. In the MIG system two coils are used, one to produce the
large intra-cavity field, and a second used as a tuning coil to
shape and enhance the cathode field for optimum beam position and
current.

The maser was operated under the following typical conditions;
the HT voltage, produced from a Marx bank generator, across the
anode-cathode gap was «65kV resulting in explosive electron
emission - from the c¢old cathode, producing a 100A, 400ns electron
beam. This interacted with a quasi-static magnetic field,

continuously variable up to 4T, with a rise time of =~120us.
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1.4 New Developments Which form the Major Part of the Work
Described in this Thesis.

For many applications, including E.C.R.H. at the fundamental
plasma cyclotron frequency, high frequency, high power, gyrotron
operation above 140GHz is required. It was therefore a fundamental
aim of our  experiments to produce radiation at 200GHz,
corresponding to .an intra-cavity B-field of 7.14T (for y=1). At
these frequencies the designed cavity oscillates in the over-moded
regime. The cavity also operates in the W-band where single mode
oscillation can be identified. The following major components of

the maser were redesigned and constructed.

1) Cavity B-field production. A new cavity field coil was

constructed which produced »8T and produced a uniform
interaction region.

2) Cathode B-Field Production. A completely new cathode tuning
coil was added to the system, this allows optimisation of the
electron beam production, greatly enhancing the beam current.

3) The cavity. This was completely redesigned taking into account
such features as: resonant frequencies, the relative mode

density, the calculation of the ohmic and diffraction quality

factors, the calculation of the output couplers' reflection
coefficients, and the minimisation of mode conversion.

4) The cathode. A two electrode system was used with a cold,
field-immersed, field-emission, cathode. This has been
redesigned in conjunction with the cavity.

5) The output window. A completely novel output window has been
developed, constructed from .15mm thickness Mylar. This results

in no measurable attenuation of the mm-waves.

Along with the redesigned maser the following significant

improvements have also been made in the control, operation and

diagnostics used on the maser.

1) For the first time full control of the experiment, including

monitoring, operation and data aquisition and manipulation,



2)

3)

4)

5)
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were completely performed by an HP9816 personal computer via
extensive use of peripherals.

A new diffraction grating optimised for 200GHz was designed
for use in the present spectrometer.

A completely new method has been developed for measuring the
radiation pattern from the output horn. This facilitates the
identification o©of the mode oscillating in the cavity. This
also incorporates a novel two detector system, the first used
to measure the relative radiation intensity across the output
window and the second producing a reference by which the
fluctuating output power of the maser may be monitored.

A witness plate beam probe was also constructed, primarily to
measure the relativistic electron beam current. This is also
used to determine the position of the beam in the cavity and
estimate the relative magnitude of the beam current while
altering various parameters of the maser.

A successful attempt was then made to produce a completely
self-consistent analysis of the cyclotron f£frequency of the
electron beam and the measured frequency and mode of
oscillation of the cavity. The first two parameters were
linked wvia the measured cavity magnetic field and the

predicted frequency up-shift. The mode of oscillation was

determined from the mode dependent quality factor and the
measured spatial coupling of the relativistic electron beam in

conjunction with the calculated intra-cavity E-field maxima.
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CHAPTER ~2-

DESIGN AND CONSTRUCTION OF THE Mk-6 E.C.M.
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2.1 Introduction

This chapter describes the design considerations, relevant
theory, and the construction of the MK-6 E.C.M.

This includes the design and construction of the cavity magnetic
field coil, coil#1. This produced more than 8T and had a flat
spatial profile over a reasonable interaction region within the
cavity, =~10cm. A second tuning coil, coil#2, was also constructed
and placed around the cathode. This was capable of producing 1.0T
at the cathode tip, enhancing and optimising the cathode B-field.
This played an important role in the production of the
relativistic electron bean.

A cavity resonant at 200GHz was produced, this was capable of
oscillating under single mode conditions at 100GHz, and overmoded
operation at 200GHz. Due to the low conductivity of the cavity
construction material there were large ohmic losses in the cavity
walls. This minimises the B-field exclusion and discriminates
towards the TEj, modes, because of the high losses of the
whispering gallery modes. The cavity has a very low reflectance,
low mode conversion output coupler.

The production of the mildly relativistic electron beam, from a
field-immersed field-emission cold cathode, is also described. The

HT voltage was produced from a Marx bank generator.

2.2 Design and Construction of Magnetic field coils.

Previous experiments at Strathclyde University have used one
field coil to produce both the cavity magnetic field and the
cathode electron beam focusing field. As with many gyrotron
systems a two coil configquration was used on the Mk-6 E.C.M. This
comprises an intracavity field coil#1 and a cathode tuning coil#2.

This configuration improves the system in three ways.

1) It increased the magnitude of the B-field at the cathode thus
increasing the magnetic insulation of the diode. This ensured

more electrons were trapped onto field 1lines, with fewer

electrons striking the anode before they entered the cavity.
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2) The magnetic field compression ratio, defined as the ratio of
the cavity field to the cathode field, was reduced. This

helped prevent electrons mirroring as they moved to regions of
higher field.

3) The cathode c¢o0il resulted in enhanced focusing of the
relativistic electron beam, producing a well collimated stream

of electrons through the centre of the cavity. ‘

Cavity Field Coil#1.

As previously described the electrons gyrate at a frequency

given by,

w = — . (2.1)

To first order this may be used to relate a particular B-field

to any output frequency of the E.C.M. Thus,

W 28 B -
— = e = (GHz. (2.2)
24 vy T

(N.B. e/my=176 GHz T~1)

To achieve oscillation at 200GHz, for y=1, a B-field of 7.14T
was required. As the field coil was pulsed and placed around a
conducting stainless steel cavity, there was approximately 10%
field exclusion (34). Coil#1 was therefore designed to produce 10T

to allow for this, and any other losses which may arise in the

circuit.



- 32 -

Cathode Field Coil#2.

This coill was used in a purely enmpirical way. The coil was
designed to produce 1.5T, which after f£field exclusion and

resistive losses in the coil circuit, resulted in a field of 1.0T
at the cathode tip.

Field Coil Theory.

The B-field produced by a solenoidal coil is given by the

simple 'on-axis' expression,

punI
Bz —— (Cos 9,- Cos 9. ). (2.3)
i 2
2
Where,
n = number of turns per unit length,
I = the current through the coil windings,

and qi,dmz are defined in fig.(2.1).

The constructed coils were blaced in the simplified circuit
shown in fig.(2.2). This circuit may be analysed using the

following expression (36),

dI RI 0
— 4 = ¢ — = (), (2.4)
dt L L C

with the boundary conditions I=0 and Q4=CVy, at time t=0. L may

be evaluated from (37),

L=aiNx[ai,—§1:]. (2.5)
Where,
ay = internal radius of the coil,
N = total nﬁmber of turns,
l = length of the coil,
X = geometric constant dependent on a; and l.

Using eqns.(2.3),(2.4) and (2.5) it was thus possible to gain a
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Fig.(2.1). B-field coil, defining parameters used in
"on axis" field expression.

Fig.(2.2). Schematic diagram of coil circuit.

Glass Fibre Cloth + Resin
Glass Fibre + Resin

- <0.0.0.0.0,0, Copper Tubing Embedded in Araldite
Tufnol Former

;30-27mrn
L=147 mm :
—_—— ke — == — = - = Coil Axis

Fig.(2.3). B-field coil§1, construction and dimensions.
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self-consistent analysis of the current flowing in the circuit

w.r.t. time and hence predict the maximum magnetic field produced

by any coil design. Before deciding on values for R, N and L the

following physical constraints were taken into account.

1)

2)

3)

4)

5)

The main aim of this system was to transfer as efficiently as
possible the energy stored in the capacitor bank E =1/2 cve,
into stored B-field energy in the coil (38),

1 1
E. ==L ¢ = — J Bde, (2.6)

2 2 By dy

hence the smaller the coil volume the larger the B-field

produced.

ay; was limited to being larger than the cavity radius plus the

coll former thickness.

l had to be large enough to produce a uniform B-field over a

reasonable length in the case of the cavity field coil.

Due to the very high currents involved, »20kA, the coil had to
be water cooled to avoid temperature rise between one pulse
and the next. It was therefore wound using the smallest
diameter copper tubing available, thus determining the maximum

value of n.

As the particular capacitors used would not withstand having
their polarity reversed, it was essential to ensure the
circuit was properly damped. This imposes the restriction,

R? C

— ¢ 1, (2.7)
i1 L

which ensures the circuit will not oscillate.
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Coil Parameters.

As a result of all these considerations the following optimum

parameters were arrived at for the main coil (coil#1) and the

cathode coil (coil#2).
IIIIIIHHHHHIIII"IIIIIHHHHHHIIII'

wire diameter

mean coil radius
coil length
no. of turns
coil inductance

circuit resistance

circuit capacitance

Table(2.1). Respective field coil parameters.
Coil Construction.

When producing such B-fields the coil experiences extremely
large physical forces. To calculate the exact stress depends on

the coil configuration, however an estimate may be gained by

considering the magnetic field pressure,

1
2 2
£ ( B, - B,
2;10

). (2.8)

e
Il

Where B; and By are the respective magnetic fields across some
boundary.

If the coil is long compared with its radius then the field
outside the coil will be small, hence B{28T and B,20T, giving a
magnetic field pressure of approximately 260 Atmospheres.

With the geometrical factors and impulsive forces it would be
difficult to calculate the vyield point of the conductors and

insulators used in the construction of the magnetic field coil.
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The amount of mechanical reinforcement required was therefore
gained from previous experience of pulsed coils constructed at
Strathclyde University. The const;uction of coil#1 is shown 1in
fig.(2.3). The copper tubing windings were wound on a Tufnol
former and then embedded in Araldite. Around this was built a

layer of epoxy resin with embedded glass fibre and then glass
fibre cloth.

The cathode coil construction was of a slightly simpler design,
as the magnetic field forces were significantly reduced
(pressuretB®). The coil former was made from glass fibre cloth
embedded in epoxy resin. The windings were again copper tubing

embedded in Araldite. On top of this a layer of glass fibre cloth

and resin was built up.

Coil Circuit Triggering.

Two different methods were used to trigger the B-field circuits.
Coil#2 was triggered via a compressed  air driven mechanical
switch., This is controlled directly from the screened room and
initiates.the entire firing sequence of the maser..

Coil#1 was fired electronically by an ignitron switch. Using a

delay circuit, coil#1 may then be triggered after a predetermined

time following the initiation of the coil#2 current

Coil Circuit Diagrams.

Both of these coils were placed in the circuits shown in
fig.(2.4).
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Circuit | =
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- Trigger &
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b) Switch

Fig.(2.4). Magnetic field coil circult diagrams.
a) Coil#1, b) Coili¥2.
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2.3 The E.C.M. Cavity

In designing the maser cavity several different considerations

were taken into account.

1) Construction material.
2) Resonant frequencies of the cavity oscillation.
3) Cavity quality factor.

4) Reflection coefficients, mode conversion and

output coupling.

Cavity Theory and Design Considerations.

Construction Material.

been

In past experiments at Strathclyde University, cavities have

constructed from stainless steel. This possesses two

important characteristics.

1)

2)

The relatively low electrical conductivity of stainless steel,
¢=1.39x10%Q"1n-1, will result in large losses in the cavity
walls due to ohmic heating, reducing the overall efficiency of
the maser. These ohmic losses will be mode dependent and
discriminate against modes with large E-fields near the cavity
wall (i.e. whispering gallery modes). The cavity will thus
discriminate towards the TEjp modes.

The skin depth of the cavity walls is inversely proportional
to the square root of the electrical conductivity. A low
electrical conductivity will therefore minimise the B-field
exclusion, allowing the pulsed magnetic field to penetrate the
cavity walls.

Stainless steel will also have the mechanical strength to

withstand both the atmospheric pressure, as the cavity will form

part of the vacuum vessel, and the magnetic pressure, due to the

B-field exclusion.
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Resonant Frequencies.

The E.C.M. mechanism is predominantly concerned with the TEpgs
modes. (In the mode designation; the first subscript indicates the
number o0f full-period variations of radial component of £field
along angular co-ordinates, the second subscript the number of
half-period variations of angular component of field along radial
co-ordinates, and the third subscript the mumber of half-period
variations of field along longitudinal co-ordinates). In the case
of the TEpgg modes the electric field is parallel to the motion of
the electrons, producing a strong interaction o¢f the type
described in chapter 1. Conversely for the TMyqs modes the
electric field is perpendicular to the motion of the electrons and
will thus experience less gain (39).

It may be shown from Maxwell's equations that the resonant

frequency of a TEpgs mode is given by (40),

' &

, , X.pq 52 g2
k1 = My eo = 7 * 7 (2.10)
a 1
C
Where,
a = the cavity radius,
l- = the length of the cavity,

X'pgq = the qth root of Jp' (x) = 0,

~
-
I

the perpendicular wave number

within the cavity.

It is generally assumed that the electron beam will only
interact with the TEpg1 modes within the cavity. Many authors have
shown that the c¢ritical starting currents increase dramatically
with increasing longitudinal index, s (12,41). It is possible to
understand this phenomenon by considering the gyrating electron
beam interacting with a TEpq2 mode. As the electrons gyrate
through the cavity in phase with the standing wave, midway through
the cavity the phases of the electrons must change by 4#«. This
obviously imposes a very strict restriction on the motion of the

electrons. This condition will become even more severe for
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s=3,4,5,... etc.

Reflection coefficients.

The reflection coefficients of the output couplers were
calculated to determine the optimum taper angle. This influences
the resonant characteristics of the cavity, the cavity Q and mode
conversion in the output taper.

Considering the changing impedance as seen by a travelling wave
through a taper, and the coupled wave eqns. relating a forward and
backward travelling wave, with a reflection coefficient 6§(z), it
is possible to obtain the total reflection coefficient of an

electromagnetic wave. This is given by, (40,42),

d

Ya
Ag 14 :
1 J Mo u
r=-—[-———-] _g—'z—'_-—___éd_z__- (2-11)
2 1l 44« X X
al
0

(-5 e[ -5)
% 9 _2

Where,

the square roéE of -1,

H
i

the amplitude reflection coefficient,

>
o
i

the free space wavelength of the radiation,

the first non-vanishing derivative of a,

'
EEH _ ~th ' _
kn , Y = q** root of Jp(x)-O,

>
"

r
=
|

the free space wavenumber of the

radiation,

I 0 1 Ao 32

k a xipq ’ ve14+ %‘:

and a_, a., Z, and z, are defined in fiqg.(2.5)
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Figq.(2.5). Definition of taper parameters.
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This expression was used to calculate the reflection

coefficients of the respective output tapers as described in

Appendix 2.

Reflection Coefficient from Step Discontinutiy.

The reflection coefficients from the output tapers were shown to
be small, this results in equal amounts of energy being coupled
out of both ends of the cavity, therefore only half the generated
electromagnetic energy appears as useful energy. To increase the
reflections from the cathode end of the cavity an abrupt change of
diameter was introduced. A qualitative estimate of the reflection
coefficients from the discontinuity in the cylindrical cavity may

be gained from the following theory, (40).
Here the reflection coefficient from a step discontinuity in a

rectangular waveguide, fig.(2.6), is calculated. In this derivation

the discontinuity is not assumed small and yields a result for an

incident and transmitted TE;, mode,

2 ]
4 k J -k ad
- - R I _ (2.12)

2 1
4 k“ J“ + k" a'd

Where,

_ Zd p4a _gna
kn" [ ku 22 - ]' (2.13)

22 22

' 2 _pa _gn
kn" [ ko 42 d2 ]' (2.14)

with a and d defined in fig.(2.6). ky and k) correspond to the

axial wavenumbers in the respective sections of the waveguide and,

q
J = (-1) 4. —E—Q———.Sin[m]. (2.15)



Fig.(2.6). H-plane of a rectangular waveguide with
a step discontinuity.
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The Cavity Quality Factor and Differential Mode Excitation.

The cavity quality factor is defined as (43),

field energy stored by the resonator
vwx  —m} AMAmM——s—ma—m—__, (2.16)
power dissipated by the resonator

\®
|

This Qp may also be defined in more useful terms by the mode
dependent ohmic quality factor Qqp, and the diffraction quality
factor Qp (12), where,

- == o+ -, (2.17)

Qo is defined as,

field energy stored by the resonator
QQ =0 x -_-—_LP__—"——™——™P—™"™e—™"™_e™e (2.18)
power dissipated in the cavity walls

For TEpqg modes in a cylindrical cavity this may be shown to be
(40),

2

, P
Vo (ZQpOG)i/z mzeouo [ 1 - 7 2 ]
k™ a
QQ = . (2.19)
” 2u252a2 ﬂzpzs2 ]
€ | k1lca + —— + ———— (1,-2a)
1.2 k%a®1ct

Where,

lo= length of the cavity,

a = diameter of the cavity,
Vo= volume of the cavity,
¢ = electrical conductivity of the cavity
walls,
ka ='xqu, the qth root of J'p(x)=0.
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Qp is defined as (12),

field energy stored by the resonator

0 =wx ’ (2.20)
D radiated power output

which for a cavity resonator may be shown to be,

an [ 52]

0 = =—— (2.21)
(1 - 1 Ry Ry 1]

2

Where,

Agp = the free space wavelength of the radiation,

and Ry and R; are the intensity reflection amplitudes

respectively at either end of the cavity.

In all calculations involving Qq, ¢ has been taken to be the
bulk conductivity of stainless steel (1.39x108Q0-1m-1), However the

following physical constraints have an influence on the value of

¢, and hence on Qq.

1) At frequencies in the region of ‘100GHz the effective skin
depth of stainless steel is =3uym. As the inner surface of the
cavity is not polished, this value is comparable with the
surface irregularities. These irregularities increase the path
length of the electron current and hence reduce the effective
value of ¢.

2) As the cavity experiences large magnetic pressures, due to
magnetic field exclusion, the cavity will experience
considerable stress, which can also influence the value of ¢.

3) Finally the value of ¢ will be a function of the surface

composition of the stainless steel, which may well vary with

position.

Coupled with these physical considerations any asymmetries in
the cavity will lead to the excitation of higher order modes.

These in turn can produce additional ohmic losses due to increased
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electric fields at the cavity walls. The result 1is again a
reduction in the idealised calculated Qqp. Therefore the values of
Qg which have been calculated should be regarded as theoretical
upper limits. In practice the actual values of Qg would be
expected to be lower.

In any given cavity the smaller of Qq or Qp will dominate. It
is desirable to couple out more energy than is dissipated in the
cavity walls, hence for an efficient system one requires Qp<<Qq.

These parameters will be important when considering the

efficiency of an E.C.M. system (12). This may be expressed as,

= . (2.22)
U A nQ

The first term, 94, depends on the coupling between the
perpendicular motion of the electron beam and the perpendicular
E-field of a 'particular TEpqgs mode. This will be dealt with in
chapter 6. Only the transverse energy of the electrons is
available to the E.C.M. interaction and thus q; is related to
vy/vy.

The final term is derived purely from the mode dependent quality

factor and is defined by,

Qp Qq
M =1 o —  — (2.23)

0 Qa  ©QOp + Qp
It is therefore possible to quantify the ohmic losses in the
cavity. Using the quality factor in conjunction with eqn.(2.23),
it will be possible to predict which cavity modes will be

preferentially excited for any given B-field. These will depend

upon:

1) The cyclotron frequency of the electrons.

2) The resonant frequency of the respective modes.

3} The measured spatial coupling between the electron beam
and the spatial maxima of the intracavity radiation, 4.].

4) Their respective quality factor values.



- 43 -

Mk-6 Cavity Design.

To gain preferential mode excitation and to minimise B-field
exclusion stainless steel tubing was used in the construction of
the maser.

A suite of programs was produced (to run on an HP9816 personal

computer) which would calculate:

1) The resonant frequencies eqn.(2.10), the ohmic quality factors
eqn.(2.19) and the diffraction quality factors eqn.(2.22), of
the first 80 modes oscillating in a cylindrical cavity of any
diameter, length and electrical - conductivity of the

construction material.

2) The reflection coefficient of any 1linear taper and step

discontinuity used in conjunction with the cavity.

This allowed the determination of the following optimunm

parameters.

Cavity Diameter.

With increasing order, the frequency separation of each mode is
reduced. If the inter mode frequency spacing is larger than the
gain bandwidth of the E.C.M. interaction, then only the mode whose
frequency lies under the gain line curve will experience gain. If
{5 modes lie under the gain line curve it still may be possible
to achieve single mode oscillation. If a TEyg, mode is surrounded
by whispering gallery modes and if from quality factor and beam
coupling considerations these modes have prohibitive losses then
all the electron beam energy will be fed into the TEjp mode.

It is therefore not necessary to construct a cavity which will
oscillate in the fundamental mode to achieve single mode

oscillation. A system operating in the fundamental mode has two

distinct disadvantages.
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1) It is not tunable.
2) 1Its power handling is reduced.

Moving to a higher frequency where there are »>5 modes under the
gain line curve it will become very difficult to find a group
where at least two will not have low enough losses to oscillate.

To allow the study of the two distinct operating regimes
mentioned above, firstly where single mode oscillation may be
gained through surrounding mode suppression and secondly in the
grossly overmoded regime, a cavity diameter of 10.3mm was chosen.
It is expected that the maser will have a gain bandwidth of
{10GHz. Fig.(2.7) shows the resonant frequencies of the relevant
TEpqs modes. This demonstrates clearly the bunching of higher
order modes and the possibility of single mode oscillation in the
W-band (75-110GHz) and multimode ©operation in the G-band
(150-220GHz).

Fig.(2.8) and (2.9) 1lists the ohmic and diffraction quality
factors for the above cavity modes. As expected the cavity quality

factor is dominated by the highly mode dependent Qp with Qp~10xQq.

Cavity Length,

The effective length of the cavity is assumed to be from the
small bevel at the input end of the cavity, fig.(2.12), to the end
of the magnetic field coil. At this point the magnetic field is
decreasing along with the gyration frequency of the electrons.
This produces an impedance mismatch and defines the end of the
interaction region (44).

From the coil design this will result in a cavity length of
approximately 150mm. This is 25-10 times too long c.f. eqn.(1.3)
and (2.22). This will reduce the efficiency of the system by
allowing the interaction between the cavity mode and the
electromagnetic wave to continue over an extended region. However

previous experiments at Strathclyde have shown that useful amounts

of energy may be gained from such a system.



CYLINDRICAL CAVITY

MK~&
RADIUS OF CAVITY/MM = %. 1500 LENGTH OF CAVITY/MM = 150.0000
TE MODE (p,q.s) CUT-OFF RESONANCE FREQUENCIES/GHZ
o Q FREQ/GHZ =1 s=2 s=3 s=4 L Lo
1 | 17.04699 17.0991 17.1866 17.331% 17.5323 17.7871
2 1 28.31464 28.3340 20.3849 28.4748 28.%975S 28. 7544
0 1 35.5244 3%5.5784 35.5806 35.6%08 2 3%5.7489 3%.8745
X 1 38.9499 38.9627 39.0012 3I9.04%3 39.1%48 39.2695%
4 1 49,2999 49.3100 49,3404 49.3911 49,4419 49.5%28
i 2 49,4206 49.4388 49.4491 49.5194 49.%902 49,6809
= | =9.4803% £9.4887 S9.5139 %9.5%%9 S9.56146 %% .56900
2 2 62.1736 &2.1817 6£2.2058  &2.2460 2 62.3022 6£2.3743
0 2 65.0426 65.0503  £3.0734  6£5.1118  65.15655 &5.2345
6 1 659.545% &9.5%27 69.5742 6£9.6102 69,6404 69.7250
3 2 74,3106 7A.3173 T74.3373  74.3711 74,4182 74.4786
1 3 79.1416 79.1479 79.14669 79.1984 79.2426 79.2994
7 1 79.5265 79.5328 79.%5S517  79.%831 79.6271 79.6836
4 2 86.0586 B4.0444 86.0819 84.1109 86.151% 84,2038
‘8 1 09.4428 89.4484 89.44651 89. 4931 89.5322 89.5%5824
2 3 92.42864 92.4340 G92.4%502 92,4772 92.515t 92.5637
0 3 94,3199 94,3252 94,3411 4.3476 94,4044 94,4523
s 2 97.5313 7.5344 97.%%18 97.%77% 97.46133 97.46594
9 1 99.3071 99.3122 99,3273 99.3%524 99.387& 9.4329
3 3 10%. 1899 105.1946 103,2089 105.2326 105.2659 105.3084
1 4 108, 5282 108.35328 100,.354464 100.%697 108.6019 108. 6433
&6 2 100,7946% 108.8011 108.8149 108.8379 108.8700 108.9114
10 1 109.1299 109.1345 109.1482 109.1711 109.2032 109.2444
4 3 $117.57460 117.5803 117.5930 117.46143 117.6441 117.46823
11 1 118.91646 118.9208 118.9334 118.9%544 118.96838 119.0216
7 2 119.8983 119.9024 119.91%0 119.935%8 119.96%0 120.0025
2 4 122, 10446 122.1087 122.1210 122.1415 122.1701% 122.2070
o 4 123.52561 123.5302 123.%423 123.%462% 123.5908 123.6273
12 1 128.67246 128.67465 128.6881 128.7074 129.7348 128.7697
- 3 129.6775 129.6014 129.6929 129.7122 129.7392 129.7739
a 2 130.84673 1X0.8711 130.88246 130.9017 130.9284 130.94628
3 4 135.2278 135.2315  135.2426 135.24610 135.2849 13%. 3202
1 = 137.8027 137.80464 137.8173 137.8354 137.8408 137.8934
13 1 138. 4034 138.4072 138.4181 138.4341 138.45414 138. 4939
& 3 141.5539 141.5573 141,.5677 141,.,565&6 141,56103 141, 46420
9 2 141.725S 141.7290 141.7396 141,7572 141.7819 141.8136
4 4 148, 0058 148.0092 148.0194 148,0342 148,0%99 146, 0903
14 1 148.1105 148.1139 148,.,1240 148.1409 148.14&4S 148. 1949
2 = 151 .540% 151.546389 151.5737 §$51.5%902 151.6133 151.46430
10 2 152.4911 152,.4944 152.%043 52,5206 152.54346 2 15%52,.%731
0 o 152.7019 152.7051 152.7150 152.7313 152.7543 152, 7837
7 3 153, 2465 153.2497 1%3.2%9% 153.2758 153.2987 153.3280
15 1 157.7980 1%7.8011 157.8106 157.826% 157.8486 157.8771
s 4 160.5101 160,5133 1460.%226 160,5382 160.54600 160,5880
11 2 163.1752 163.1783  163.1875 163.2028 163,2242 163.25%18
a 3 164.7857 164,7088 164,7979 164.8130 164,68343 144.84616
3 Y 164,9224 164,9254 164.9345 164,.9497 164,.9709 164, 9982
1 & 167.0249 167.0279 167.03469 167.0%18 167.0728 167.0997
146 1 167.4678 167.4708 1467.4797 167.4946 1467,.5153 1467.5424
& 4 172.7907 172.79346 172.8023 172.8148 172.68370 172.8430
12 2 173.788%9 173.7917 173.8004 173.8147 173.8349 173.8608
9 3 176.1947 176.1976 176.2061 176.2203 176.2401 176.2657
17 1 177.1209 177.1237 177.1322 177.1463 177.1461 177.1915
4 s 177.969% 177.9723 177.9807 177.9948 178.0144 178.0397
2 6 80,9073 180.9101 180,.9184 180,9322 180.9516 180.9764
o & 181.8418 181.864% 181.8728 181.8846% 181.90S8 181,9305%
13 2 184,.3404 184.3431 184,.33512 184.34648 184,3838 184, 4082
7 4 184,.0841 184.8668 184.8949 184,.908% 184.9274 194,9517
18 1 186,75%92 1686,.7619 184,.74699 184.7833 186.8020 1846, 82561
10 3 187.4907 187.4934 187.5014 187.%147 187.3%5334 187.5574
- = 190, 7589 190.7615 190.7694 190.76825 190.8008 190, 8244
3 & 194,4393 194,.4418 194,.4495 194.4424 194.4804 194,.%035
14 2 194.8372 194.8397 194.8474 194.8603 194,8782 194, 5013
1 7 196.2183 196.2208 196.228% 196.2412 196.2%91 194.2820
19 1 196, 3845 196. 3971 196,.3947 196. 4074 196,.4253 1946, 4482
) 4 1946.8160 196.82046 196.8282 1946.8409 1946.8%87 194.881%
11 3 198. 6893 198. 46919 1968.46994 198.7120 198.7296 199, 7522
& = 203.3325 203.3350 203.3424 203.3%547 203.3719 203.3940
R 2 205, 2839 20%5.2844 205.2937 205.3058 20%.3229 205.3448
20 1 205, 9949 205.9993 205,00648 206.0187 206.03%7 2046.0575
q & 207. 68346 207. 46860 207.6932 207.70%2 207.7221 207.7438
q 't 208.6141 208.616% 208,.6237 208.46357 208.6%2% 208.46740
12 3 209, 7999 209.8023 209.8094 209.,8213 209.B380 209.6839S5
2 7 210.1919 210,.1943 210.2014 210.2133 210.2299 210.2513
0 7 211.0124 211.0148 211,0219 211,0337 211.0%03 211.0717
21 1 21%.5990 215.46013 215.6083 215.6199 21%.6361 215.6570
14 2 21%.6871 215.6894 215.69464 215.7080 21%.7242 215.7450
7 - 21%.7219 215.7242 215.7311 21%.7427 2185.7589 215.7798
10 4 220.2893 220,2916 220.2984 220.3097 220.32%6 220.3440
= b 220.6848 220.46898 220.46959 220.7072 220.723% 220.7435
13 3 220.8335 220.8338 220.8426 220.8%39 220.8497 220.8901
Fig.(2.7). Resonant frequencies of TE modes in

a cylindrically symmetric cavity.




CYLINDRICAL CAVITY

Mik=&
RADIUS OF CAVITY/MM = %. 1500 LENGTH OF CAVITY/MM = 1%0,0000
TE MODE (p,q,s) CUT-0OFF MINIMUM DIFFRACTION ©
P q FREQ/GHZ sw] LY. s=3 s=4 s=3
| 1 17.0699 918.54 231.99 104.85 60.35% 39.76
2 1 268.31464 2522.12 &32.89 283.03 1460.%8 103.90
0 | 35.5244 3967.77 994.30 443,464 2%0.93 161.73
3 1 30,9499 A4749.24 1194.67 =32.71 301,02 193.79
A 1 49.2999 7638.71 1912.03 8%1 .54 480.346 308.5%6
i 2 49,4284 74678.465 1922.02 8%%.98 492.06 310.14
- 1 %9, 4803 11117.78 2781.80 1238.10 &97.81 447.73
2 2 62.17346 12147.15 3037.14 1352.48 762.14 404.90
o 2 6£5.0426 13293.79 332%.80 1479.89 833.81 534.77
& 1 £9.54%S 15197.4649 3801.78 1691.42 952.80 610,92
3 2 74.3106 17351.21 4340.14 1930.71 1087.40 &97.06
1 3 79.1416 19680.17 4922.40 2189.48 1232.94 790.22
7 1 79.5246S 19872.05 4970.37 2210.80 1244.95 797.90
4 y. B&.0%86 23270.05 S819.87 2588.3% 14%7.32 933.82
8 1 89.4428 2%1385.92  6286.34 2795.67 1573.94 1008. 45
2 3 92,4284 26841,89 &6712.83 298%.23  1680.%6 1076.69
0 3 94.3199 27951.5%0 £990.23 3109.5t 1749.91 1121.,08
b’ 2 97.5313 29887.10 T7A74.13 5323.28 1870.89 1198.%0
9 1 99.3071% 3I098%.23 7748.66 344%.60 1939.52 1242.43
3 3 10%. 1899 347564.57 B493.50 3I84%.52 2 2175.73 1393.460
i 4 108.5282 37006.00 9253.86 4114.5%7 2315.82 1483.246
& 2 108.7965 37189.18 9299.65 4134.92 2327.27 1490.58
10 1 109.1299 37417.43 93%46.71 4160.29 2341.53 1499.71
4 3 117.5760 43432.91 10840.58 4828.67 2717.%0 1740.33
11 1 118.9144 44428.87 11109.%7 4939.33 2779.75 1780.17
7 2 119.8983 45146%.41 11293.71 =021.17 2025.78 1809.463
2 4 122.10454 £6842.85 (11713.07 S207.55 2930.62 1876.73
0 4 123.5261 47939.76 11987.30 5329.43 2999.18 1920.61
12 | 128.46726 S2017.35 130056.69 S782.50 3254.03 2083.71
s 3 129.677% ©2832.96 13210.60 S873.12 330S,.01 2116.33
8 2 130.8673 =3806.82 134%54,.06 S981.33 3345.87 2155, 29
3 4 135.2278 57452.04 $14365.37 63846.35 3I593.70 2301.10
1 = 137.6027 9660.72 14917.54  6£631.76 3I731.74 2389. 44
13 1 138. 40346 6£0182.11 15047.88 &4689.469 3I764.33 2410,.30
6 3 141.5539 £2952.71 15740.53 &£997.54 I937.49 2521.12
9 2 141,.72%% £310%5.51 1S778.73 7014.%2  3947.04 2527 .24
4 4 148.0056 6£8822.02 17207.84 T7649.68 4304.32 275%.90
14 1 148.1105 68919.40 17232,21 7660.50 A310.41 2759.79
2 s 151.54605 72167.36 18044.20 B8021.39 4513.41 2889.71
10 2 152. 4911 730%4.32 182646.44 B8120.16 4%4B.97 292%.27
o s 152.7019 73258.37 1683146.95 ©0142.461 4581,59 2933.35
7 3 153.24465 73781.81 18447.8t 8200.77 A4614.31 2954 .29
15 1 157.7980 78229.41 19559.71 8594.95 4892.28 3132.19
- 4 160.5%101 80941.58 20237.75 8996.30 %061,79 3240.468
11 2 163.1752 B3651.67 20915.27 9297.42 S231,.17 3349.08
a 3 164, 78%7 835311.00 21330.11 94081.79 5334.88 J415.44
3 o’ 164.9224 B85452.55 21345.49 9497.32 S5343,73 3421.12
1 & 167.0249 B74645.14 21913.634 9741.14 S480.77 3508.82
1& 1 167.4478 B88110.54 22029.99 9792.85 S509.83 3527.44
& 4 172.7907 93800,%52 2I452.49 10425.07 S8465.40 3755.04
12 2 173.7889 94887.30 23724.18 10545.83 S5933.40 3798.51
9 3 174, 1947 97532.54 24385.50 {0839.74 6£098.73 3904.32
17 i 177.1209 98540, 61 24442.51 10953.97 461462.98 3945, 44
4 S 177.9695 99507.2% 24879.17 11059.15 6222.19% 3983.31
2 I 180.9073 102819.51 2%5707.23 11427.18 6429.16 4115.80
o & 181.8418 103907.28 2%5979.18 11548.05 6497.18 41%59.31
13 2 184.3404 106758.76 26692.05 11844,.88 6475.37 4273.37
7 4 184,.6841 107389.49 246B49.73 11934.96 &6714.7% 4298.60
18 1 186.7592 109878.76 27397.0% 12178.2t &851.,62 4384.17
10 3 187.4%907 110438.81 27612.06 12273.77 690%.37 4420.57
- = 190.7589 114322.40 28%582.946 1270%.20 7148.10 4575.71
3 & 194,.4393 118776.15 29696.39 13200.14 7425.45 47%54.06
14 2 194.8372 119262.79 29818.05 13254.21 74546.87 4773.53
1 7 196.2183 120959.55 3I0242.24 13442,74 75462.92 4841.40
19 1 1946.3845 1211464.58 3I0293.%0 134465.52 2 73735.73 4849.,60
8 4 196.81680 121700.10 30427.38 13%2%.03 7409.20 49871.02
11 3 198, 46893 12402%5.22 31008.646 13783.37 7754.52 4964,02
& - 203, 332% 1298689.5%1 3I2474.73 14434.96 B8121.04 %198.60
15 2 205, 2839 132394.53 3I3100.99 14713.30 B277.60 %298.80
20 1 205%5.9969 133315.72 33331.29 1481%.6%5 ©6335.18 5335, 64
4 & 207. 68356 135507.78 33879.30 150%59.21 8472.18 =423,.33
9 4 2008, 6141 134724.78 341683.%% 15194.44 B8548.24 =472.01
12 3 209.7999 138283.48 3I4573.23 15367.62 2 BLHAS.AS =%534.346
2 7 210.1919 138800.68 34702.53 15425.09 8&77.99 T55%5.04
O 7 211.0124 139884. 46 3I4973.97 15%45.73 8745.85% =S98.47
21 1 218.%9%90 145033.59 3I&6510.75 146229.7% 9130.04 =844.34
14 2 21%.6871 146152.92 36540.59 14242.01 9137.50 =049.13
7 - 21%.7219 146200.08 3I6%%2.37 146247.24 9140.45 %68%51.02
10 4 220.2893 152456.38 3I01146.45 16942.39 9%31.47 6101.27
< & 220. 6868 153007.13 3I82%4.14 17003.58 9545.89 6£6123.30
13 3 220.833% 1%3210.57 3I830%.00 170246.19 9578.41 &131.44

Fig.(2.8). Calculated diffraction quality factors

for



CYLINDRICAL CAVITY

Mi =&
RADIUS OF CAVITY/MM = <.1500 LENGTH OF CAVITY/MM = 150, 0000
TE MODE (p,qQ,.s) CUT-OFF OHMIC Q.
p qQ FREQ/GHZ s=i s=2 s=y s=4 =3
i 1 17.0699 18846,.23 130428 871,22 604,12 441,22
2 1 28.3164 2117.79 16482, 28 12%4.83 932.48 704,47
0 1 35.5244 4551.91 A%64.469 4%083.99 4415.82 4654 .22
3 1 30,9499 2201,72 1863, 21 1519.29 11968.29 944.93
| 1 49,2999 2233.03 1994.57 1494, 26 1400.80 1147.37
1 2 49,4286 %5164,.64 Si32.15 S079.11 =007.12 4918.23
= 1 =9.4803 2241.%4 2057.90 1811.28 1552.00 1311,90
2 2 62.1736 54460,12 %5398.02 S297.87 S164.2% %002.86
O 2 65.0426 515%.24 H61460.39 &168.99 6181.02 &196.49
& i 69.545% 2239.04 2093.93 1890, 19 16464.18 1443.23
3 2 74,3106 %5431.28 SS558.74 S442.12 %5207.24 %$101.26
1 3 79.1414 6£693.23 4£4689.07 4&82.1%  6672.53 6660.23
7 1 79.%2465 2230.92 2113.49 1943,.72 1747.456 1547,23
4 2 86,0586 =738.70 S&64.74 S%45.78 2 5387.70 =197.73
=) 1 89.4428 2219.86 2123.33 19680.05 1809. 41 1629.33
2 3 92.4286 7035.23 7020.22 4995.38 6£9460.9% 6£917.29
0 3 94.3199 ‘7411.12 7414,07 7418.99 7425.88 7434.74
- 2 97.5313 808,78 5737.35 S622.23 5448,.85 5$293.91
9 1 99.3071 2207.286 2126.54 2004,.47 1855.54 1694.,.09
3 3 10%. 1699 7270.8% 7248.34 7211.22 7159.92 7095. 16
1 4 108.5282 7890.,60 7890.32 7889.86 7889.21 76888.38
& 2 108.7965 *8%3.19 %5767.87 S&479.14 %5533.79 5357.76
10 1 109. 1299 2194.10 2123.63 2020.461 1890. 09 1745, 31
4 3 117.5760 7441.28 T414.28 7369.75 7308.3% 7231,02
11 1 118.9164 2180.62 2121.85 2030.7% 1915.463 1768%.71
7 2 119.8983 *98%5.73 S5823.04 %5721.5%3 5%83.36 5419.76
2 4 122.1046 823%.1% 68230,.20 8221.97 8210.%0 B19S.81
0 4 123.%261 8480, 81 €482.78 B8484.07 B8490.64 8496.57
12 1 128.46726 2167.14 2116.19 20346.43 1934,.456 1817.58
- 3 129.4677S 75468.%8 7539.14 7490.60 7423.75 7339,464
8 2 130.8473 5905.,22 S847.15 57%2.92 %4626.09 %471.19
3 4 135.2278 8494,.38 B8485.38 8470.43 - 8449.61 8423.02
1 S 137.8027 8916.44 6916,95 8917.80 B8918.99 8920, 53
13 1 138.4035 2153.99 2109.41 2039.10 1948, 26 1842.82
& 3 141.5538 7665.79 7635.25 7584.94 7515.4646 7428.51
9 2 141, 7255 ®916.77 S8463.09 5775.81 "&57.97 %%13.49
4 4 148, 0058 B84695.67 B8483.59 B84&463.52 B63IS.b61 8500.02
14 | 148.1105 2141.00 2101.68 2039.29 1957.97 1862, 56
2 < 151.%60% 92%52.07 9250.23 9247.17 9242.88 9237.38
10 2 152. 4911 ©922.%8 %872.98 =792.17 S&682.76 5548, 15
0 e 152.7019 9429,07 9430.50 9432.89 94354.23 944C. 53
7 3 153,246 7741.13  7710.39 7659.73 7589.9& 7502.18
15 1 157.7980 2128.43 2093.51 2037.680 19464.6% 1878.05
s 4 160.5101 8855.60 £841,.30 8817.57 8784.%9 B8742.58
i1 2 163.1752 =923.99 T878.12 S803.25 S5701.465 5576.22
a 3 164,70%7 7800.,13 7769.74 7719.63  76%0,.60 7563.70
3 5 164.9224 9518.53 9514.38 9507.44 9497.680 489,42
1 & 167.0249 96830.70 9831.34 9832.446 9834.00 983%.98
16 1 167.4678 2116.27 ' 208%.035 2035.04 1968, 95 1890, 09
& 4 172.7907 g984.84 8969.05 8942.83 89046.39 8840, 00
12 2 173.7889 5922.,12 S879.63 Sp10.19 5715%5.73 =s594.78
9 3 176.1947 78446, 41 7814.91 7767.92 7700.39 7615.33
17 1 177.1209 2104.44 2076.38 2031.24 1971.28 1897.25
4 5 < 177.9469% 734,79 9728.65 9718.43 9704.14 948%.90
2 b6 180, 9073 10154, 45 10153.78 10152.67 10151.11 10149.11
0 b 181,8618 10289.89 10290.99 10292.83 10295.40 10298.71%
13 2 184, 3404 =917.73 5878.32 5813.81 572%5.87 S616.71
7 4 184,.8841 090.74 9073.95 90446.11 9007.44 B9%58.23
16 1 186.7592 2092,.97 2067.61 2026769 * 1972.08 - 1906.08
10 3 187.4907 7883.29 78%54.49 7806.9%5 7741.39 7658.74
! < 190,75689 9913.31 9905.56 9892.67 9874.49 98%1.67
3 b 194,.4393 10420.99 10418.91 10415.44 10410.59 10404, 37
14 2 194,.8372 %=911.44 %074.81 814,77 S732.78 5530.76
1 7 196.2183 10664,30 10664.95 106466.02 106467.53 10669.47
19 1 196.394% 2081.90 20%8.87 2021.62 1971.70 1911.0%
B 4 196.9180 9178.35 9140.98 9132.19 9092.20 041,31
11 3 198.46893 7912.27 76884.47 7838.%7 7775.24 7695.34
b s 203.3325 10062.67 §10053.464 10038.69 10017.80 9991.10
15 2 20%,2839 5903.61 58469.50 SB13.52 S734.96 So41 .47
20 1 20%5.9949 2071.11 2050.12 2016.07 1970.28 1914.40
4 & 207.46834 10644,04 104640.6% 10635.00 10627.10 106146.98
9 4 208. 6141 251,43 9233.79 9204.53 9143.89 9112.18
12 3 209.7999 7934.94 7908.20 7844.04 7803.06 7726.07
2 7 210.1919 1097%.83 1097%.66 10975.38 10974.99 10974.48
0 7 211.0124 11083.63 11084,72 11084.19 11088.29 11090.89
21 1 215,5990 2060.76 2041.%4  2010.31% 1968.186 1916.5%
146 2 21%.6871 S094.70 S842.87 %810.58 S738.95 %649.45
7 - 21%.7219 10188.96 10179.00 10162.45 10139,.37 10109.864
10 4 220.2893 9312.77 929%.05 9265.68 9224.89 9172.99
- & 220, 6848 10833.14 30828.61 10821.07 10810.52 10797.01%
13 3 220.8335 7952.55 7926.89 7884.%0 782%.92 7751.91

Fig.(2.9). Calculated ohmic quality factors for the
Mk-6 cavity.




- 45 -

It would be possible to reduce the length of the cavity with
the use of inserts. This would dramatically reduce the diffraction
Q, «(cavity 1length)2, rendering the cavity Qp dominant and
reducing its selective mode damping. This would result in
multimode oscillation at all frequencies.

A long interaction region will therefore be studied with the
possibility of introducing inserts in future experiments, reducing
the cavity length to increase the efficiency, and reducing the

cavity diameter to increase mode separation.

Input/Output Tapers.

Two tapers will be used on the Mk-6 E.C.M. fig.(1.6). One will
form part of the cathode chamber, the second will form ‘the output
coupler of the mm-waves. Both tapers must perform completely

different roles.

1) The output coupling taper. This will have the following

characteristics.

A) Low reflection coefficient. The cavity will be ohmic ¢
limited, hence there will be more power lost in the walls than
through the output coupler. It is thus important to minimise
reflections and hence Qp eqn.(2.22), coupling out as much
energy as possible before it is lost to ohmic heating.

B) Minimal mode conversion. As the taper angle increases large
amplitude, high order modes must be introduced in the taper to
match the boundary conditions between the excited taper and
waveguide modes (45). If the amplitudes of the excited high
order taper modes are too large then it will be impossible to
identify the cavity mode via the far and near field radiation
pattern from the taper.

C) Output coupling. The taper angle must be sufficient to provide
good coupling between the wavegquide modes and the excited free

space modes.

All of these prerequisites require a long taper with a small
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taper angle. The following dimensions were chosen for the output
coupler, taper length L{;=300mm and angle aty=4.5°. This possesses
all the characteristics of low mode conversion and excellent
output coupling required in conditions B) and C) above, (17,41).
Fig.(2.10) presents the calculated reflection coefficient for this
taper and tapers with similar aty. This shows r«1.5% and R~.022%
hence the taper also satisfies condition A).

2) Anode flange taper. This must possess the following

characteristics.

A) Electron trajectories. This taper will play an important role
in the determination of the electron trajectories fig.(1.6).
Electrons produced at the cathode tip will be accelerated
towards the anode taper. This must be designed to impart the
optimum value of v,.

B) Reflection coefficient. As all the electromagnetic energy
entering the cathode chamber from the cavity is lost, it is
necessary to maximise the reflection coefficient from the

anode taper.

As the reflection coefficient will again be shown to be small
the main consideration in the determination o©f the anode taper
dimensions was A) above, hence Lis=31mm and at,=45°. This will
impart large amounts of transverse energy to the beam. The
resulting reflection coefficients are shown in €£fig.(2.11). For
this taper r=18% and R=3.2%.

Reflection from Discontinuity.

In an attempt to increase the useful output of the cavity a
discontinuity was added at the cathode end of the cavity. A
qualitative estimate of the subsequent reflection coefficient was
obtained from the above theory.

In the case of the MK-6 cavity,

a=5.15mm, d=4.10mm, Ag= 1.5mm, and ko= 4.19mm.
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These dimensions lead to an amplitude reflection coefficient
r=-7.24% and intensity reflection R=.52%. These values only served
as an estimate of the reflection coefficients in the oscillating
cylindrical cavity. The predicted .reflection coefficients were
small, therefore it is possible to conclude that adding the bevel
had the desired effect, increasing the feedback and reducing the
output from the cathode end of the cavity, however it was a small

effect and did not influence the value of Qp.

MK-6 Cavity Design Summary.

Taking into account all the previous considerations it was
possible to design the maser cavity with the following

characteristics.

1) Be able to oscillate multimode in the high f£{requency G-band
regime and single moded in the low frequency W-band regime.

2) Be step tunable with the excitation of discrete cavity modes.

3) Have minimal mode conversion and low reflection coefficients.

4) Discriminate against whispering gallery modes in favour of the
TEqp, modes due to the low electrical conductivity of the
cavity walls.

5) Have high gain, low feedback characteristics.

6) Have high power handling capability.
Fig.(2.12) shows the final dimensions of the constructed cavity.

2.4 Electron Beam Production
Introduction

The pulsed electron beam used in the E.C.M. was produced from a
field-emission, field-immersed cold cathode. A voltage of <72kV
was generated across the anode cathode gap. Due to field
enhancement, whiskers on the cathode surface explode (46)
producing a surface plasma from which electrons may be drawn. The

voltage used must be large enough to produce the surface electrons
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and make the electrons mildly relativistic, however to maximise
Wea, Y must not be too large, (as will be measured in chapter 4,
y=1.14) c.f. eqgn.(1.1).

The length of the electron beam pulse is governed by the gap
closure time. This is the time for the plasma to travel across the
anode-cathode gap (32), effectively shorting the HT voltage.
Although current will continue to flow after this point it is then

a low voltage arc discharge and will take no part in the E.C.M.

interaction.

HT Generation

A standard Marx generator, constructed previously at Strathclyde
(47,48), was used to produce the HT voltage pulse, £fig.(2.13). Ten
capacitors were charged in parallel and via a system of five spark
gap switches discharged in series. This produces a voltage of
n(Vcharge), where n is the number of capacitors. Each capacitor
was rated at 100kV hence the system could in principal produce
1MV. The characteristics of the Marx in conjunction with the

anode-cathode gap will be investigated in chapter 4.

Cathode Design.

The cathode design is shown in fig.(2.14). It was constructed
from stainless steel tubing, diameter 6.1mm, and was designed to
produce an annular electron beam. The cathode tip was sharpened to
maximise the electric field strength at this point. This ensures
the production of a surface plasma from which electrons may be
drawn.

As such a large E-field is generated at the cathode, field
emission freely takes place, hence this cathode 1is inherently

pulsed in nature. If cw operation were required, a thermionic

cathode would be essential.

Anode-Cathode Configuration

The anode cathode configuration is shown in fig.(2.15) and, as
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previously described, is designed to impart the optimum v, to the
electrons. Only the v, energy of the electrons is available to the
E.C.M. interaction.

The HT pulse line is attached to the cathode flange via an
anti-corona shield. The cathode and the anode flanges are
separated by nine perspex slabs. These slabs have been sawtoothed
on the inside o©of the cathode chamber to prevent a surface
flashover, effectively increasing the distance between the anode
and the cathode flange and preventing secondary electrons
re-impinging on the adjacent insulator. The tip of the cathode was
initially placed half way along the 45°* taper, this corresponds to
an anode-cathode position of Omm in subsequent chapters.

The cathode may be moved backwards or forwards with respect to
the anode thus allowing the alteration of L,_., the anode cathode
gap. It will be demonstrated that both the pulse length and the

maximum output power from the maser are strong functions of L,_..

2.5 The Vacuum System,

The maser cavity and cathode chamber must be evacuated to allow
the formation of the relativistic electron beam. A schematic
diagram of the wvacuum system is shown in £ig.(2.16). The system
pumps from the output end of the cavity with the cavity walls
doubling as the pressure containment vessel. The cathode chamber
is pumped out through the cavity.

An Edwards ED100 rotary pump was used to obtain a pressure of
10-3 torr, which was then used to back an Edwards Diffstak

diffusion pump. This was used to evacuate the system to 10-% torr.

2.6 The Output Window.

Any output window for the mm-waves will form part of the vacuum
containment vessel, and therefore must be strong enough to
withstand atmospheric pressure. In past experiments at Strathclyde
University a 1.27cm section glass window was used. However when
tested using a W-band source the mm-wave absorption in the window

proved to be more than 10dB. Upon varying the angle of incidence
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of the radiation (effectively changing the thickness of the glass)
strong absorption resonances were observed. This corresponded to
Fabry-Perot cavity effects between the glass faces.

To eliminate these problems a Mylar window was developed. This
consisted of a .127mm thick Mylar sheet stretched over a Tufnol
ring and fixed using Araldite epoxy resin. This was then bolted
against an O-ring seal in the output flange, £fig.(2.17).

In the construction of such a window several factors were found

to be important.

1) As the Mylar window will have to withstand atmospheric
pressure, the forces on the window must be uniform otherwise
shear stresses will occur and the window will break. Hence
care must be taken to ensure the Mylar is attached to the
Tufnol ring with an even layer of epoxy resin and the Mylar
stretched flat. o

2) To allow even pressure to be applied by the Tufnol ring the
epoxy resin must be outwith the 0-ring diameter.

3) The Mylar sheet will bow inwards, hence the metal output
flange must be "radiused", fig.(2.17).

4) The rotary pump must be switched on gradually to allow the
Mylar sheet to take up the strain and seal against the 0 ring.

The resulting Mylar window had no measurable mm-wave absorption.
As the thickness of the window was well below 1/4 wavelength of
either the W-band or the G-band radiation no Fabry-Perot cavity
effects could be detected. This resulted in a low loss broad

passband output window.

2.7 The Electron Cyclotron Maser Configuration.

The maser configuration is shown in £fig.(2.18), demonstrating

the relative positions of all the components designed and

constructed above.



Stretched Mylar Sheet
(Bows Under Vacuum Pressure)

_ _ Y, 3mm Radius

79 110
152mm 92mm o 10mm

{

/1 »0 Ring Seal

,, .’ _—mmmm—memm—_—m— -
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CHAPTER -3-

MASER DIAGNOSTICS.
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3.1 Introduction.

In this chapter all the diagnostics used to monitor the running
and operation of the maser along with the mm-wave output
characteristics, will be described.

Standard voltage dividers will be used to monitor the charging
voltages on all the capacitor banks along with the diode HT
voltage. Rogowski coil belts will be used to measure and monitor
the current through both the field coils, the Marx discharge
current and the witness plate return current. Due to the large
transients associated with the capacitor discharges the entire
detection system will be double screened, with measuring and
recording equipment placed in screened rooms. The retrieval,
storage, measurement and monitoring of data will be described.

A relativistic electron beam probe was constructed to measure
the beam current, position and collimation through the cavity.
Similarly a magnetic field probe coil was designed and constructed
to calibrate the B-field coils and measure the B-field profile
through the cavity.

In the W-band, a calibrated W-band Flann 135 rectifying crystal
was used to detect the mm-wave output £from the maser. 1In
conjunction with this a Baytron V-band. detector in a W-band mount
was used uncalibrated to provide a constant reference while
measuring the radiation pattern from the maser. In the G-band a
more sensitive Flann 137 uncalibrated c¢rystal was used. In this
case the less sensitive Flann 135 crystal was used as a reference
while producing the spectral analysis of the maser output.

Several different mm-wave diagnostics are used to characterise

the oscillation of the maser, viz:

1) Diffraction grating spectrometer. This was constructed in the
Czerny-Turner configuration, and calibrated to measure the
frequency of oscillation and the frequency bandwidth of the
maser output.

2) Cavity mode identification. The relevant theory and several
measurement techniques were developed to measure the near and

far field radiation pattern of the maser output. This may be
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used to determine the cavity mode of oscillation.

3) Output power measurements. A calibrated power meter was
constructed from a thermocouple array and a Flann calibrated
crystal detector. The first measured the energy in any pulse
and the second determined the pulse duration. From these
combined measurements the power in any ©pulse may Dbe

calculated.

3.2 Voltage Dividers.

Two voltage dividers were constructed for wuse in this
experiment, one to measure the D.C. charging voltage on the Marx
bank, and one to measure the very rapidly varying Marx discharge
voltage, (Trijgetl00ns), fig.(3.1).

The first works on the very simple and well known principle
that a voltage V developed across two resistors Ry and Ry will

result in a voltage V, being developed across R, where,

V = V —— . (3.1)

If Ry»>?R, then a large voltage V may be reduced to an easily
measurable voltage, V,;. Care must be taken to avoid breakdown in
the circuit. Ry and R, may be chosen arbitrarily, though in most
cases Ry is made so large that the voltage divider draws almost no
current from the voltage source.

In the case of the second divider, a very rapidly varying
voltage has to be monitored. Hence it is essential to take into
account all the stray capacitances and inductances present in
choosing a value for Ry and Ry (49). Even though the stray
capacitances may be as low as a few picofarads, Rq{ and R, would
only have to be a few kilo-ohms to make the RC time of the
divider comparable to that of the rise time of the voltage pulse.
If this is the case then V,; will not be related to V by the
simple eqn.(3.1).

It may be shown that the response time of a voltage divider is

given by,



T = . (3.2)

Where Co is defined in fig.(3.1) and is given approximately by,

c H
S . = (10415) — . (3.3)
[pF] [m]

Where H = the height of the divider.

Thus knowing the necessary response time, a suitable value of
R=R;+R5 may be chosen. |
In the divider used for monitoring the Marx generator,
fig.(2.13), Ry=429130 and R,=.594%.005Q, resulting in a reduction
in the subsequent signal by a factor of 722%7. This may be further
reduced using calibrated attenuators.
Using this technique it was possible to monitor accurately the

charging voltage of the Marx and its subsequent discharge voltage

across the diode.

3.3 Rogowski Coils,

A very convenient means of measuring:rapidly varying currents is
that of Rogowski coil belts (50). This standard method also has
the advantage of measuring currentslﬁassively.

A simple diagram of a Rogowski coil belt is shown in £ig.(3.2),

with its egivalent circuit in £fig.(3.3). The circuit equation for

this arrangement 1is,

t

d g d i 1
—— = L, — + i(R+r) + — i dt. (3.4)
dt d t C

The Rogowski coil is commonly used in two modes of operation:-

1) The Differentiating Rogowski Coil.

In this case R is chosen such that R»»>r and R>>Lw, where w 1is

the highest significant frequency of ¢, and for times <<RC, it is
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