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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, resonantý 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 : IT) acted as a cathode field tuning coil. 

The addition of the cathode 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 using a 
thermopile calorimeter). 

The following characteristics of the maser oscillation were 
identified: in the W-band, single mode oscillation in the TED3 

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 TE42 mode at 88. OGHz. 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. 

A= Area. 

a= The cavity diameter. 

ag= Diffraction grating groove spacing. 

B= Magnetic induction. 

C= Capacitance. 

c"= Speed of light. 

E= Electric field. - 

El= Energy stored in-an inductor. 

Ec= Energy stored in a capacitor. 

-e = Charge on an electron. 

fce= Cyclotron frequency of the electrons 

in the presence of an magnetic field 

H= Magnetic field, 

= (1/po)B 

I, i= Current. 

Jp(x) = Bessel function of order p. 

Jp'(X) = d/dx(jp(x)). 

i= '/(_1) 
k1j= The parallel wave number of the guided 

electromagnetic wave. , 

kj= The perpendicular wave number of the 

guided electromagnetic wave. 

ko= The free space wave number of the 

electromagnetic wave, 

= (k, 12 + k, 2)i/2. 

L= Inductance. 

1= The length of the magnetic field coil. 

1c= The length of the oscillating cavity. 

m= order of diffracted signal. 

mo= Rest mass of an electron. 

N= Total number of turns. 

n= Number of turns per unit length. 

P= Power. 

Pf= Magnetic field pressure. 
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0.0= The cavity ohmic quality factor. 

QD= The cavity diffraction quality factor. 

QT= The cavity quality factor, 

(1/QQ + 1/QD)-'- 

R, r Resistance. 

S The Poynting vector. 

V Electric potential difference. 

vu= Parallel component of electron velocity 

w. r. t. the magnetic field lines. 

vj= Perpendicular component of electron 

velocity w. r. t. the magnetic field 

lines. 

v= Velocity, 

= (VU2 + V12)1/2. 

M= Incident angle of collimated radiation 

on diffraction grating. 

P= Angle of diffracted signal from the 

spectrometer grating. 

= The Lorentz correction factor. 

= (I-v2/C2)-i 

=a+P. 
Go= The permittivity of free space. 

n= Efficiency. 

PD= The permeability of free space. 

a= Electrical conductivity. 

Xpq= The qth root of ip(x)=O. 

'Xpq'= The qth root of ip'(x)=O. 

w= Angular frequency. 

Wb= The modified electron plasma frequency. 

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

(jg= The frequency of oscillation of the 

guided radiation. 
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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 

(ZlOkV), low current (: lmA) electron beams with total mm-wave 

output power -<-(lW. 

Later high power devices owe their success to the Russian 

development of the three electrode, thermionic cathode, magnetron 

injection gun (MIG) (12). This is capable of 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 

>200kW 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 fig. (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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impatt diodes and backward wave oscillators (B. W. O. '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 (41kft). 

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), 

=eB+vk=w+vk ym0 11 11 ce 11 11' 

Where, 

-e = charge on an electron, 

B= magnetic induction experienced by an 

electron, 

mo = rest mass of an electron, 

Oce= cyclotron frequency of an electron in 

the presense of a magnetic field, 

vil = parallel component of electron velocity, 
k1l = parallel wave number of generated wave, 

y= the Lorentz correction factor, 

1 

-V 
2c2 

v= total electron velocity, 

c= speed of light. 

If this interacts with a positive energy waveguide mode, 

2222222 
(ig =ck0 =C kI+ck 

11 , 

where wg= the frequency of oscillation of the guided 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 eqn. (1.1) into (1.2) and 

solving the quadratic in k1j, assuming only one solution, yields. 

2 
ce 2 ce k and k 

11 22122 
c-v 11 cv 11 

Equation (1.3) provides first order information on the length of 

the cavity and eqn. (1.4) on the diameter of the cavity. 

The coherence of the radiation is due to the natural phase 
bunching of the electrons as they spiral through the the B-field 

(2,25). This is 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 models which have been used to 

describe the electron cyclotron maser mechanism (27). 

1) The quantum mechanical approach. This was one of the f irst 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 lend 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 eqns. must be solved via computational techniques. 

3) The plasma physics approach. This is based on the self 

consistent solution of the relativistic Vlasov eqn. 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 
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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. 

Linear Plasma Theory. 

The following theory is developed from the subsequent 

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

bf 
+v. Vrf +F. Vpf 

Dt 

and the electromagnetic wave eqn. 

1b2E 
-2 : 72 - PO 
c bt bt 

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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2222w2, n+l 
(w-k v 11) 

w-c (k +k El + (-l) I Qn (x 
n) 

11- ce 

(v /c) 2 (u 2 
-k 

2c2 
1 11 

(u 
11 11- ce 

Where, 
2a= the separation of the waveguide plates, 

n q( IeB 

ce 
0 

1= the magnetic harmonic number 

v 11 and v.. = the initial values of the longitudinal 

and transverse components of velocity. 

2 2 i (v +v ) _ 1 1 2 
] 

- 2 
c 

wb= the modified electron plasma frequency. 

1 
2 2 

= Q X 
[ 

-, 

] 

-- 
[ 

1 (x )] 
n n 2 dx 1 n . n 

2 1 w = 
[ 

-- d 
f 

Ji (x ) 
]1 

n x n 

vk 
x n 

ce 

(1.7) 

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 

eqn. (1.7) is always stabilising and the second destabilising. 

There must also exist a frequency shift as the relation is 

undefined for, 

+k ce 

Looking for solutions near wo, and writing, 
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W=w0+ sw ,w2=W02+2 Sw wo 0 and Sw -(-( w 

substituting into eqn. (1.7), yields. 

sw 2=[ 2b2 ] (1 _ _, )n+1) 
(ti 

0+ 
Su -k 11 v 11) 

y2w0 

1- 
(v 

I 
/c) 2 (w 

02+2 
Sw w0-k 11 

2- 
c2)wn (x 

n) (1.8) 
1 

8(1 (u 
0+ 

Su -k 11 v 11) Qn (xn) 

1 

Wn(xn) and Qn(xn) are always positive for any given gyrotron and 

hence imaginary roots of this eqn. will exist only if Sw 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. L, 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. L, A), where u. L=P. Lyj. and A is 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=to fig(l. 4), at a later time it will begin to demonstrate phase 
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bunching, t=tj. This will continue until the electrons are in a 

position corresponding to a time týt2r 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. 

I) 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) From the non-linear theory the growth rate increases with SW 

to some maximum, this will then reduce with further increase 

of SW. 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 Bw 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 gun 
(M. I. G. ) to produce the high current relativistic electron beam, 

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 configurations 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 1OOkW of 

electromagnetic radiation in the X-band, 8.2-12.4GHz (32) (a full 

definition of all the p-wave and mm-wave frequency bands, along 

with their designations and waveguide dimensions is given in 

appendix 1, table(Al. 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 : 1MW. 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 

f ield. In the MIG system two coils are used, one to produce the 

large intra-cavity f ield, 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 cold 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 : 120ps. 
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1.4 New Developments Which form the Major Part of the Work 

np. qrrihpa in fhic rhpcic 

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 

themaser 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, 
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were completely performed by an HP9816 personal computer via 

extensive use of peripherals. 

2) A new diffraction grating optimised for 200GHz was designed 

for use in the present spectrometer. 

3) A completely new method has been developed for measuring the 

radiation pattern from the output horn. This facilitates the 

identification 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. 

4) 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. 

5) A successful attempt was then made to produce a completely 

self-consistent analysis of the cyclotron frequency of the 

electron beam and the measured frequency and mode of 

oscillation of the cavity. The first two *parameters were 

linked via 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#l. This produced more than BT and had a flat 

spatial profile over a reasonable interaction region within the 

cavity, Z-10cm. A second tuning coil, coil#2, was also constructed 

and placed around the cathode. This was capable of producing 1. OT 

at the cathode tip, enhancing and optimising the cathode B-field. 

This played an important role in the production of the 

relativistic electron beam. 

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 TEOn 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 configuration 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. 

It increased the magnitude of the B-f ield at the cathode thus 
increasing the magnetic insulation of the diode. This ensured 
more electrons were trapped onto field lines, with fewer 

electrons striking the anode before they entered the cavity. 
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2) The magnetic f ield compression ratio, def ined as the ratio of 
the cavity f ield to the cathode field, was reduced. This 
helped prevent electrons mirroring as they moved to regions of 
higher field. 

3) The cathode coil resulted in enhanced focusing of the 

relativistic electron beam, producing a well collimated stream 

of electrons through the centre of the cavity. A 

Cavity Field Coil#l. 

As previously described the electrons gyrate at a frequency 

given by, 

eB 

ce 
Tm0 

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

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

28 B 
-- GHz. (2.2) 

21f yT 

(N. B. e/mo=176 GHz T-i) 

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. 
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Cathode Field Coil#2. 

This coil was used in a purely empirical way. The coil was 

designed to produce 1.5T, which after field exclusion and 

resistive losses in the coil circuit, resulted in a field of 1. OT 

at the cathode tip. 

Field Coil Theory. 

The B-f ield produced by a solenoidal coil is given by the 

simple 'on-axis' expression, 

Cos 9 1- 
Cos 92). (2.3) 

Where, 

n= number of turns per unit length, 

= the current through the coil windings, 

and 9j, 92 are defined in fig. (2.1). 

The constructed coils were placed in the simplified circuit 

shown in fig. (2.2). This circuit may be analysed using the 

following expression (36), 

dIRIQ 
(2.4) 

dtLLC 

with the boundary conditions I=O and QO=CVC, at time t=O. L may 
be evaluated from (37), 

aNXa, 
2-1 

a_ 
(2.5) 

ai 

Where, 

ai = internal radius of the coil, 

N= total number of turns, 

1= length of the coil, 

'X = geometric constant dependent on ai and 1. 

Using eqns. (2.3), (2.4) and (2.5) it was thus possible to gain a 
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Fig. (2.3). B-field coil#l, 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) The main aim of this system was to transfer as efficiently as 

possible the energy stored in the capacitor bank EC=1/2 CV2, 

into stored B-field energy in the coil (38), 

122 
E-LIB dV, (2.6) 

220v 

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

produced. 

2) ai was limited to being larger than the cavity radius plus the 

coil former thickness. 

3) 1 had to be large enough to produce a uniform B-field over a 

reasonable length in the case of the cavity field coil. 

4) 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. 

5) 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, 

R2c 

4L 
ý 1, (2.7) 

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#l) and the 

cathode coil (coil#2). 

Coil#1 Coil#2 

wire diameter 2.37 mm 2.37 mm 

mean coil radius 10.27 mm, 42.87 mm 

coil length 147 mm 63 mm 

no. of turns 55 21 

coil inductance 8.08 pH 27.19 pH 

circuit resistance 200 MO 305 MO 

circuit capacitance 106 mF 1.68 mF 

Table(2.1). Respective field coil parameters. 

Coil Construction. 

When producing such B-f ields 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, 

22 
BB2 (2.8) 

2 11 0 

Where Bi and B2 are the respective magnetic fields across some 
boundary. 

If the coil is long compared with its radius then the f ield 

outside the coil will be small, hence Bj--8T and 132. -OT, giving a 
magnetic field pressure of approximately 260 Atmospheres. 

With the geometrical factors and impulsive forces it would be 
difficult to calculate the yield 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 construction of coil#1 is shown in 

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 

(pressureQ: B2). 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. ilie 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 

f ig. (2.4). 
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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. 

In past experiments at Strathclyde University, cavities have 

been constructed from stainless steel. This possesses two 

important characteristics. 

1) The relatively low electrical conductivity of stainless steel, 

a=1.39x1OGn-im-i, 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 TEOn modes. 

2) 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 TEpqs 

modes. (In the mode designation; the first subscript indicates the 

number of 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 TEpqs modes the electric field is parallel to the motion of 

the electrons, producing a strong interaction of the type 

described in chapter 1. Conversely for the TMpqs 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 TEpqs mode is given by (40), 

X22 «2 
22 pq s 

k=wp to =-+ (2.10) 
22 

c 
Where, 

a= the cavity radius, 
lc = the length of the cavity, 

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

k, = the perpendicular wave number 

within the cavity. 

It is generally assumed that the electron beam will only 
interact with the TEpqj modes within the cavity. Many authors have 

shown that the critical 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 it. 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 af orward and 
backward travelling wave, with a ref lection coef f icient 8 (z), it 

is possible to obtain the total reflection coef f icient of an 

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

dua0 
2jJ 

ea 
i 

e 
dz dz 

r (2.11) 
uu 

2ý 

j4 

qt' 

u 

a, 
)v 

aj 
'ý2 )v 

a2 a2 
01 

Where, 

j= the square ro0i of -1, 
r= the-amplitude reflection coefficient, 
XO= the free space wavelength of the radiation, 

da- the first non-vanishing derivative of a, 
dz u 

th '4 =k0 Xpq =q root of Jý(x)=O, 

kc= the free space wavenumber of the 

radiation, 

Z022 
)1/2 =2 

1/ 2 
i=k dz, k (k -k1 f0 

11 11 0LA01 a2 

ka=, +u I Xjpq 2 

and a,, a,, z0 and zi are defined in fig. (2.5) 



Fig. (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 TEjO mode, 

4kJ2_kad 
11 it 

4k12+kad 

Where, 

k k2 -p2 
it 

2_q 
it (2.13) 

11 0 a2 a2 

)' 

k'= [k2_p2 ff 
2_ 

q2 02), (2.14) 
11 0 d2 d2 

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

axial wavenumbers in the respective sections of the waveguide and, 

q22 
j= (-, ) qad Sin 

[p 4( d 
(2.15) 

pq 4( d* p2d2 - q2a2 a 
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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 
QT ýWx 

power dissipated by the resonator 
(2.16) 

This QT may also be def ined in more useful terms by the mode 

dependent ohmic quality factor Qg, and the diffraction quality 

factor OD (12), where, 

QT QQ QD 
(2.17) 

QQ is defined as, 

Qa = (6) 
field energy stored by the resonator 

(2.18) 
power dissipated in the cavity walls 

For TEpqs modes in a cylindrical cavity this may be shown to be 

(40), 

2 

v0 (2wp 
0 or) 

1/2 
w2G OP 0k22 

2 
21t 2s2a2 

it 
2p2s2 

k Ica +-+- (IC-2a) 
ic 2k2a 21C2 

Where, 

lc= length of the cavity, 

a= diameter of the cavity, 

VC= volume of the cavity, 

q= electrical conductivity of the cavity 

- walls, 

ka = X'pq, the qth root of J'p(x)=O. 

(2.19) 
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QD is defined as (12), 

= (i x 
radiated power output 

which for a cavity resonator may be shown to be, 

2 JC I 1 
AO 

I Rl R2 1) 

Where, 

AO = the free space wavelength of the radiation, 

and R, and R2 are the intensity reflection amplitudes 

respectively at either end of the cavity. 

(2.20) 

(2.21) 

In all calculations involving QQ, q has been taken to be the 
bulk- conductivity of stainless steel (1.39x1060-Im-i). However the 
following physical constraints have an influence on the value of 
q, and hence on Qn. 

1) At frequencies in the region of 100GHz the effective skin 
depth of stainless steel is : 3pm. 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 q. 
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 q. 

3) Finally the value of q 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 

field energy stored by the resonator 
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electric fields at the cavity walls. The result is again a 

reduction in the idealised calculated Qjj. Therefore the values of 
Qjj which have been calculated should be regarded as theoretical 

upper limits. In practice the actual values of QQ would be 

expected to be lower. 

In any given cavity the smaller of QjI or QD will dominate. It 

is desirable to couple out more energy than is dissipated in the 

cavity walls, hence for an efficient system one requires QD-(-(Qg. 

These parameters will be important when considering the 

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

11 T -ý it el 
It 

I 
Iq Q. 

(2.22) 

The f irst term, nel, depends on the coupling between the 

perpendicular motion of the electron beam and the perpendicular 

E-f ield of a particular TEpqs 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 i1jL is related to 

VII /V. L. 
The final term is derived purely from the mode dependent quality 

factor and is defined by, 

QT Qj) 
Iq =I--=- (2.23) 
QQa QD + Qn 

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, nel- 
4) Their respective quality factor values. 
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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: 

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 linear taper and step 

discontinuity used in conjunction with the cavity. 

This allowed the determination of the following optimum 

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 

45 modes lie under the gain line curve it still may be possible 

to achieve single mode oscillation. If a TEOn 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 TEOn 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) Its 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 

410GHz. 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) lists the ohmic and diffraction quality 
factors for the above cavity modes. As expected the cavity quality 
factor is dominated by the highly mode dependent Qg with OD: 'OXQQ- 

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 : 5-10 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-6 

RADIUS OF CAVITY/MM 5 . 1500 LENGTH OF CAVITY/MM - 150.0000 

TE MODE (p, q. s) CUT--OFF RESONANCE FREOUENC IES/GHZ 
p q FREO/GHZ S-I s-2 S-3 s-4 0-5 
1 1 17.0699 17.0991 17.1866 17.3315 17.5323 17.7871 
2 1 28.3164 28.3340 28.3e69 28.4748 28.5975 28.7544 
0 1 35.5244 35.5ZB4 35.5806 35.6508 35.7489 35.8745 
3 1 38.9499 38.9627 39.0012 39.0653 39.1548 39.2695 
4 1 49.2999 49.3100 49.3404 49.391t 49.4619 49.5528 
1 2 49.4286 49.43BEr 49.4691 49.5196 49.5902 49.6809 
3 1 59.4803 59.4887 59.5139 59.5559 59.6146 59.6900 
2 2 62.1736 62.1817 62.2058 62.2460 62.3022 62.3743 
0 2 65.0426 65.0503 65.0734 65.1118 65.1655 65.2345 
6 1 69.5435 69.5527 69.5742 69.6102 69.6604 69.7250 
3 2 74.3106 74.3173 74.3375 74.3711 74.4t82 74.4786 
1 3 79.1416 79.1479 79.1669 79.1984 79.2426 79.2994 
7 1 79.5265 79.5328 79.5517 79.583t 79.6271 79.6836 

.4 
2 86.0596 86.0644 136.0819 86.1109 86.1515 86.2038 

8 1 89.4428 E19.4484 89.4651 S9.4931 89.5322 89.51324 
2 3 92.4286 92.4340 92.4502 92.4772 92.5151 92.5637 
0 3 94.3199 94.3252 94.34it 94.3676 94.4046 94.4523 
5 2 97.5313 97.5364 97.55ta 97.5775 97.4&133 97.6594 
9 1 99.3071 99.3122 99.3273 99.3524 99.3876 ". 4329 
3 3 105.1899 105.1946 105.2089 105.2326 105.2659 105.3086 
1 4 108.5292 108.5328 108.5466 108.5697 108.6019 108.6433 
6 2 108.7965 108.8011 108.8149 108.8379 108.8700 108.9114 

to 1 109.129? 10q. 1345 109.1482 109.1711 109.2032 109.2444 
4 3 117.5760 117.5803 117.5930 117.6143 117.6441 117.6823 

11 1 118.9166 118.920a It8.9334 tIS. 9544 ItS. 9838 119.0216 
7 2 119.8983 119.9024 119.9150 119.9358 119.9650 120.0025 
2 4 122.1046 122.1087 122.1210 122.1415 122.1701 122.2070 
0 4 123.5261 123.5302 123.5423 123.5625 123.5908 123.6273 

12 1 128.6726 128.6765 128.6aai 128.7076 128.7348 128.7697 
5 3 129.6773 129.6814 129.6929 129.7122 129.7392 129.7739 
a 2 130.8673 130.8711 130.8826 130.9017 130.9284 130.9628 
3 4 135.2278 135.2315 135.2426 135.2610 135.2869 135.3202 
1 5 137.8027 137.8064 137.6173 137.8354 137.8608 137.8934 

13 1 138.4036 1313.4072 138.4181 138.4361 1313.4614 138.4939 
6 3 t4l. 5338 141.5573 141.5679 141.5856 141.6tO3 141.6420 
9 2 141.7255 141.7290 141.7396 141.7572 141.7819 141.0136 
4 4 14B. 0058 148.0092 148.0194 14e. 0362 148.0599 148.0903 

14 1 148.1105 148.1139 t48.1240 148.1409 148.1645 148.1949 
2 5 151.5603 151.5638 151.5737 151.5902 151.6133 15L. 6430 

10 2 152.4911 152.4944 152.5043 152.5206 152.5436 152.5731 
0 5 t52.7019 152.7051 152.7150 152.7313 152.7543 152.7837 
7 3 153.2465 153.2497 153.2595 153.275S 153.2987 153.3280 

15 1 157.7980 157.8011 157.8106 157.8265 157.8496 157.8771 
5 4 160.5101 160.5133 t6O. 5226 160.5382 160.5600 160.5eso 

it 2 163.1752 163.1783 163.1875 163.2028 163.2242 163.2518 
* 3 t64.7857 164.7888 164.7979 164.8130 164.8343 164.8616 
* 5 164.9224 164.9254 164.9343 164.9497 164.9709 164.9982 
1 6 167.0249 167.0279 167.0369 167.0518 167.0728 167.0997 

16 1 167.4678 167.4708 167.4797 167.4946 167.5153 167.5424 
6 4 172.7907 172.7936 172.8023 172.8168 172.6370 172.8630 

12 2 173.7889 173.7917 t73.8004 173&8147 173.8349 173.860B 
9 3 176.1947 176.1976 176.2061 176.2203 176.2401 176.2657 

17 1 177.1209 177.1237 177.1322 177.1463 177.1661 177.1915 
4 5 177.9695 177.9723 177.9807 177.9948 178.0144 17a. 0397 
2 6 : 80.9073 180.9101 ieo. gim 180.9322 180.9516 180.9764 
0 6 181.8618 181.8645' 181.8728 181.8865 181.9058 181.9305 

13 2 184.3404 te4.3431 184.3512 184.3648 164.3838 184.4082 
7 4 184.8841 184.81368 184.8949 184.90e5 184.9274 184.9517 

IS 1 186.7592 186.7619 186.7699 1196.7833 186.8020 186.8261 
to 3 187.4907 187.4934 187.5014 187.5147 187.5334 187.5574. 

5 5 190.75eg 190.7615 190.7694 190.7825 tgo. eooe 190.8244 
3 6 194.4393 194.4418 194.4495 194.4624 194.4eO4 t94.5035 

14 2 194.8372 194.8397 194.8474 194.8603 194.8782 194.9013 
1 7 196.2183 196.2208 196.2285 196.2412 196.2591 196.2820 

19 1 196.3345 196.3871 196.3947 196.4074 196.4253 196.4482 
8 4 196.8190 196.8206 196.8282 196.8409 196.8587 196.8e15 

it 3 198.6893 198.6919 198.6994 198.7120 198.7296 198.7522 
6 5 203.3325 203.3350 203.3424 203.3547 203.3719 203.3940 

15 2 205.2839 205.2864 205.2937 205.3058 205.3229 205.344e 
20 1 205.9969 205.9993 206.0066 206.0187 206.0357 206.0575 

* 6 207.6836 207.6860 207.6932 207.7052 207.7221 207.7439 
* 4 208.6141 208.6165 208.6237 208.6357 208.6525 208.6740 

12 3 209.7999 209.8023 209.8094 209.8213 209.8380 209.19395 
2 7 210.1919 210.1943 210.2014 210.2133 210.2299 210.2513 
0 7 211.0124 21t. 01413 211.0219 211.0337 211.0503 211.0717 

21 1 215.5990 215.6013 215.6083 21Z. 6199 215.636t 215.6570 
16 2 215.687t 215.6a94 213.6964 215.7080 215.7242 215.7450 

7 5 215.7219 215.7242 215.7311 215.7427 2t5.7589 215.7798 
to 4 220.2893 220.2916 220.2984 220.3097 220.3256 220.3460 

5 6 220.6B68 220.6891 220.6959 220.7072 220.7231 220.7435 
13 3 220.8335 220.8358 220. e426 220.8539 220. e697 220.8901 

Fig. (2.7). Resona nt frequencie s of T E m o des in 
pqs 

a cyli ndrically sym metric cavit y. 



CYLINDRICAL CAVITY 
Mk-6 

RADIUS OF CAVITY/MH 5 . 1500 LENGTH OF CAVITY/Mml - 150.0000 

TE MODE (p, q, st CUT-OFF MINIMUM DIFFRACTION 0 
p q FREQ/GHZ 15.1 s-2 16-3 s-4 S-5 
1 1 17.0699 918.54 231.99 104.85 60.35 39.76 
2 1 28.3164 2522.12 632.89 283.03 160.58 103.90 
0 1 35.5244 3967.77 994.30 443.66 250.93 161.73 
3 1 3S. 9499 4769.24 1194.67 532.71 301.02 193.79 
4 1 49.2999 7638.71 1912.03 851.54 480.36 3013.56 
1 2 49.42136 7679.65 1922.02 e55.99 482.86 310.16 
5 1 59.4eo3 IttI7.78 2781.80 1238.10 697.81 447.73 
2 2 62.1736 12147.15 3039.14 1352.48 762.14 408.90 
0 2 65.0426 13293.79 3325. BO 1479.89 833.81 534.77 
6 1 69.5455 15197.69 3801.78 1691.42 9Z2.80 610.92 
3 2 74.3106 17351.21 4340.16 1930.7L 1087.40 697.06 
t 3 79.1416 196GO. 17 4922.40 2189.48 1232.96 790.22 
7 1 79.5263 191372.05 4970.37 2210.80 1244.95 797.90 
4 2 86.05G6 23270.05 5819.87 2588.35 1457.32 933.82 
a 1 89.4428 25135.92 6286.34 2795.67 1573.94 1008.45 
2 3 92.4286 26841.89 6712.83 2985.23 1680.56 t076.69 
0 3 94.31V9 27951.50 6990.23 3108.51 1749.91 1121.08 
5 2 97.5313 29887.10 7474.13 3323.5a 1870.89 1198.50 
9 1 99.3071 30983.23 7748.66 3443.60 1939.52 1242.43 
3 3 105.1899 34764.57 8693.50 3865.52 2175.73 1393.60 
1 4 108.5282 37006.00 9253.86 41t4.57 2315.82 1483.26 
6 2 108.7965 37189.18 92". 65 4134.92 2327.27 1490.58 

to 1 109.1299 37417.43 9356.71 4160.29 2341.53 1499.71 
4 3 117.5760 43432.9t 10860.58 4e28.67 2717.50 1740.33 

11 1 118.9166 444213.87 11109.57 493V. 33 277q. 75 1780.17 
7 2 It9.8983 45165.41 11293.71 5021.17 2825.78 1809.63 
2 4 122.1046 46842. e5 11713.07 5207.55 2930.62 1876.73 
0 4 123.5261 47939.76 11987.30 532V. 43 2999.18 1920.61 

12 1 128.6726 52017.35 13006.69 5782.50 3254.03 2083.71 
5 3 127.6773 52832.96 13210.60 5873.12 3305.01 2116.33 
8 2 130.8673 53806.82 13454.06 5981.33 3365.67 2155.29 
3 4 135.2278 57452.04 14365.37 6386.35 3593.70 2301.10 
1 5 137.8027 59660.72 149t7.54 6631.76 3731.74 2389.44 

13 1 138.4036 60182.11 15047.88 6689.69 3764.33 2410.30 
6 3 141.5538 62952.71 15740.53 6997.54 3937.49 2521.12 
9 2 141.7255 63105.51 15778.73 7014.52 3947.04 2527.24 
4 4 148.0058 6ee22.02 t7207.86 7649.68 4304.32 2755.90 

14 1 14e. iio5 68919.40 17232.21 7660.50 4310.41 2759.79 
2 5 151.5603 72167.36 18044.20 13021.39 4513.41 2889.71 

to 2 152.4911 73056.32 18266.44 8120.16 4568.97 29255.27 
0 5 lZ2.7019 73258.37 18316.95 e142.61 4581.59 2933.35 
7 3 153.2465 73781.8t 18447.81 8200.77 4614.31 2954.29 

15 1 157.7980 78229.41 19539.71 8694.95 4892.28 3M. 19 
5 4 160.5101 80941.58 20237.75 8996.30 5061.79 3240.68 

it 2 163.1752 83651.67 20915.27 9297.42 5231.17 3349.09 
a 3 164.7857 enti. oo 21330.11 9481.79 5334.88 3415.46 
3 5 164.9224 85432.55 21365.49 9497.52 5343.73 3421.12 
t 6 167.0249 87645.14 21913.64 9741.14 5480.77 3508.62 

16 1 167.4678 88110.54 22029.99 9792.85 5509.85 3527.44 
6 4 172.7907 93800.52 23452.49 10425.07 5865.48 3755.04 

t2 2 173.7889 94887.30 23724.18 10545.83 5933.40 3798.51 
9 3 176.1947 97532.56 24385.50 10839.74 6098.73 3904.32 

17 1 177.1209 9e56o. 61 24642.51 10953.97 6162.98 3945.44 
4 5 177.9695 99507.25 24879.17 11059.15 6222.15 3983.31 
2 6 180.9073 102819.51 25707.23 11427.18 6429.16 4115.80 
0 6 181.8618 103907.28 25979.18 11548.05 6497.15 4159.31 

13 2 184.3404 106758.76 26692.05 11864.138 6675.37 4273.37 
7 4 184.8841 107389.41 26849.73 11934.96 6714.79 4M. 60 

is 1 186.7592 109578.76 27397.05 12178.21 6851.62 4386.17 
to 3 187.4907 110438.81 27612.06 12273.77 6905.37 4420.57 

5 5 190.7589 114322.40 28582.96 12705.28 7148.10 4575.91 
3 6 194.4393 lie776.15 29696.39 13200.14 7426.45 4754.06 

14 2 194.8372 119262.79 29818.05 13254.21 7456.87 4773.53 
1 7 196.2183 120959.55 30242.24 13442.74 7562.92 4841.40 

19 1 t96.3845 121164.58 30293.50 13465.52 7575.73 4849.60 
8 4 196. eieo 121700.10 30427.38 13525.03 7609.20 4871.02 

it 3 198.6893 124025.22 31008.66 13783.37 7754. Z2 4964.02 
6 5 203.3325 12gesq. 51 32474.73 14434.96 8121.04 5198.60 

15 7 205.2839 132394.53 33100.99 14713.30 8277.60 5298.80 
20 1 205.9969 133315.72 33331.29 14815.65 8335. tS 5335.64 

4 6 207.6836 135507.78 3387q. 30 15059.21 8472.18 5423.33 
9 4 208.6141 136724.78 34183. Z5 15194.44 8548.24 5472.01 

12 3 209.7999 138283.48 34573.23 15367.62 8645.66 5534.36 
2 7 210.1919 13esoo. 68 34702.53 15425.09 8677.99 5555.04 
0 7 211.0124 139886.46 34973.97 15545.73 e745.85 5598.47 

21 1 215.5990 146033.59 36510.75 16228.75 9130.04 5844.36 
t6 2 215.6871 146152.92 36540.59 16242.01 9137.50 5849.13 

7 5 215.7219 146200.04 36552.37 16247.24 9140.45 5851.02 
to 4 220.2893 152456.38 38116.45 16942.39 9531.47 6101.27 

5 6 220.6868 153007.13 38254.14 17003.58 9565.89 6123.30 
13 3 220.8335 153210.57 38305.00 17026.19 9578.61 6131.44 

Fig. (2.8). Calculated diffraction quality factors for 
the Mk-6 cavity. 



CYLINDRICAL CAVITY 
Mk-6 

RADIUS OF CAVITY/MM 5 . 1500 LENGTH OF CAVITY/MM - 150.0000 

TE MODE (p, q, ol CUT--OFF OHMIC Q. 
p q FREQ/GHZ S-1 is-2 11-3 s-4 %m5 
1 1 17.0699 1886.23 1304.28 871.22 604.12 441.22 
2 1 28.3164 2117.79 1602.28 1256.83 932.68 704.67 
0 1 35.5244 4551.91 4564.69 4585.99 4615.82 4654.22 
3 1 38.9499 2201.72 1883.21 1519.29 1198.29 944.93 
4 1 49.2999 2233.03 1994.57 1694.26 1400.80 1147.37 
1 2 49.4286 5164.64 5132.15 5079.11 5007.12 4918.23 
5 1 59.4803 2241.54 2057.90 1811.28 1552.00 1311.90 
2 2 62.1736 5460.12 5398.02 5297.87 5264.25 5002.86 
0 2 65.0426 6155.24 6160.3q 6168.99 6181.02 6196.49 
6 1 69.5455 2239.04 2093.93 1890.19 1664.18 1443.23 
3 2 74.3106 5631.28 5558.74 3442.12 5287.24 5101.26 
1 3 79.1416 6693.23 6689.07 6682.15 6672.53 6660.23 
7 1 79.5265 2230.92 2113.69 1943.72 1747.46 1547.23 
* 2 86.05136 5738.70 5664.74 5545.78 5387.70 5197.73 
* 1 89.4428 22t9.86 2123.33 1980.05 1809.41 1629.33 
2 3 92.4286 7033.23 7020.22 69q5.38 6960.95 6917.29 
0 3 94.3199 *7411.12 7414.07 7418.99 7425.88 7434.74 
5 2 97.5313 5808.78 5737.33 5622.23 5468.83 5283.91 
9 1 99.3071 2207.26 2126.54 2004.47 1955.56 1694.09 
3 3 105.18c? 9 7270.85 72413.36 7211.22 7159.92 7095.16 
1 4 108.5282 7890.60 7890.32 7el3q. 86 7889.21 7888.38 
6 2 108.7965 5855.19 5787.67 567q; 14 5533.79 5357.76 

to 1 109.1299 2194.10 2125.63 2020.61 1890.05 1745.31 
4 3 117.5760 7441.28 7414.28 7369.73 7308.35 7231.02 

it I ttS. 9166 2180.62 2121.85 2030.71 1915.63 t7mn 
7 2 119.8983 5885.73 5823.04 5721.53 5585.36 5419.76 
2 4 122.1046 e23!;. 15 e230.20 8221.97 8210.50 8195.81 
0 4 123.5261 8480.81 8482.78 13486.07 8490.66 8496.57 

12 1 128.6726 2167. t4 2116.19 2036.43 1934.46 laI7.58 
5 3 129.6775 7568.58 7539.14 7490.60 7423.75 7339.64 
8 2 130.8673 5905.22 5847.15 5752.92 5626.09 5471.19 
3 4 135.2278 84q4.38 8485.38 8470.43 *8449.61 e423.02 
1 5 137.8027 8916.44 8916.95 8917.80 eqle. 99 8920.53 

13 1 138.4036 2153.99 2109.41 2039.10 1948.26 1842.82 
6 3 141.553a 7665.78 7635.25 7584.94 7515.66 7428.51 
91 2 141.7255 5916.77 5863.09 5775.81 5657.97 5513.49 
4 4 14e. oo5a 8695.67 e683.59 13663.52 13635.61 8600.02 

14 1 148.1103 2141.00 2101.68 2039.29 1957.97 1862.56 
2 5 151.5605 9252.07 9230.23 9247.17 9242.83 9237.38 

10 2 152.4911 5922.58 5872.98 5792.17 5682.76 5548.15 
0 5 152.7019 942c?. 07 9430.50 9432.89 9436.23 9440.53 
7 3 153.2465 7741.13 7710.39 7659.73 7589.96 7502.18 

15 1 157.7980 2128.43 2093.51 2037.80 1964.65 1878.05 
5 4 160.5101 8855.60 8841.30 eS17.57 8784.59 8742.58 

it 2 163.1732 5923.99 5878.12 5803.25 5701.65 5576.22 
a 3 164.7857 7800.13 7769.74 7719.63 7650.60 7563.70 
3 5 164.9224 9518.33 9514.38 9507.46 9497.80 9485.42 
1 6 167.0249 9830.70 9831.36 9832.46 9834.00 9835.98 

16 1 167.4678 2116.27 '2085.05 2035.04 1968.95 1890.09 
6 4 172.7907 8984.86 8969.05 8942.83 8906.39 8860.00 

t2 2 173.7889 Z922.12 5879.63 5plo. 19 5715.73 5398.78 
9 3 176.1947 7846.61 7816.91 7767.92 7700.39 7615.33 

17 1 177.1209 2104.44 2076.38 2031.24 1971.28 1899.25 
4 5 177.9695 9734.79 9728.65 9718.43 9704.16 9685.90 
2 6 lao. 9073 10154.45 10153.78 10152.67 10131.11 lOt49.11 
0 6 181.8618 10289.89 10290.99 10292.83 10295.40 10298.71 

13 2 184.3404 5917.73 5878.32 5813.81 5725.87 56t6.71 
7 4 184.8841 9090.74 9073.95 9046.11 9007.44 89558.23 

is -1 186.7591 2092.97 2067. *61 2026-. 69- -1972.08 '1906.08 
to 3 187.4907 7983.29 7854.49 7906.95 7741.39 7658.74 

5 5 190.7589 9913.31 9905.56 9892.67 9874.69 9851.67 
3 6 194.4393 10420.99 10418.91 10415.44 10410.59 10404.37 

14 2 194.8372 5911.44 5874.81 5814.77 5732.78 5630.76 
1 7 196.2183 10664.30 10664.95 10666.02 10667. Z3 10669.47 

19 1 196.3845 2081.90 2058.87 2021.62 1971.70 1911.05 
8 4 196.81BO 9178.35 9160.98 9132.19 9092.20 9041.31 

11 3 198.61393 7912.27 7884.47 7838.57 7775.24 7695.34 
6 5 203.3325 10062.67 10053.66 10038.69 10017.80 9991.10 

15 2 205.2839 5903.61 5869.50 5813.52 5736.96 5641.47 
20 1 205.9969 2071.11 2050.12 2016.07 1970.28 1914.40 

4 6 207.6e36 10644.04 10640.65 10635.00 10627.10 10616.98 
9 4 2013.6141 9251.43 9233.79 9204.53 9163.89 9112.18 

12 3 209.7999 7934.94 7908.20 7864.04 7803.06 7726.07 
2 7 210.1919 10975.83 10975.66 10975.38 10974.99 10974.48 
0 7 211.0124 11083.83 11004.72 11086.19 11088.25 11090.89 

21 1 215.5990 2060.76 2041.54 2010.31 1968.18 1916.55 
16 2 215.6871 5894.70 51362.87 5810.58 5738.95 5649.45 

7 5 215.7219 10188.96 10179.00 10162.45 10139.37 10109.86 
10 4 220.2e93 9312.77 9293.05 9265.6a 9224.89 9172.99 
5 6 220.6868 10833.14 10828.61 10821.07 10810.52 10797.01 

13 3 220. e335 7952.55 7926.89 7894.50 7825.92 7751.91 

Fig. (2.9). ' Calculated ohmic quality factors for the 
Mk-6 cavity. 
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It would be possible to reduce the length of the cavity with 
the use of inserts. This would dramatically reduce the diffraction 

Q, (C(cavity length)2, rendering the cavity QD 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 Q 

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 QD 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 waveguide 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 Lti=300mm and angle ati=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 ati. 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 of the anode taper 

dimensions was A) above, hence Lt2=31mm and at2=450. 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, Ao= 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 QD- 

MK-6 Cavity Design Summary. 

Taking into account all the previous 

possible to design the maser cavity 

characteristics. 

considerations it was 

with the following 

I) Be able to oscillate multimode in the high frequency 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 

TEOn 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 

wce,, y must not be too large, (as will be measured in chapter 4, 

y=1.14) c. f. eqn. (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 1OOkV 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-f ield is generated at the cathode, f ield 

emission freely takes place, hence this cathode is 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 f ig. (2.15) and, as 



F4 
0 

4. ) 
co 
p 
a) 
c 

a) 
0) 
I-- 

-Y c 
ca 

-0 

x f-4 
Cli 

z 

4- 
0 

E 
ca 
f4 
0) 
co 

-4 

ci 

ca 

-C L) 
LO 

C.,, 

-f 
-1 



E 
E 

0 
Cf) 
c 
W 
E 

-4 

f= Co 

rn 
a) 

0) 
0 
m 4-) 
cö 

L-) 

1: 4 

I -.. JL 

I$ 
I$ 
I 



ci 

1C3 

ca. 
(U 

CL 
4- 

C) 

(-i E . r= 
(U 

10 

L. ei 

(A 
. ca 
tu 

vi 

x 
(10 
c2. 

Gi 
CL 

m 
aj 
C: n 
CZ -b- (U 

Mý 
Li LL 

ca 

0 
C. ) 

Co 

E 
Co 
9-4 
c31 
Co 

., i 

-0 

ci 

Co 
E 

U') 

C4 



- 49 - 

previously described, is designed to impart the optimum vjL 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 f lange 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 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 450 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 La-cp 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 La-c- 

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 vacuum system is shown in fig. (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 10-6 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 f orces 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 

Tuf nol ring with an even layer of epoxy resin and the Mylar 

stretched flat. 

2) To allow even pressure to be applied by the Tufnol ring the 

epoxy resin must be outwith the O-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. 
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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. In 

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 crystal '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 f rom a thermocouple array and a Flann calibrated 

crystal detector. The f irst measured the energy in any pulse 

and the second determined the pulse duration. From these 

combined measurements the power in any pulse may be 

calculated. 

3.2 Voltage Dividers. 

Two voltage dividers were constructed for use 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, (Trise4lOOns), fig. (3.1). 

The first works on the very simple and well known principle 

that a voltage V developed across two resistors Ri and R2 Will 

result in a voltage V2 being developed across R2 where, 

R 
V2 =v 

Ri+R2 

If Ri>>R2 then a large voltage V may be reduced to an easily 

measurable voltage, V2. Care must be taken to avoid breakdown in 

the circuit. R, and R2 may be chosen arbitrarily, though in most 

cases R, 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 R1 and R2 (49). Even though the stray 

capacitances may be as low as a few picofarads, RI and R2 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 V2 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, 
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RC 
To =-6e (3.2) 

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

cH 
e= (10-415) -. (3.3) 

[pF1 Im] 

Where H= the height of the divider. 

Thus knowing the necessary response time, a suitable value of 

R=Ri+R2 may be chosen. 

In the divider used for monitoring the Marx generator, 

fig. (2.13), RI=429±311 and R24.594±. 005f), 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 currents passively. 

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

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

this arrangement is, 

dd11 
L-+ i(R+r) +-i dt. (3.4) 

dtdtc 

it 

0 

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 is 

the highest significant frequency of 9, and for times -(-<RC, it is 
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possible to show that, 

KN 
V(t) - I(t). (3.5) 

RC 

Where, 

the current flowing through the main 

circuit 

p0 A 
K= 

S 

A= the cross-sectional area of the 

individual turns, 

s= the mean circumference of the torus, 

N= the total number of turns. 

This type of coil is conveniently used to measure currents which 

are changing with typical rise times ýlpS. This condition is 

satisfied by the magnetic field circuits. 

2) The Self-integrating Rogowski Coil. 

If the measurement of f aster rising pulses is required, then the 

coil may be used in the simpler self-integrating mode. 

The relevant circuit is shown in fig. (3.4), here r is no longer 

assumed negligible w. r. t. R, and R is chosen such that (R+r)-(-(Lu. 

It is thus easily shown that, 

R 
V(t) - I(t). (3.6) 

N 

Where again, 

N= the total no of turns in the Rog. coil, 

I= the current through the Rog. Coil loop. 

Such a coil will be used to monitor the Marx discharge current, 

rise time -<100ns. 
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Rogowski Coils Used to Monitor the E. C. M. 

Three coils were used to monitor and calibrate the operation of 

the electron cyclotron maser, the green, grey and black Coils. The 

green was used exclusively in the self-integrating mode and 

monitored the Marx discharge current. The grey was used in both 

the self integrating mode, to monitor the witness plate return 

current (see below), and in the differentiating mode, to monitor 

the current through Coil#l. The black coil was used in the 

differentiating mode to monitor the current through coil#2. The 

sensitivities of these coils are presented in tables (3.1) and 

(3.2). (To maintain a matched SOO working environment when using 

the Rogowski coils in the self integrating mode, a 50Q resistor 

could be placed in series with the low resistace Rogowski coil 

circuit. This matched the circuit to the 5011 termination used in 

conjunction with the transient recorder used to monitor the coil 

output). 

Using these methods the current through both field coils and the 

Marx discharge current may. 
_be 

measured and monitored during every 

shot of the maser. 

3.4 Field Coil Calibration. 

A magnetic field probe coil was constructed and used to 

calibrate the magnetic field coils (50), 

It is possible to show that in a changing B-f ield, with the 

coil placed in the circuit shown in fig. (3.5), 

NA 
Vo =-B. (3.7) 

RC 

Where, 

N= The total number of turns 

A= Probe coil radius 

RC= The integration time of the circuit. 

the constructed coil dimensions were, 



Rog coils : self-integrating 
r/N 
V/k 

with matching resistor 17.8 i . 25 

Green 

without matching resistor 35.7 .5 

with matching resistor 23.3 . 25 

Grey 

without matching resistor 46.5 .5 

Table(3.1). Self integrating Rogowski coil parameters 

Rog. Coil: RC time KN KN/RC 
Diff. ms Nm/kA 

2 mV/kA 

Grey 10.38 t . 01 . 873 t . 007 84.1 t .7 

Black 10.38 t . 01 . 812 t . 007 78.2 t .7 

Table(3.2). Differentiating Rogowski coil parameters. 
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wire diameter = .1 mm 

mean coil radius = 6.35 mm 

coil length =8 mm 

No of turns = 75 

Substituting these dimensions into eqn. (3.7) yields, 

NAv 
-= . 207 -. (3.8) 
RCT 

3.5 RelativiStiC Electron Beam Probe. 

In chapter 4 it will be demonstrated that it is impossible to 

measure the relativistic electron beam current from the Marx 

discharge current. The majority of the electrons are produced from 

the cathode tip after the HT voltage has effectively dropped to 

zero. These electrons are part of a low voltage arc discharge and 
do not take part in the electron cyclotron maser mechanism. 

In an attempt to measure the beam current a cavity probe was 

constructed and placed in the vacuum system, fig. (3.6). This probe 

consisted of a glass tube inserted in. the cavity, on the end of 

which a copper witness plate was suspended, diameter 5.5mm. The 

other end of the glass was attached to a copper tube via a 
locating pin. The witness plate was connected electrically to the 

copper tube via an unshielded copper wire. The copper tube was 
taken out of the vacuum system via a vacuum seal and connected to 

earth. The probe was electrically insulated from the anode. Any 

electrons thus reaching the witness plate, provided no breakdown 

occurs, must be part of the free HT electron beam travelling 

through the cavity. The return current may then be measured via a 

self-integrating Rogowski coil. 
Unfortunately it will be shown in chapter 4 that the beam probe 

will fail to measure the R. E. B. directly. As the Marx discharge 

current starts there is simultaneous breakdown between the anode, 

cathode and the witness plate. The probe signal is therefore 

swamped by a low voltage, high-current arc discharge. With the 

Marx discharge, the anode cathode chamber and the E. C. M. cavity 
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will fill up with highly conducting plasma after the HT voltage 
has dropped effectively to zero. Hence to measure the R. E. B. 

current directly a more sophisticated, electrostatically shielded, 
beam probe is required. The subsequent current would be taken to 

ground via a co-axial cable with only the HT electrons reaching 
the witness plate. - 

Although this probe proved unable to measure the beam current 
directly, this could be estimated via the substantial melting and 

evaporation of copper produced when the electron beam deposited 

its energy in the witness plate. 

The probe may also be used to measure the diameter and position 

of the electron beam, and the relative effect on the beam, in both 

current and position, with the subsequent alteration of the 

E. C. M. 's operating parameters. 

One consideration made in the design of the beam probe was 
that of vacuum pumping. The diffusion pump is situated at the 

output end of the cavity, through which the cathode chamber is 

pumped. Thus it was essential to ensure a pumping path existed 
through the copper and glass tube, past the witness plate. There 

is no means of measuring the pressure in the cathode chamber, 
however if this is not below Z10-5 torr then the pressure may be 

measured indirectly via adverse effectson the diode voltage. 

3.6 Monitoring system, Screened rooms and Cable Screening. 

Due to the high-voltage, high-current, transients which occur 
during the discharge of all the capacitor banks, a background 

noise level of many volts is generated in the laboratory during 

any shot. These transients could seriously damage components such 

as the computer and the transient recorders and as the output from 

the crystal detector is extremely low, 41OOmV, it would be very 
difficult to extract this signal from the much larger background 

noise level. To remove this problem the entire detection and 

monitoring system was double screened, with all the measuring and 
data storage eqipment placed in two screened rooms. 

The monitoring system of the E. C. M. is shown in fig. (3.7). Three 
double screened signal lines were used to transmit the signal from 
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the green and grey Rogowski coils and the HT voltage divider to 

the screened room. In an attempt to mimimise the number of 

electrical signal lines entering the screened room, and hence the 

background noise level, the two slowly varying voltage signals, 

monitoring the charging of the Marx bank and of the coil#1 

capacitor banks, were transmitted into the screened room via 

optical fibres. These measurements were made using a voltage 
divider and a commercially available HT probe respectively. The 

subsequent signals were fed through a voltage to frequency 

converter and transformed into an optical signal by a light 

emitting diode. In the screened room this information was decoded 

from the optical signal and monitored by the HP9816 computer. 

Two screened rooms were used in conjunction with the Mk-6 maser; 

screened room#1 housed all the monitoring equipment and controlled 
the overall running of the experiment. Screened room#2 had only 

one inputt that of the mm-wave crystal detector output. The 

purpose of this second screened room was to have as 'quiet' an 

environment as possible for the analysis of the mm-wave output of 
the system. 

Screened Room#l. 

The screened roomfl, fig. (3.8), housed the HP9816 computer, the 

two transient recorders and the decoder for the optical input 

signals. - This allowed the computer to monitor the Marx bank and 
the coil#1 capacitor bank charging voltages. When these reached a 

predetermined value the computer fired the maser via a compressed 

air operated switch. The transient recorders would then monitor 
the diode discharge current and voltage, and the current in both 

the field coils. All of these signals have magnitudes well above 
the noise level. The resulting data in the transient recorder 

could be displayed on an oscilloscope screen or transferred to the 

HP9816 computer. once transferred the data may be plotted with a 

variable time base on the computer screen, dot matrix printer or 

stored for future reference on 3.5" magnetic disc. 

The working noise level in screened room#1 was measured at 
: 50MV. This is low enough to allow the saf e use of the computer 
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and the transient recorders. 

Screened ROOM#2. 

In past experiments at Strathclyde University only one screened 

room was used, however as the maximum safe output of the crystal 
detector and amplifier is : 300mV this would result in a usef ul 
dynamic range of :6 in screened room#l. In an attempt to increase 

this dynamic range screened room#2, housing only the mm-wave 

detection system, was used. This resulted in a quieter working 

environment with a measured noise level 45mV. A detailed 

description of how this screened room was used, under various 

experimental configurations, to measure different aspects of the 

maser output will be described in chapter 4. 

All screened cables and attenuators were used in a 500 

environment, thus minimising reflections in the cables. only one 

central earth was used, to prevent the formation of earth loops. 

3.7 mm-Wave Detection. 

1) W-band. 

A Flann 135 rectifying crystal detector was used for all W-band 

mm-wave detection. This was calibrated for both power and 

sensitivity versus frequency using the experimental configuration 

shown in fig. (3.9). A backward wave oscillator (B. W. O. ) was used 

as a tunable W-band source. The output was fed through an isolator 

with an Anritsu power meter used to measure the power delivered to 

the detector via a 1OdB coupler. The detector output was monitored 

on a Schlumberger digital microvoltmeter and the frequency output 

of the B. W. O. measured with a Flann calibrated wavemeter. 

Two terminations were tested with this detector, a plunger short 

and a matched load termination. The plunger short reflects the 

mm-waves, producing a standing wave pattern at the detector. This 

will make the crystal sensitive, though frequency dependent. The 

detector sensitivity may be maximised for any given frequency by 
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adjusting the short position with respect to the crystal. 

The load termination absorbs any mm-wave radiation incident upon 

it. This will result in the detector seeing a travelling wave, 

resulting in a flat frequency response from the detector; however 

the sensitivity may be reduced. 

The sensitivity of the detector with respect to frequency with 

both terminations is presented in fig. (3.10). As the E. C. M. is a 

tunable system oscillating at high power throughout the W-band, 

the crystal will be used in all subsequent experiments with the 

load termination. This will make the detector less sensitive, as 

expected, however it will have a flat frequency response with a 

maximum sensitivity variation of 26% between 75GHz and 105GHz. 

Above 105GHz the sensitivity of the detector drops off by : 55%. 

It is also possible to calibrate the detector output for power 

in this frequency band, measuring the detector's linearity and 

sensitivity. Each crystal detector will have its own 

characteristic with respect to input power. At low power the 

detector output will be proportional to the power in (i. e. 

Vout"Vin 2), this is known as the square law region of the detector 

characteristic. At some point the detector characteristic will 

move into the linear region were the output will be proportional 

to the square root of the power in U. e. VoutmVin) . At some 

subsequent higher value the detector output will saturate and 

finally the detector will be destroyed. 

The detector power response was measured at four frequency 

values and the results plotted in fig. (3.11). At all four 

frequencies the detector output is proportional to the power in, 

hence it is operating in the square law region of its 

characteristic. From the B. W. O. experiments it is impossible to 

measure at what power levels the detector will move into the 

linear region of its characteristic, as the B. W. O. will not supply 

enough power. However from experiments on the E. C. M, using a 

calibrated attenuator, it was possible to demonstrate that the 

detector output remains in the square law region up to an output 

voltage of : 18mV. 

Although the detector has been calibrated for power this will 

not be utilised in subsequent experiments. This is due to the 
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difficulty in the calibration of the mm-wave components which will 
be used to collect and transmit the maser output to the crystal 
detector. 

Great care had to be taken, via the generous use of W-band 

attenuators, to ensure that the detector did not receive a direct 

high power mm-wave signal which would have destroyed or at any 

rate desensitized the crystal. 

As will be described in detail in chapter 4, for the first time 

at Strathclyde University, a two detector measurement technique 

was used. in the W-band this allowed the elimination of any pulse 

to pulse variation in the output power of the maser while 

measuring the radiation intensity pattern across the output 

window. A Baytron V-band detector in a W-band mount was used 

uncalibrated to produce a reference, allowing the pulse to pulse 

variation of the output power of the maser to be monitored. 

2) G-band. 

Although a G-band source was available (a frequency doubler, 

which could be used in conjunction with the D. W. O. ). no calibrated 

detector or power meter, working in the G-band, was available. 

Hence it was difficult to directly calibrate any detector in the 

G-band for either power or sensitivity versus frequency. if a full 

analysis was to be performed on the G-band output of the maser, as 

was done in the W-band, then these measurements would be 

essential. However the aim of this project is to identify G-band 

oscillation and measure the frequency, without attempting mode 
identification or power measurements. In such a case uncalibrated 

detectors will be shown to be adequate, with suitable restrictions 

placed on the interpretation of the results 

Although the Flann 135 detector, with the load termination, was 

suitable for making direct measurements of the maser output it W33 

not sensitive enough to be used in the spectrometer. Hence a fresh 

Flann 137 crystal was used with a plunger termination. On tests 

with the E. C. M. output this crystal/back-short combin3tion 
increased the detected output signal by '15dB over the Flann 135 

detector. 
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Again, to remove the fluctuating output power of the maser, the 

Plann 135 crystal was used to provide a reference during the 

spectroscopic analysis of the maser. 

The output from both the Plann 135 in the W-band and the Plann 

137 in the G-band is extremely low, the maximum output (without 

risking damage) from both detectors being : 18mV. These signals 

would have been very difficult to measure on an oscilloscope, 

hence a fast time response amplifier was constructed, circuit 

diagram fig. (3.12). This was calibrated using a pulse generator 

with a similar rise time and duration to that of the mm-wave 

pulse. The amplifier gain was measured at 16.3 and the output 

remained linear up to )-IOOOmV. The rise time of the amplifier was 

found to be -100ns; this is significantly shorter than the maser 

pulse length (>-300ns), however it cannot be used to measure the 

mm-wave rise time, which is itself -(100ns. 

-3.8 Mode Analysis and Far Field Radiation Pattern. 

As explained in chapter I and chapter 2 the gyrating electron 
beam interacts with a positive energy waveguide mode. Which mode 
will be excited depends on the gyration frequency of the electrons 

and the resonant frequency of the individual modes, along with 

such considerations as the mode dependent cavity quality factor 

and the spatial coupling of the relativistic electron beam to the 

E-field maxima. For many reasons and applications it is essential 
to be able to identify which modes are oscillating in the cavity. 
There are several different experimental methods of doing this, 
however they all rely on the ability to calculate the theoretical 

near- and far-field radiation patterns. 
In such a radiation pattern there are throe main regions dofinod 

(51). The Rayleigh region is effectively the near field where the 

radiation distribution reflects closely that of the intra-cavity 

field distribution. The Rayleigh region in a subset of the Froanol 

region and ends at a distance of : D2/2A, were D in the aperture 
diameter. At this distance the radiation pattern in beginning to 
deviate significantly from the intra-cavity pattern. Throughout the 
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rest of the Fresnel region, the mode pattern will be a complex 
function of distance until, at '2D2/A, the pattern moves into the 

Fraunhofer or far field region. This is defined such that the 

radiation pattern does not further change with distance. 

. 
Intra-Cavity mode Structure. 

This has relevance to two important aspects of the electron 

cyclotron maser operation. 

If the radiation pattern is measured well within the Rayleigh 

region then it may be used to identify the mode oscillating in 

the cavity. 
2) The intra-cavity mode structure may be used to qualitatively 

estimate the relative coupling between any mode and the 

R. E. B., with respect to its measured position and the 

calculated E-field maxima. This, along with the cavity quality 
factor, will be used to explain why certain modes may 

oscillate while others are suppressed. 

To calculate the intra-cavity mode structure one must solve 

Maxwell's equations inside a conducting, cylindrical wavoguido, 

this has been done by many authors (40,52) and yields tho 

components of the E and H fields given in tablo(3.3). 

The power flux may thus be calculated from the Poynting vector, 

E 11 (3.9) 

Zý ErH0- EG"r 

and the normalization constants from, 

a 2fc 
PS rdr dO 

roo On$ 

where P is the power flowing down the wavoguida. Eqn. (3.9) 

yields the results, 
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Table (3.3). E and it f iolds in a cylindrical wavoguLdo 
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(3.12) 

(3.13) 

Eqn. (3.10) yields the power f lux down the waveguide as a 

function of r and 0. 

For TEpq modes, 
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These eqns. (3.14), (3.15) were thus codod in a program designed 

to run on an HP9816 personal computer (a listing of which in 

provided in Appendix 3). Tho calculations were chocked ag3inst tho 

self-consistent integral eqn. (3.11), which was colvod numorically 

using Simpson's rule. Several examplen of tho output of this 

program are shown in fig. (3.13), with tho powor normalisod to 1. 
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Par Field Radiation Patterns_(F. F. R. P. ). 

It may be shown that the mode pattern f rom an open ended, 

oversized, cylindrical waveguide may be expressed by the equations 

given in table(3.4) (53). The co-ordinato system used is shown in 

fig. (3.14). 

The power flux density is again given by the Poynting vector, 

(Ee 2+E92). (3.20) 

Hence the eqns. (3.16), (3.17), (3.18) and (3.19) were coded and 

checked against other published results. The program was designed 

to run on an HP 9816 personal computer and a listing has been 

provided in Appendix 4. Some typical plots of TEpq and TMpq modes 

are given in fig. (3.15). 

Measuring the E. C. M. Radiation Pattem. 

In past experiments at Strathclyde University (33,34) this has 
been achieved by scanning a detector across the far field 

radiati 
' 
an pattern (F. F. R. P), firing týo maser at each position, 

keeping the operating conditions of the maser constant. This 

method is time consuming and laborious and depends on the 

reproducible excitation of one mode. if the cavity is oscillating 
in a regime where the resonant frequencies of the cavity modes are 
further apart than the gain bandwidth of the maser, then this may 
be possible. However at high frequencies, where the mode density 
increases in frequency space, modo-hopping may occur between shots 
or the cavity may oscillate in a multimodo fashion; in either case 
this method will not work. 

Under all considerations a single shot method of measuring the 

radiation pattern is desirable. This was attempted via two 
techniques utilising; 1) a liquid crystal shoot and, 2) an 
infra-red camera. (The experimental details of which are described 
in detail in appendix 5). 

Both of these techniques worked in principle, however they 
required : 25mj/cm2 incident intensity on the receiving modium for 
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where rmthe amplitude reflection coefficient from tho opon and 
of the waveguide, and all the other symbols ara an proviously 
def ined. 

Table(3.4). The far field electric fiolds from an opon 

ended cylindrical wavoguido. 
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a temperature change to be detected. Unfortunately, as shown in 

chapter 6, we only measure between 10mi to 20mi in a typical 

mm-wave pulse from the maser, distributed over an aperture area of 

: 25cm2. Both methods were tried on the E. C. M, however neither had 

the temperature sensitivity to measure the radiation intensity 

distribution. 

This measurement was therefore made by scanning the mm-wave 

detector across either the far-field or the near-field radiation 

pattern. Substituting the horn diameter, -. 6cm, and the wavelength 

(Z-3mm in the W-band and : 1.5mm in the G-band), into the typical 

lengths defined above, the F. F. R. P. will only be evident beyond 

distances of : 2.5m and : 5m respectively. Unfortunately these 

distances do not lend themselves well to the amount of space 

available in the laboratory. However provided the radiation 

pattern is measured well within the Rayleigh distance, typical 

lengths of 60cm and 120cm respectively, the near field radiation 

pattern may be measured and compared with the cavity mode 

patterns. 

3.9 Spectroscopic Analysis. 

The maser will oscillate at a frequency given approximately by 

the cyclotron frequency UcezeB/ymO. However a means must be 

developed by which the exact frequency and frequency bandwidth of 

the maser may be measured. This was achieved by means of a 

diffraction grating spectrometer used in the Czerny-Turnor 

configuration, fig. (3.16). This spectrometer was designed and used 

in previous experiments (33,34), where three ocheletto gratings 

were produced covering the Ka, V and W frequency bands. A now 

G-band grating was designed to measure the high frequency, 

150-220GHz, output of the MK-6 maser. 

G-Band Grating Theory and Design. 

The echelette grating's operating frequency and dispornion are 

governed entirely by its groove spacing ago and its groove angle 

0. Thus considerations of frequency and dispersion may be combined 
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with physical parameters of the spectrometer to arrive at optimum 

values for ag and 0 using the following equations developed from 

diffraction grating theory (54,55,56). 

The diffraction condition, for maxima in the reflected pattern, 

may be stated as, 

a9 (Sin a- Sin p)s ma0,11,12 

where the terms are as defined in fig. (3.17), and the intensity 

distribution of the diffracted signal by, 

Sinc 2 (Sin(m+O)-Sin(P-0)) 

Sin 2 (Sina-Sinp) 

Sin 2 (Sina-Sinp) 
# (3.22) 

where N is the number of grooves in the grating and the Sinc 

function is defined by, 

Sin (qtx) 
Sinc Ww 

Ox 
(3.23) 

These equations may be solved for a given wavelength A by 

imposing the following constraints, 

1) intensity in the zeroth order w Op 
2) maximising eqn. (3.22) for first order, 
3) the physical constraint a+pa8a 401. 

This produces a set of simultaneous equations whoso solution 
yields, 

a 
0 40* 0-m 20* and 

2 

with the coherence condition for the blaze wavelength, AD, givon 
by, 
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Sin B (3.24) 
a 

A second set of solutions may also be shown to exist if one 

reverses the light path in fig. (3.17), yielding, 

aI 
40' pm0,0-- 20* and m 

2 

with the coherence condition, 

,x 
Sin (-20) - Sin (p) m-, (3.25) 

a 9 

where m' a 

This second solution has the added advantage, considering the 

angular dispersion which may be derived from eqn. (3.21), 

dpm 
-a-, (3.26) 
dAa Cos p 

This may be minimised by settiýg p-0, as in the second 
solution. Thus, values have been arrived at for a, p, 0 and ml 
which will maximise the signal in the first order diffracted 

signal at a wavelength of A13. However wavelengths in the 

neighbourhood of An will also be transmitted. Due to the physical 
constraints of the spectrometer the maximum value of Ap, centered 
about p under blazed wavelength conditionsi in about 20110 for 

which the radiation intensity for the relevant wavelength will 
have dropped to : 70% of IAB. 

The last parameter, ag, m3y thus be evaluated from *qn. (3.25) 

which may be rewritten as# 

Sin (2 0) + Sin P (3.27) 

Substituting the values calculated for the spoctromator, 
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Amin 
Pmin loo = Sin 400 - Sin 100 a . 47, 

a 9 

ýblaze w of -f 
LB 

a Sin 400 . 64, (3.28) 
a 9 

Pmax z 10' -f 
max 

m Sin 40* Sin 100 m . 82 
a 9 

Thus for any value of ag, the spectrometer Amax and Amin may bo 

evaluated. Requiring a grating for 200GIIz a value of aV2.35mm was 

chosen, coresponding to, 

fmin m 155GHz, 

fblaze a 200GItz, 

rmax a 273GItz. 

Resolving Power. 

The theoretical resolving power is given by, 

N M. (3.29) 

Now Aul. 5mm, A AXm3.86pm 

Thus from the above theory a diffraction grating echolotto may 
be constructed with a blaze frequency of 200CIlz and a thooratical 
bandwidth of . 52 miz. 

W- and G-Dand Grating Dimensions. 

As stated it is now possible to cut the G-band grating with a 
blaze frequency of 200CIIz. Using the same mathod an above, a 
W-band grating was previously designed and constructed at 
Strathclyde University. The dimonsions of both gratings are shown 
in table (3.5). 



W-Band G-Band 

Grating Grating 

f blaze 89 200 
GHz 

f 
min 65 iss 
GHz 

f 
max 114 275 
GHz 

a 
-2 5.25 2.35 
mm 

Blaze Angle 
20 20 

Degrees 

Width 
. 914 . 911 

m 

Height 
. 914 . 911 

m 

Theoretical 
Bandwidth Z 5 : 5 . . 

GHz 

Tablo (3.5). G- and W-b3nd. grating paramotors and 

dimensions. 
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Spectrometer Calibration. 

In the production of this thesis two gratings were used, the 

previously constructed W-band echoletto and tho now G-band 

echelette. Both must be calibrated for frequency, bandwidth and 
insertion losses. A different source was used in each case 

resulting in different experimental techniques, thus each grating 

will be dealt with separately. 

W-band Spectrometer Grating_Calibration. 

Frequency Calibration. 

The spectrometer was calibrated for frequency using tho 

experimental apparatus shown in fig. (3.18). A backW3rd wave 

oscillator (B. W. O. ) was used as a tunable source over the entire 
W-band frequency range. The exact output frequency was measured 

using a calibrated frequency meter supplied by Flann. Tho signal 

was c oupled through the spectrometer and detected using the 

calibrated Flann 135 rectifying diode detector. 

By scanning the frequency and the grating angle, tho frequency 

calibration graph shown in fig. (3.19) was produced. 

Spectrometer Bandwidth Calibration. 

The bandwidth of the spectrometer was measured keeping the 
frequency of the n. W. O. constant and swooping the grating 
position, fig. (3.20). The bandwidth of a delta function through 
the spectrometer W3S measured at four frequencies across the 
W-band and was approximately 2GIIz. This is significantly mora than 
the . 5CIIz predicted from theory. However it was possible to show 
experimentally that imperfections in the mirrors and their 
illumination, resulting in improper illumination of tho grating, 
created this effect 
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Insertion Losses of the Spectrometer. 

The losses through the spectrometer will be a function of 
frequency and may be measured by feeding in a known froquoncy at a 
known power level. The input power was measured using an Anritsu 

power meter in conjunction with a 10do rlann diroction3l couplor. 
The entire insertion losses, due to both the spectromator and the 

detector could thus be measured. The resulting graph is shown in 

fig. (3.21), which demonstrates two distinct platoaux with soma 
irregularities being introduced above 96GtIz. 

The spectrometer effectively stopped working above a froquoncy 

of 103GHz, beyond which the throughput of the spectrometar bocama 

a complex function of grating position and frequency. 

G-Band Spectrometer Grating Calibration. 
i 

The G-band spectrometer was an ad3ption of the W-band 

spectrometer, described above, with merely a change of diffraction 

grating. Limitations in the spectrometer performance mainly arose 
in the overmoded launching and receiving horns and imperfections 

in the mirrors, all of which become more critical with the 

reduction in wavelength. Due to limitations In the C-b3nd source 
it proved impossible to complete as full a calibration of the 

spectrometer as in the W-band. In the G-b3nd there are almost no 
sources available and we improvised by using a low power frequency 

doubler in conjunction with the W-b3nd D. W. O. The output of this 
device was such that phase sensitive detection techniques had to 
be employed to detect the signal through the spectrometer. As the 

system was used at the limits of its working capacity and no power 
motor was available, no measurement of the frequency dopondont 
insertion losses could be m3do. However it was possible to gain an 
accurate measurement of the spectrometer dispersion and bandwidth. 
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G-Dand Sourco. 

A commercially available Farran Technology frequency doubler was 

used to improvise a G-band source. This was coupled to the W-band 

(75-11OG11z) D. W. O. mentioned above# resulting In a source capable 

of producing =-wave radiation throughout the G-b3nd (150-220GItz). 

The D. W. O. produced, typically 10-20mw of power In the W-band# 

the frequency doubler had efficiencies of typically 10-15%, 

resulting in output powers from the doubler of only 1-2mW. When 

these low powers wore combined with the relative insensitivity of 

the W-band detectors at those frequencies, then phase sensitive 

detection becomes essential, particularly with the expected 25d13 

attenuation through the spectrometer. 

The system used to produce and monitor the C-band radiation to 

shown in fig. (3.22). A rlann calibrated G-band wavemater was used 
to measure the frequency output from the doubler and a 10do G-b3nd 

directional coupler and uncalibratod detector used to monitor the 

relative output power. 

Although both the D. W. O. and the directional coupler wore in 

principle continuously tunable, this proved very difficult to 

achieve in practice. ror any given W-band frequency the frequency 

doubler must be tuned for maximum' output power via three 

orthogonal back-shorts. This in a complicated, laborious and time 

consuming process and must be repeated at each frequency. This 

tuning process In critical and care must be taken to ensure the 

stability of the D. W. O. as a change in the D. W. O. 'a output 
frequency of 40.1% will effectively reduce the doubler efficiency 
to zero. 

Detection of Calibration Signal. 

From the previous section we coo that the doubler only produces 
power of the order of 1-2mW. Thin signal is thon roducod by 

another factor of : 25do when fed through the spectrometer and w1ion 
this is combined with the relative insensitivity of the W-band 
detectors at those f roquoncion simple mo3suromont of the detector 

output via a microvoltmator was not possible. 



-C] c- 
cu (IJ 

4- 4- 
.a rg CIJ 
C e- r= 

Ja cu 2=> 

(U (U 
(b Li : 3: 

*CI 
a 
ru 
Co 

a E 
9- cu 6 

«o ni 

2 4- Irl 4- 0! ja 0 
.- r- Z] (U aj c16 2 ru W 
ru (0 ro -0 Z] 7 a 

Lý Z ca 
=) t3 < 

>% 
u 

4- 
W 

a 
C- cu 

:r 
cu =1 ý 

cr. 0 "D 
M 
0 

U- 0 

--0 ru 

cl 
72 

. (In (U -] 

M. L- 0 cn 
cu c3 . + 12 t- 

OJ 
ru 

cu «a tu 
at-E 

. c2 (LI 
cz: = > 

rj (U 

tu 

tu 

vi 0--4 

ci 
: 3i 
cri 

0 

c 

16. 

0 

Cr% 

co 

-. 4 
10 

tj 

-. 4 

tn 

N 
N 

Li. 



- 74 - 

The detection system used in shown in f Ig. (3.23). Tho output of 

the Flann W-band detector was f(4 Into a Drookdaal low noiso 

amplifier which could provida up to 100dD gain In powar. Tho 

output of the amplifier was fed into a Brookdoal precision lock-in 

amplifier. This relies on locking into tho frequency and phaso of 

the modulated G-band signal. 

The modulation of the C-b3nd mm-wava output was achieved via 

electronically chopping the D. W. O. sign3l# with tho alactronic 

chopping signal also fed into tho lock-in amplifier. 

A schematic diagram of the entira calibration system in shown in 

fig. (3.24). 

G-band Spectrometer Dispersion. 

Using the above source and detection tochniquas tho calibration 

of the spectrometer frequency throughput, with resixmt to grating 

angle, was produced and is shown in fig. (3.25). 

Spectrometer Bandwidth. 

The spectrometer bandwidth was measured using the same technique 

as in the W-band, fig. (3.26). In thils case the bandwidth of a 
delta function through the spectrometer was measured to be MHz. 

Again this is significantly more than the predicted . 5C11z, however 

it is of comparable performance to the W-b3nd grating* both 

resulting in a fractional bandwidth of-Af/f: 2%. 

3.10 Power Measurements Using Calibrated Power Motor. 

in previous experiments at Strathclyde no direct power 
measurements have boon m3do. instead these have boon estimated by 

calibrating the detector for power and integrating under both the 

spectrometer acans and the far-flold radiation patterns (33,34,57). 

Those methods can only be used to estimate the order of magnituda 
of the output power. An many parts of tho detection system could 
not be calibrated, chiefly the coupling between the manor output 
window and the sampling wavaguldo or horn, thaso estimates war@ 
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very approximate. 

For this reason these techniques ware rejected and a calibrated 

power meter used to make a direct moasuromant of the power out 

f rom the maser. To do this an array of thermocouples was used to 

measure the energy in any pulse and the calibrated rlann crystal 

detector used to measure the pulse length. This allowed us to 

calculate the output power in any pulse. 

A diagram of the thermocouple array and sampling horn in shown 

in fig. (3.27). The array was painted with mm-wava absorbing paint. 

When mm-wave radiation falls on the detector the energy in the 

pulse is absorbed in the paint resulting in a temperature 

increase. This temperature increase will be transformed into a 

voltage rise across the output terminals Of the array. 

The theremocouple array was C31ibratod using the system shown in 

fig. (3.28). The D. W. O. was used as a tunable, variable power, 

electronically modulated source. The output power and mm-wavo 

pulse length were measured via the calibrated rlann crystal 

detector in conjunction with the 10do directional coupler. This 

allowed the calculation of the energy fed into the array. The 

output across the thermocouple array terminals was monitored on a 

Schlumberger digital microvoltmeter. This was connected to an HP86 

computer via the 11P-ID parallel buil interface. The computer 

monitored the thermocouple array output as a function of time, 

hence it was possible to calibrate the array for changes in output 

voltage against energy input$ fig. (3.29). 

The array could thus be used to measure the energy In any given 

pulse from the maser. The calibrated rlann crystal detector was 

subsequently used to measure the length of each Individual pulse 

from the E. C. M., thus allowing the calculation of the manor output 

power. 
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CHAPTER 

MASER CALIBRATION CHARACTERISATION AND 

EXPERIMENTAL TECHNIQUES. 
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4.1 Introduction. 

The diagnostics described in the previous chapter were used to 

measure the operating characteristics of the maser. 

This included the calibration of the magnetic field coils. Both 

coils must be calibrated for field production against their 

respective capacitor charging voltages and the current through 

each coil. The B-field exclusion and the time delay between the 

maximum current and the maximum field (both effects caused by the 

conductivity of the cavity walls) will also be calculated and 

measured. These measurements combined with the respective rise 
times of each coil will be used to determine the delay required to 

ensure the simultaneous occurrence of the maximum magnetic fields. 

The I-V characteristics of the diode must be known. The voltage 

measurement will allow the calculation of the beam's y-factor and 

will demonstrate the effects of the magnetic insulation of the 
diode. It is possible, via the Rogowski c, 0, ils, to measure the 
diode discharge current, however the beam current will consist of 
only a small percentage of this. To measure the beam current a 

witness plate probe was used. Due to breakdown this was not able 
to measure the beam current directly, however an estimate of the 
beam current may be obtained from the resulting melting and 

evaporation of the copper surface of the witness plate. 
In the analysis of the maser output four different diagnostics 

were used. 

I) The direct power measurement using a Flann crystal rectifying 
diode detector. 

2) The frequency measurements using a calibrated spectrometer. 
3) The mm-wave intensity distribution across the output window, 

sampled via a W-band waveguide. 
4) The direct output power measured using a calibrated power 

meter. 

The experimental details of the above diagnostics will be 

described, with their respective applications, in both the W- and 
G-bands. (This is the first time maser oscillation over IOOGIIz has 
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been obtained). Also, for the first time at Strathclyde 

University, a two detector monitoring technique was used in both 

the G-band spectrometer measurements and the W-band intensity 

distribution measurements. 

4.2 Calibration and Characterisation of Field Coils #1 and #2. 

As stated in chapter two the current profile -and hence the 

B-field profile- with respect to time is determined entirely by 

the L, C and R constants of the circuit. The maximum value of the 

current, and hence the B-field, is governed by the charging 

voltage on each respective capacitor bank. It is therefore 

possible to produce a calibration graph of charging voltage versus 

B-field. This provides a convenient working relationship between 

easily measurable (and adjustable) parameters which relate directly 

to the magnetic field produced by each respective field coil. This 

method is however slightly unreliable if, over a length of time, 

the R. C. L. characteristics of the circuit change. It is very 

unlikely that either the capacitance or the inductance of the 

circuit will alter; this is not true though of the circuit 

resistance. There are many connections in the circuit and as such 
large currents are involved, (>20kA in 'coilfl), it is evident that 

only a small change in the resistance may affect the maximum 
B-field produced. This problem was overcome by not only 

calibrating the field against charging voltage but also against 
the current flowing through the coil. This will provide a 

reference with which the main charging voltage calibration can be 

compared. 

The experimental apparatus used to calibrate both magnetic field 

coils and measure their combined field profile throughout the 

cavity 
-and 

the anode cathode assembly is shown in fig. (4.1). Both 

coils were placed on the maser in their respective positions. Tho 

currents flowing in coil#1 and coil#2 were measured using the 

calibrated grey and black Rogowski coils respectively. The cavity 

magnetic field was measured using the probe coil described in 

chapter 3. All three signals were thus fed back to screened 
roomfl. These signals were monitored on calibrated Datalab 20MIlz 
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digital recorders, via three integrator circuits with time 

constants of 10.38ms, 10.38ms and 11.46ms respectively. 

All the results of this calibration are summarised in table(4.1) 

and fig. (4.2), (4.3) and (4.4). Fig. (4.2) and (4.3) depict the 

respective relationships between the measured cavity B-field and 
firstly, the capacitor bank charging voltage, and secondly, the 

respective coil currents. From these graphs the conversion factors 

from voltage to B-field and current to B-field, presented in 

table(4.1) have been calculated. Fig. (4.4) shows the coil B-field 

profiles with respect to the anode and the cathode positions. 

Discussionand Analysis of Results. 

The current rise times of coil#1 and coil#2 were measured to be 

116ps and 215ps respectively, these values compared very well to 

those predicted by theory, i. e. 103ps and 209ps. There was a delay 

between the cavity B-field and the coil current as predicted due 

to the field exclusion of the conducting cavity walls. As the 

coil#1 current rises approximately twice as fast as that in 

coil#2, the resulting time delay is larger in the first case, with 

a delay of 71ps (: 60% of the current rise time), as opposed to 

41ps (: 20% of the current rise time) izv the second. The delay thus 

required between the firing of the two field circuits, to ensure 
the simultaneous occurence of the B-field maxima, is 69ps. This 
delay was used throughout all subsequent experiments described in 

this thesis. 

The conducting cavity wall will not only introduce a time delay 

between the maximum coil current and the maximum intra cavity 
B-field (as the magnetic field takes a certain time to diffuse 

through the conducting stainless steel), but it will also reduce 
the maximum field obtained. This reduction factor may be 

calculated using the theoretical equation, which predicts the 

maximum B-field, on axis, at the centre of a coil. 

po nI Cos 9, 

Which in our case, 



coil#1 Coil#2 

Maximum measured 9.40T 1.05T 
cavity B-field 

Current rise time 116ps 215ps 

B-field rise time 187ps 256ps 

Delay 71ps 41ps 

Theoretical current 103ps 209ps 
rise time 

B-field exclusion : 8% : 8% 
factor I 

Delay time for field (256 187)ps u 69ps 
synchronisation 

Charging voltage to 
fi l i 1.466 kV . 509 kV B- d convers e on 

Error 1.6% 1.6% 

Offset constant (c) -. 125T . 034T 

Current to B-field 
. 432 L- 

. 220 T 
conversion kA kA 

Error 1.6% 1.6% 

Offset constant (c) -. 020T . 013T 

Table(4.1). Results of coil#1 and coil#2 calibration 

experiments. 
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= . 4657 (I/kA) T, for Coil#l 

- . 2479 (1/kA) T, for Coil#2. 

where the symbols are as defined in eqn. (2.3). This value of 

B-field may then be compared with the measured B-field maximum and 

it was thus demonstrated that in both cases a field exclusion of 

: 8% was evident. This reduction was allowed for in the design of 

both coils. 

The over-riding factor in this experiment was that to generate 

radiation at 200GHz a magnetic field of : 7T, (for yal), is 

required. This value was exceeded and a maximum B-field value of 

9.40T was measured at the centre of the cavity. Importantly, this 

resulted in no damage to the field coil. This result is important 

in the development of this thesis, as the previous maximum 

magnetic field produced at Strathclyde University was 4T and it 

was not known whether the new field coil#1 could withstand the 

mechanical pressures associated with these higher B-field values. 

However this experiment shows coil#1 to be a complete success, 

accomplishing all of the objectives necessary to achieve maser 

oscillation at 200GHz. 

Fig. (4.2) and (4.3) demonstrate thb linear dependence of the 

magnetic field produced on both the coil current and the 

respective capacitor bank charging voltages. These graphs were 

analysed using a least squares fit method and the best straight 
line (y=mx+c) calculated. This allowed the evaluation of all 

subsequent conversion factors, with both gradient and intersection 

point displayed in table(4.1). 

Due to the importance of these calibrations the errors at all 

points were kept to an absolute minimum and were calculated from 

each individual error arising from the entire detection system. 
(i. e. the probe coil dimension errorml. 6%, the RC network 
integration time errorm. 26%, digital data recorder reading 

error=. 4% and the graphical nonlinearity orrors. 25%). This results 
in an overall error in the measurement of the magnetic field of 
-1.7%. 

The probe coil was also used to measure the D-field profile. 
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This was achieved by moving the probe coil through the cavity and 
the anode-cathode chamber at 1cm intervals, individually recording 

the field produced by both coils and keeping at all times the 

charging voltage on each respective capacitor bank constant. This 

resulted in fig. (4.4). It is evident that coilN1 produces a very 

uniform field over a length of -10cm through the cavity. This is 

essential to ensure the cyclotron frequency of the electrons does 

not vary over the length of the R. E. B. /cavity mode interaction 

region. Due to its shorter length and greater winding diameter, 

the coil#2 B-field profile does not have an extended uniform 

region, however no prerequisites were made on its field profile. 

Its effect on the relativistic electron beam was not analysed in 

detail and the result of beam enhancement and improved efficiency 

was purely empirical. 

4.3 I-V Characteristics of the Diode. 

The I-V characteristics of the diode must be known as they 

relate directly to both the electron beam's y-factor and current. 

An attempt will be made to measure this current from both the 

anode return current and the insulated beam probe. The 

experimental configuration for all of the I-V measurements is 

shown in fig. (4.5). 

Diode Voltage Measurements. 

The diode voltage was measured using the voltage divider as 

described in chapter three. It was shown that, 

VaRv 
out# 

which, in our case, reduces to, 

(722 t 7) V 
out' 

A further reduction of 30dD was made to Vout to ensure that it 

was a reasonable value before it was connected to the transient 

recorder. 
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Using the above conversion factors, the Marx bank was fired at 

three different charging voltages and the following results 

obtained. 

v 
charge 

v 
out 

kV kV 

18 72 15 

23 88 14 

26 89 16 

Table(4.2). Diode voltage versus Marx bank charging 

voltage. 

These results were obtained with both field coils firing, 

Bcoil#1=3.04T and BcoilW. 26T. With an increase in charging 

voltage from 18kV to 23kV the discharge voltage increased from 

72kV to 88kV, however a subsequent increase of the charging 

voltage to 26kV resulted in a mimimal increase in the discharge 

voltage from 88kV to 89kV. 

As stated in chapter 2, an output voltage of ten times the 

charging voltage was expected. This did not prove correct with the 

resulting output being approximately four times the charging 

voltage. This is due to the anode-cathode gap closing before the 

Marx bank has reached its full discharge voltage and this effect 

also explains the saturation of the diode voltage at 89kV. 

Magnetic Insulation of Diode. 

The Marx bank was fired without the magnetic field coils#1 and 
#2, and the diode voltage was measured to be 61MV. As previously 

stated with BCoil#l=3.04T and Dcoil#21.26T, keeping the M3rx 

charging voltage constant at 18kV, the measured diode voltage rose 
to 72kV. This is a result of the magnetic field lines preventing 
the cathode plasma crossing the anode-cathodo gap, resulting in 
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the diode remaining open circuit longer, and the Marx bank 

discharge rising to a consequently higher value. 

This reinforces the statement above that the diode voltago is 

not reaching the full Marx discharge voltage due to the gap 

closure time being less than the Marx bank rise time. 

Calculation of the Relativistic Correction Factor. 

It is now possible to calculate y, the relativistic correction 

factor for the electron beam. This may be done from the equation. 

eV 

m0c 

Substituting a value of v=72t5kV yields the result, 

1.14 1 . 01 

This factor is essential in the calculation of the cyclotron 

frequency of the electrons as they interact with the cavity 

B-field. 

HT Pulse Duration. 

The HT pulse duration is a complex function of both the coil#2 

B-field and the anode-cathode position and will be investigated 

fully in chapter 5 section 5.2 and 5.3. All the results presented 

in this chapter refer to the IN characteristics of the diode with 

the anode-cathode position set for optimum pulse duration and 

maximum mm-wave output. 

Diode Discharge Current. 

This was measured with the green Rogowski coil in the 

self -integrating mode (fig. (4.5)). The beam probe was not present 
during this experiment. The maser was fired under typical 
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conditions, VMarx=72kV, 13coil#l=3.04T and Bcoil#21.26T. Using the 

calibration of the Rogowski coil and taking into account the 42do 

in the screened room the maximum current was measured to be 

1.148t. 016kA. It must be noted that the majority of the discharge 

current occurs after the Marx discharge current has dropped to 

zero; the current rise time is : 1.7ps compared with the Marx 
full-width, half-maximum (F. W. H. M. ) duration of : 500ns. All of the 

electrons which occur after the HT pulse has effectively dropped 

to zero are part of a low voltage arc discharge and take no part 
in- the electron cyclotron maser interaction. From this experiment 
it was impossible to determine the beam current when the diode 

voltage was at its maximum, however it seems to be a small 
fraction (-(10%) of the Marx discharge current. 

Beam Probe Current Measurement. 

In an attempt to measure the R. E. B. current, the beam probe, 

as decribed in chapter 3, was introduced to the cavity. The output 

of the grey Rogowski coil, also used in the self -integrating mode, 

was fed back to the digital transient recorder in the screened 

roomfl. This measured the current from the probe to earth. Both 
the green and the grey coil could be monitored simultaneously. The 

results of these measurements are summarised below. 

Anode return Probe return Total current current current 

kA kA kA 

. 767 t . 01 . 429 t . 006 1.196 t . 016 

Table(4.3). Beam probe current measurements. 

The total current agrees well with that measured f rom the anode 

return current quoted above, 1.148t. 016kA. 

Although the witness plate is isolated from the anode under low 

voltage DC conditions, under HT pulsed conditions breakdown is 
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occurring. The probe return current was measured to have exactly 
the same rise time and duration as the anode return current. This 

again suggests that the majority of this is due to the low voltage 

arc discharge, with a maximum current 429A. There is no means of 

extracting the exact R. E. B. current from these results, however 

from simple analysis of the data the electron beam current must ba 

410% of the maximum probe return current. 

Estimation of the Beam Current Via Witness Plate Damage. 

Photographs (5.1) and (5.2) show five witness plates which have 

been placed in the cavity (while the R. E. B. has'been pulsed) under 

various operating conditions of the maser. Clear damage has 

occurred, with surface melting evident over an area of : O. ICM2. 

From this information the beam current may be estimated from 

theory, developed by Carslaw and Jaeger (58). Considering a 

semi-infinite solid with zero initial temperature at x=O, with a 
flux of heat raising the surface to a temperature excess T (OK) in 

a time t, assuming a constant flux FO per unit time per unit area 
then, 

TK q( ) 1/2 
Fo= - 

2t 

Where, 

The thermal diffusivity. 

c= Specific heat. 

Va Density. 

K= Thermal conductivity. 

i. e. the rate of flux of heat 
K0T 

per unit time per unit area bx 

Substituting suitable values into eqn. (4.1) (cCuw386JKg-'*K-I# 

? CuO8-95xIO3Kgm-3, KCU=1.05XI04WM-I*K-1, TaIOOO*K and tulOOns), 

results in a beam current of the order of 20A. The R. E. D. current 
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is a small fraction of the discharge-current (: 2%) and is 

restricted by the narrow diameter (8.23mm) entrance to the cavity. 

This current may be improved in the future with an optimised 

anode-cathode design and B-field profile. 

These results also explain why it was impossible to measure the 

beam current directly from either the anode or the probe return 

current. 

Efficiency. 

The beam current production is very inefficient OIR. E. B`0.02). 
This is the product of attaching the new MK-6 maser to the 

previously constructed Marx bank. Had the power supplies been 

constructed at the same time as the Mk-6 maser, then a pulse 

sharpener could have been included between the capacitor bank and 

the diode. This would greatly increase the number of electrons in 

the initial high voltage pulse (at present most of the diode 

current is low voltage arc discharge occuring after the 

anode-cathode gap has closed). 

The energy conversion efficiency from the R. E. B. to the output 

coupled electromagnetic radiation is given by eqn. (2.22), 

ItT '2 lei 'qQ 11-L - (4.2) 

From chapter 6, the peak output power f rom the maser was 

measured to be : 50kW. Taking the beam current and voltage to be 

20A and 72kV respectively, the net energy conversion efficiency 

(ignoring the R. E. B. production efficiency) is : 4%. 

Assuming vjj/v. L=2/3, then Aj. =0.6, and, due to the intentionally 

high ohmic losses in the cavity, nQ=0.2. Thus from eqn. (4.2), 

Rel=0.33. Both Rel and q. L are reasonable values (0.33 and 0.6 

respectively), however to further enhance these would involve the 

comprehensive and detailed analysis of the maser oscillation. 'qQ 

(which represents the ohmic losses in the cavity walls) may 

however be significantly improved by increasing the conductivity 

of the cavity surface (e. g. by silver plating). 

However, our system is deliberately lossy to achieve 
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differential mode damping (and thus single mode oscillation), at 
the expense of efficiency. Although this results in a low overall 

efficiency, the maser has achieved very reasonable values of Itel 
and q. L. 

4.4 Experimental Method. 

This section will be split into four parts covering the main 

experimental procedures used to produce the W-band and G-band 

results. 

1) Direct Power Measurements Using Crystal Detector. 

This experiment was designed to produce preliminary results 

measuring the direct power out of the maser as a function of 

cavity B-field, in both the W- and G-bands. This system will be 

used uncalibrated for sensitivity versus frequency, however it 

does provide an excellent qualitative preliminary analysis of the 

maser oscillation. The experimental configuration is depicted in 

fig. (4.6). The entire system is double screened, resulting in a 

noise level of -(5mV in screened room#2. The W-band horn, 

attenuators, crystal detector and the 'amplifier were placed in a 

screened box looking at the maser output horn. This box was 

securely connected to the screened room via copper braiding. The 

output of the detector was monitored on a Tektronix 7844 

oscilloscope via a 500 matching resistance. 

Fig. (4.6) depicts the experimental configuration used in the 

W-band measurements. In the G-band the micrometer and rotary vane 

attenuators were replaced with a W- to G-band taper and calibrated 
G-band micrometer attenuator. The Flann 135 detector + load 

termination was changed for the more sensitive Flann 137 detector 

+ plunger short, (chapter 3, section 3.7). 

Due to the very small angle subtended by the W-band horn from 

the maser output, a second copper horn was added outside (though 

not touching) the screened box. This was an attempt to reduce the 

mode dependency of the coupling between the maser output and the 

W-band pickup horn, (the copper horn acts as a mode scrambler). 



I 
(D.. I 

t- CLJ 
zz 

0 

: t- 

Z: 1 

.0 
ýo 
Lri 

0 
Li 

C) CD 
Li t- 

CL) 
V) 
ro 
Z: 

cl, 
C) 
Ln 

-0 " 

Li 
vi 

x 

ol (Ii co 
L- 
Li 

V) 

C- 
0 

fu 4- 

CU 

ai 
10 

En 
CO g- > 

EE 

rn 

I E-= 
IE 

C> 

C", * 

4-) 
0 
(U 
p 

cu 

.C 

c 

0 
4. ) 

0 

a) Ct, 

c 
0 

ca 

C: 
0 
C. ) 

14 1; 
ca :: ) 

-I-) ca. 

c . 41 
a) m 
E0 

-4 ý4 

(D (1) 
a (1) 
x ca 

LJ E 

U- 



- 88 - 

Complete control of the running of the maser was carried out by 

the HP9816 computer in screened room#l. The maser cavity B-field 

may thus be scanned through the W-band. At each f ield value the 

maser was f ired several times and the detector output noted and 
the average taken. 

2) Calibrated spectroscopic analysis of the maser Output. 

This experiment was performed to measure the frequency and the 

frequency bandwidth of the maser oscillation in both the W- and 

the G-band. A significantly different experimental configuration 

was used in each case and will be dealt with separately below. 

1) W-band. 

The experimental configuration is shown in fig. (4.7). Again the 

detection system is completely double screened resulting in a 

noise level of -MmV. The output of the maser was coupled into the 

Ka-band feeding waveguide via a W-band waveguide input and W-band 

to Ka-band taper. The W-band receiving horn, Flann 135 detector + 

load termination and the amplifier were placed in a screened box 

connected to the screened room#2 via'copper tubing and flexible 

copper braid sheathing wrapped in aluminium foil. 

2) G-band. 

The more complex experimental configuration used in conjunction 

with the spectrometer in the G-band is shown in fig. (4.8). Due to 

the decrease of the sensitivity of the Flann 137 detector in the 

G-band and the fluctuating maser output, for the first time at 
Strathclyde University a two detector technique was used (in this 

case the two detector technique will be used to obtain the G-band 

spectrometer scans). 
The same system was used to couple and receive the signals 

through the spectrometer, as in the W-band, with the exception of 

a Ka-band pick-up horn at the maser output and the Flann 137 

detector + plunger short termination used in the screened box. 
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Coupled with this measurement, a direct reference signal was 
taken using a similar technique to that used in the direct power 

measurements above, fig. (4.6). On each shot both detector signals 

were simultaneously monitored and the resulting spectrometer signal 

normalised using the following equation. 

Adjusted detector 
= 

Spectrometer detector output 
x 100mv 

output Reference detector output 

Where 1 OOmV was taken to be the average and the ratio of the 

two detector outputs centred at 1. (More will be said about the 

advantages and disadvantages of the two detector system in the 

next section). 

The Flann 135 detector output in the W-band and both the Flann 

135 + 137 detector outputs in the G-band were monitored on a 

Tektronix 7844 oscilloscope via 50a matching resistors. 

The firing of the maser was controlled by the HP9816 computer 

in screened roomfl. All the maser operating parameters were held 

constant while the grating was scanned through the relevant 

frequency band. This was repeated for several values of the 

B-field. At each grating position at least four shots were 

observed and the detector output averaged. 

Although the spectrometer was fully calibrated for frequency and 

insertion losses, it is impossible to anticipate the mode 

dependent coupling of the maser output into the sampling horn. 

However it is reasonable to assume that the coupling of any -one 

mode (or frequency) will be constant, i. e. sampling will always be 

from the same section of the output mode pattern. It will thus not 

be possible to integrate under the spectrometer frequency curves 

and estimate the output power of the maser for any given cavity 

B-field, nor will it be possible to gain precise information on 

the relative energy fed into different modes. However the measured 

relative output power in any one mode (with respect to itself), as 
the cavity B-field is gradually altered, should reflect the 

absolute power intensity in that mode. 

Although there will be this doubt in the relative power levels 

of any respective mode of oscillation as measured through the 
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spectrometer, the frequencies measured will be accurate, with a 
reading error 42GHZ. 

Measurement of the Relative Power Intensity Across the Output 

Window. 

In the previously described experiments, distinct resonances 

were expected in both the direct output measurements with respect 
to the cavity B-field, and the frequency measurements through the 

spectrometer. However, in the intensity distribution across the 

output window, variations in power levels of less than a factor of 
two have to be resolved. Such small variations might well be lost 

owing to the irreproducibility of any particular maser pulse. An 
improved, more precise, two detector technique was thus adopted 
for these measurements, fig. (4.9). 

The varying intensity distribution signal was sampled using a 
W-band waveguide. This could be scanned across the output window 
both vertically and horizontally, via an optical bench translator. 

This waveguide could not be directed straight into the screened 

room without resulting in a measured noise level of several volts. 
The signal was thus coupled'into the screened room using two 20dB 

W-band horns. Using a W-band attenuatdr the mm-waves were fed to 
the Flann 135 detctor. To ensure constant coupling between the two 
horns, the waveguide was clamped outside the screened room and 

only the sampling end of the waveguide allowed to move (the clamp 
effectively acted as a fulcrum for the translator). 

In conjunction with this a second Ka-band sampling system was 
used. At all times the position of this waveguide was kept 

constant. This sampled signal was again coupled into the screened 
room using two horns, a 20dB Ka-band horn on the outside and a 
Ka-band to W-band taper, used as a horn, on the inside. This led 
directly to an uncalibrated Baytron V-band detector in a W-band 

mount. Both detector signals were simultaneously fed into a 
Tectronix 7844 oscilloscope; the Flann 135 detector (variable 

signal) via an amplifier and a 500 termination, and the Baytron 
detector (the reference signal) via an HF filter circuit (T=95ns) 

and the IMO input resistance of the oscilloscope. The filter 
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circuit was added to smooth the reference signal, aiding the 

simultaneous measurement of both detector outputs. 

The operation of the maser was controlled entirely by the HP9816 

computer in the screened room#1 and the maser was fired repeatedly 

under exactly the same conditions. The W-band waveguide was 

scanned across the output window at a distance of approximately 
2cm. At each position the maser was fired at least four times and 
both detector outputs noted. Each pair of data points could then 

be normalised exactly as described in the previous section. This 

will, in principle (and was shown later to be true), largely 

remove the variations in detector output due to the 

irreproducibility of any given maser pulse. There are two 

advantages to this procedure; 

it reduces the number of shots required to gain a reliable 

average, and 
it reduces the magnitude of the error bars on any graph for a 

given number of shots. 

This is the f irst time such a two-detector system has been used 

at Strathclyde University and we shall be able to demonstrate 

later that it yields very reliable results. 

4) Direct Power measurements Using a Calibrated Power Meter. 

The output power of the maser was measured using a calibrated 
thermocouple array combined with the Flann 135 crystal detector. 

The thermocouple array measured the energy in each pulse and the 

crystal detector measured the pulse length. The experimental 

configuration is shown in fig. (4.10). As the signals are 

effectively DC (from the array of thermocouples), its transmission 
line has only been s ingl e- screened. An HF filter (Y=95ns) and a 
large inductance was added between the thermocouple array and the 

screened room, to remove any large voltage spikes and HF noise, 

which may damage the digital voltmeter. 

The output of the thermopile was observed on a digital 

multimeter, this was connected via the HP-IB parallel bus 
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interface to an HP86 computer which recorded the output of the 
thermocouple array and plotted it on a graph as a function of 
time. 

In conjunction with this system the Flann 135 crystal detector 

was used in exactly the same cohfiguration as the direct power 
measurements in fig. (4.6). In this instance the detector picked up 

scattered radiation as much as 30dB down on previous measurements. 

This provided a means of measuring the length of each mm-wave 

pulse. Using the naked eye to obesrve a non-storage oscilloscope 

trace, it would be impossible to determine the F. W. H. M. of each 
individual mm-wave output pulse; instead the length of the base 

was measured and taken as the total temporal duration of the 

pulse. This will result in measured power levels slightly less 

than those attained by the maser due to the approximation of the 

mm-wave output as a square wave form. A more realistic pulse shape 

may be somewhere between a triangular and a square wave output. 
The worst case will be used in the analysis of the experimental 
data (though it will be noted as such). 

Again the maser was controlled via the HP9816 computer in 

screened room#1 and the output power measured for various cavity 

magnetic field values. At each point, under the defined maser 

operating conditions, at least six (and up to twelve) shots were 

measured and averaged to give the stated power out. 
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CHAPTER -5- 

MASER OPTIMISATION. 
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5.1 introduction. 

The results of the optimisation of the maser output with 

respect to the anode-cathode position and the B-field produced by 

coil#2 are presented below. Two aspects of the maser optimisation 

were studied. Firstly the mm-wave duration; it will be shown that 

the anode-cathode gap closure time is a strong function of the gap 

spacing (La-c),, which bears a direct relation to the duration of 

the R. E. B. and hence to the duration of the mm-wave output. 

Secondly, the output power must be optimised and this proved to be 

a strong function of both La-C and the coil#2 B-field. 

These results supplemented by beam witness plate results 

demonstrate both the greatly increased current when the coil#2 

B-field is activated and the high degree of beam collimation over 

the length of the cavity. 

The results in this chapter are explained in terms of the 

increased magnetic insulation of the diode, the beam focusing 

effect and the B-field compression ratio. 

5.2 Gap Closure Time and mm-Wave Pulse Duration w. r. t. 

Anode-Cathode Spacing 

The anode-cathode gap spacing was varied and the gap closure 

time along with the mm-wave pulse duration measured, fig. (5.1). 

These results were obtained under the following firing conditions 

of the maser; 

Vmarx-272kV, 

Bcoil#1=3.63T and, 

Bcoil#2`ý0.21T. 

The anode-cathode gap closure time increases almost linearly 

from 250ns to 600ns with gap spacing (La-c) increasing from 0 to 

25mm. The mm-wave pulse duration increases correspondingly from 

100ns to 425ns with La-c increasing from 0 to 20mm. A reduction in 

the mm-wave pulse duration to 375ns was measured with a subsequent 

increase of gap spacing to 25mm. A peak in the mm-wave duration 
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therefore occurs at La-C=20mm. 

5.3 mm-Wave Pulse Duration w. r. t. Coil#2 B-field. 

The mm-wave pulse length was measured as a function of the 

B-field produced by coil#2 (for two values of anode cathode 

position, viz: O and 25mm). The magnetic field produced by coil#1 

and the voltage from the marx generator were set at the same 

values as in the previous section. The results are presented in 

fig. (5.2) and show that the mm-wave pulse duration is not greatly 

affected by the coil#2 B-field in the range of 0.21T to 0.54T 

(varying by Z10% when La-c'Omm and -0% when La-c= 25mm). Above 

this, however, the pulse length drops off dramatically, falling by 

40% between . 54T and 1.04T with La-eOmm and 40% between 
. 54T and 

. 79T with La_c=25mm. Both graphs reflect the stronger dependence 

on the pulse length of the anode-cathode gap spacing, as depicted 

in fig. (5.1). 

5.4 Maser Output Power w. r. t. Anode-Cathode Spacing and Coil#2 

B-Field. 

The anode-cathode gap spacing was varied and at each position 
the B-field produced by coil#2 was varied keeping coil#1 constant. 
The mm-wave output was measured and- the results shown in 

fig. (5.3). The same firing conditions were used as in the previous 

section, with the coil#2 B-field being varied between . 21T and 
1.04T. The maser output seems to maximise and saturate at a gap 

spacing of ý+15mm. As the spacing is reduced from 20mm to zero the 

maximum detector output falls from 350mV to 155mV. As the 

anode-cathode gap spacing is reduced the output becomes less 
dependent on the coil#2 magnetic field. The output varied from 
350mV down to -(5mV when La-C=20mm, compared with a reduction of 
only 155mV (to a minimum of 110mV) when La-eOmm# over the same 
B-field range of . 21T to 1.04T. 

It was also noted that in all cases the mm-wave detector output 
is greatly enhanced by the addition of the cathode magnetic field. 
When coil#2's B-field was not activated the output of the maser 
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was reduced to : 5mV for all values of La-c- 

Exactly similar behaviour was found for all values of the coil#1 

B-field. 

5.5 Electron Beam Witness Plate Results. 

The maser was fired under three different conditions with the 

resulting damage to the witness plates shown in photograph (5.1 ). 

In this instance each plate was placed at a position 5cm from the 

entrance to the cavity and received a total of twenty shots under 

the conditions stated. 

Witness Plate A. R. E. B. only, VMarx=72kV, no magnetic fields 

present. This has resulted in no detectable damage to the 

witness plate. No magnetic field lines were present to guide 

the electrons through the cavity, instead they will take the 

shortest path across the gap to the anode. 

2) Witness Plate B. R. E. B. and B-field coil#l, VMarx=72kv, 

Bcoil#1=3.63T. Here damage is evident on the witness plate, 

some melting and general darkening of the surface has 

occurred. An electron beam is being formed in the cavity and 

is reaching the plate. However from the resulting damage the 

flux intensity is very low. 

3) Witness Plate C. R. E. B. B-field Coil#1 and coil#2. VMarx=72kV, 

Bcoil#1=3.63T and Bcoil#2-ý. 29T. In this case severe damage is 

seen on the plate. A 3mm diameter circular melted disc has 

been formed with some evaporation of the copper surface 

evident. Coil#2 thus has a very strong effect on the 

production of the R. E. B. travelling through the cavity. It is 

not possible to determine whether the beam is travelling in an 

annulus or whether it has collapsed into a solid beam. It is 

evident however that the beam current is greatly enhanced by 

the presence of the cathode B-field coil#2, improving the 

efficiency of R. E. B. production. 
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Picture(5.1). R. E. B. damaqe to copper witness plates under 
various operatinq conditions of the maser. 

DE 
00 

Picture(5.2). R. F. R. damaqe to copper witness plates 
demonstrating single shot damage and 
collimation of the beam. 
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A second experiment was conducted to discover whether all the 

damage on witness plate 3 was the result of one shot, with 

subsequent shots reproducing a similar amount of melting, or 

whether the damage, was a cumulative effect of the twenty shots. 

The results are shown in photograph(5.2) (witness plate D). This 

plate was placed in the same position as all the previous plates 

and received I shot under the same conditions as plate C. 

Again a circular melted disc has been formed very similar to 

that on plate C. It is evident that a large amount of damage 

occurs on each shot with subsequent shots recreating the same 

surface melting. This also demonstrates that the electron beam 

diameter is --3mm. (From plate three it is not clear whether the 

damage was produced by a'broad reproducible beam or a narrow beam 

which changes position over many shots). 

Lastly the probe was moved back to determine how well the beam 

was collimated. Witness plate E, photograph (S. 2), received I shot 

under the same conditions as plate D, however in this case the 

plate was moved back away frdifthe cathode a distance of 9cm. Here 

the damage is very similar to that of plate D. In this instance 

the plate was placed at a position where the B-field lines were 
begining to taper out and there is some evidence of slight 
divergence- of the beam. However these, measurements show that the 

R. E. B. must be well collimated throughout the cavity. 

5.6 Analysis and Discussion. 

The first stage in the operation of a system such as an E. C. m. 

must be the optimisation of the power output. This may be achieved 

systematically, commencing with the alteration of the anode-cathode 
gap spacing and the magnitude of the cathode coil magnetic field. 
These parameters will ultimately decide exactly what trajectories 
the electrons will follow. It would be possible, via computer 
simulation, to calculate the optimum position of the cathode with 
respect to the anode and the optimum magnitude of the cathode 
B-field, however with the constructed system it is possible to 

vary these parameters while monitoring and simultaneously 
maximising the mm-wave output from the maser. 



- 98 - 

To ensure maximum energy in any given mm-wave pulse, the pulse 

duration must be as long as possible. The length of this pulse 

will be governed by the length of the R. E. B., which will in turn 

be governed by the gap closure time. 

, It has been demonstrated that moving the cathode from its 

initial position back 25mm, fig. (5.1), has increased the gap 

closure time from -. 260ns to : 600ns in an approximately linear 

manner. Some points do lie off this line, however this phenomenon 

will be due to the complex processes occurring in the discharge 

and the interaction with the magnetic field lines present. 

With this increase in gap closure time a corresponding increase 

in the length of the mm-wave pulse was observed, also fig. (5.1). 

This has increased from : 100ns to : 425ns at a cathode position of 

+20mm. Further increase in the gap spacing results in a decrease 

in the pulse duration. The reason for this reduction is not 

obvious, however, as the cathode is pulled further back past the 

optimum +20mm mark the conditions necessary to direct the R. E. B. 

into the cavity become stricter and I would suggest that these 

conditions cannot now be satisfied by the anode-cathode position 

and cathode B-field combination. 

All the results shown in fig. (5.1) are for one setting of each 

of the two field coils. These results proved repeatable for 

several values of magnetic field produced by the cavity coil#j. 

The gap closure time proved to be largely independent of the 

coil#1 magnetic field, this was however not the case for coil#2 

(see fig. (5.2)). Here it was found that the length of the pulse 

was largely unaffected between a cathode magnetic field range of 

04.54T, (: 10% variation at La-c40mm and -0% at La-C=25mm). However 

above . 54T the pulse length becomes a very strong function of the 

coil#2 B-field, dropping by : 50% between . 54T and 1.04T with 

La-c-20mm and : 40% between 1 and 1.5kV with La-C=25mm. 

From all of the information stated above it is thus possible to 

maximise the length of the mm-wave pulse by setting the 

anode-cathode spacing to +20mm and firing coil#2 so as to produce 

a B-field between . 21T and . 54T. 

Having optimised, the length of the pulse the actual maximum 
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power output from the maser must be investigated w. r. t. the anode 

cathode spacing and coil#2 B-field. From fig. (5.3) it is evident 
that the maximum output of the maser increases as the cathode gap 
is changed from 0 to 15mm. This corresponds to a relative increase 

in the detector output from 150mV to 350mV. (The detector is 

working in the linear regime i. e. Vout(cPin and at the moment we 

are only interested in relative powers as the various parameters 

are changed). Further increase in the gap spacing does not 

increase the maximum power out. It is also noted that as the gap 

spacing -is increased the output from the maser becomes a stronger 

function of the coil#2 B-field, dropping from 350mV to -(5mV as 

BCoil#2 increases from . 21T to 1.04T at La-C=20mm, while in the 

same coil#2 range at La-c'Omm, the output only varies by 17%. This 

effect can be explained as follows, as one increases the distance 

the electrons have to travel before they enter the cavity, the 

restrictions on the guiding magnetic field lines become more 

severe, and hence only certain values of coil#2's B-field will 

produce the r6quired effect. 

The maximum power out from the maser occurs, at all positions 

of the anode cathode spacing (except Omm) at a coil#2 B-field of 

. 21T. 

From all the results above it is now possible to optimise the 

output power from the maser in both peak power and maximum pulse 
length. Summarising the above information: 

1) To maximise pulse length requires, 

La_cý20mm, Bcoil#20.21T to . 54T. 

2) To maximise peak power requires, 

La-cý15 to 25=, Bcoil#2-'3.21T. 

It is thus possible to mutually satisfy these conditions with an 

anode-cathode position of +20mm and Bcoil#20.21T. However 



- 100 - 

Bcoil#2ý. 21T would be an ideal, but critical, condition. As the 

output 'of the maser drops dramatically as the magnetic field is 

reduced below this value, a Bcoil#2'. 29T will be used, thus 

maintaining the operation of the maser away from this critical 

condition. 

All subsequent experiments have been carried out with the above 

parameters as stated. The pulse length and output power have been 

optimised under exactly the same conditions. To maximise the pulse 

length an electron beam of optimum duration and stability 

travelling through the cavity is required. This is the same 

condition which will allow the electron cyclotron maser 

instability to develop and extract the maximum energy from the 

beam. 

The second B-field coil has had a dramatic effect on the output 

of the maser, increasing the detected signal from below 5mV to 

350mV, a factor of approximately 70. At the same time adjusting 
the anode-cathode spacing has increased the length of the pulse 
from 100ns to 400ns a factor of 4. Combining these results we have 

increased the energy in each pulse by a factor of Z-300 via the 

optimisation of both the anode-cathode position and coil#2 
B-field; - 

This increase is due primarily to the optimisation of the 

relativistic electron beam in both current and position, as 

clearly demonstrated by the witness plate experiments, 

photograph (5.1 ). This shows a very great increase in the current 

with subsequent addition of both field coils, resulting in a well 

collimated beam at the centre of the cavity as measured by the 

amount and position of the plate damage. Witness plate A shows no 
damage at all. in this case there are no guiding magnetic field 
lines present and subesquently no observable high energy electrons 
reach the plate. The beam discharge, for both high and low 

voltage, will take the shortest route to ground by travelling 

straight across the gap. 
Slightly more damage is evident on witness plate B, in this 

case only the Marx voltage and cavity B-field is present. Here 
there is general darkening of the plate and at one point there is 

clear high energy electron beam melting of the surface. Although 
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high energy electrons are getting to the witness plate there are 

two reasons why in this case the high current R. E. B. has not been 

formed. 

The magnetic f ield at the cathode tip is too weak. From the 

measured cavity B-field profile, chapter 4, at an intracavity 

magnetic field of 3.63T, the cathode magnetic field will be 

. 12T. In this case the B-field is not strong enough to deflect 

the electrons away from the anode, magnetically insulating the 

diode, and thereby forcing the electrons to follow the field 

lines through the cavity. 

2) The compression ratio (defined as the ratio of the cavity 

magnetic field to the cathode magnetic field), is extremely 

large (>30). This will cause many of the electrons which have 

been trapped by the magnetic field lines to mirror as they 

approach stronger regions of field, thus severely limiting the 

R. E. B. current. 

It is evident that both of these restrictions must be overcome 

to increase the efficiency of production of the electron beam. 

This has been achieved with the addition of the second field coil 

placed around the cathode. Witness plate C shows clear damage from 

the electron beam. The maser has been fired under exactly the same 

conditions as plate B with the inclusion of the second field coil. 

This has greatly increased the R. E. B. current by overcoming the 

two problems mentioned above: 

The addition of the second f ield coil has increased the 

magnitude of the magnetic field at the cathode tip from . 12T 

to . 41T under the following conditions, Bcoil#1=0.12T (at the 

cathode tip) and Bcoil#24.29T. Thus increasing the magnetic 
insulation of the diode, trapping more electrons onto the 

field lines. 

2) Reducing the compression ratio -from >-30 to -"9, under the same 

conditions. This will reduce the number of electrons mirroring 
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as they enter regions of higher f ield, again increasing the 

beam current. 

Having overcome these two basic restrictions on beam formation, 

a third physical mechanism affecting optimum R. E. B. production 

becomes evident, that of beam focusing and positioning. If only 

the first two factors mentioned above governed the formation of 

the electron beam then, as coil#2'S B-field was increased to some 

arbitrarily high value, the efficiency of the maser would go up 

with enhanced R. E. B. formation. This is evidently not the case. As 

coil#2's B-field is increased above . 54T the output of the maser 

drops dramatically as explained in detail above, (see fig. (5.3)). 

This is due to; 

the beam focusing/defocusing effect of coil#2, which will have 

some critical value for the formation of the optimum beam, in 

both current and position, in the cavity. When this criterion 

is not met, whether the f ield is too large or small, the 

efficiency of the E. C. M. mechanism is reduced. 

2) As coil#2's B-field is increased, there may be a corresponding 

decrease to the electrons' VjL. As described in chapter 1 and 

2, only the perpendicular component of the electrons' energy 

is available to the E. C. M. interaction. Hence a reduction in 

v, will result in a reduction in the overall efficiency of the 

system. 

There is the possibility that the damage to witness plate 3 has 

been caused by a low voltage arc discharge between the cavity 

walls and the copper plate. This is unlikely for two reasons; 
firstly it is improbable that such a discharge would have enough 

energy to cause such severe damage, and secondly, the only 
difference between plate C and plate B is the weakening of the 

magnetic field at the cathode, this is unlikely to affect any low 

voltage discharge at the plate and thus plate two would have 

received the same damage. 

From the witness plate experiments it is evident that not only 
is there a well-formed beam at the entrance to the cavity but also 
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that this beam remains well collimated throughout. This is 

demonstrated by the almost constant beam diameter (--3mm) at two 

positions 9cm apart, as shown in photograph(5.2). 

From all of the considerations above, the efficiency and maximum 

output power of the maser have been greatly increased and 

enhanced, primarily by optimising the anode-cathode gap, though 

more importantly by adding and optimising the second B-field coil. 

Both of these optimisations have resulted in a greatly enhanced 

relativistic electron beam which has a direct bearing on the 

overall efficiency of the electron cyclotron maser instability. 
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CHAPTER -6- 

W-BAND FREQUENCY MEASUREMENTS. 
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6.1 Introduction. 

This chapter will deal with the results and analysis of the 

W-band frequency measurements from the electron cyclotron maser. 

The direct power output as a function of the varying cavity 

magnetic field will be presented, corresponding to an electron 

cyclotron frequency range of 75-110GHz. Five spectrometer scans 

have been produced, corresponding to cyclotron frequencies of 

89.2GHz, 83.4GHz, 79.1GHz, 74.9GHZ and 73.4GHz. This set of 

results demonstrates the step tunability of the electron cyclotron 

maser. At a cyclotron frequency of 89.2GHz a very strong cavity 

resonance was present, suggesting the excitation of either the 

TE03 or the TE23 mode. From the radiation scan showing the power 

intensity across the output window, it will be demonstrated that 

the TE03 mode is being excited. The output power of the maser was 

measured using a calibrated power meter. This showed that an 

average output power of 48kW, with a peak power of IOOkW, was 

being developed in the TE03 mode. 

All of these reults will be shown to be entirely self 

consistent with the theory described in earlier chapters. 

6.2 Direct Power Measurement with Varyin4 B-Field. 

The direct power out from the maser was measured as the coil#1 

magnetic field was varied from 2.6-4T corresponding to a cyclotron 

frequency of approximately 75-110GHz, fig. (6.1). The Marx voltage 

was held constant at 72kV and coil#2 at . 29T. The output seems to 

vary continuously across the band with peaks corresponding to 

cavity resonances. However this graph yields no spectroscopic 
information other than the fact that the maser will oscillate 

slightly above (410%) the cyclotron frequency. This will be 

clearly demonstrated by the spectrometer frequency analysis of the 

maser output. For the same reason no mode identification is 

possible. 

Although these results were obtained using an uncalibrated 
detection system, they do provide excellent preliminary information 

on the W-band oscillation of the maser. it would be extremely 
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difficult to calibrate this system against power and sensitivity 

versus frequency for two physical reasons: 

1) The mode dependent coupling from the maser output into the 

detection system would be difficult to measure. 
2) As the maser oscillating frequency is unknown, it would be 

very difficult to match the detector frequency response to the 

oscillating frequency of the maser output. 

This graph does however demonstrate that mm-wave radiation is 

produced at all values of the cavity magnetic field. A full 

interpretation of the maser characteristics will only be possible 

with subsequent frequency analysis from a calibrated spectrometer, 

and the power output, for any given B-field, measured by a 

calibrated power meter. (See sections 6.3-6.5). 

6.3 Spectroscopic Analysis of the Maser Output. 

The frequency spectrum of the maser was investigated for five 

different values of coil#l's magnetic field. These results were 

taken keeping, at all times, the Marx bank voltage and the coil#2 

B-field constant at 72kV and . 29T respdctively. The five values of 

magnetic field chosen were 3.63T, 3.40T, 3.22T, 3.05T and 2.99T 

corresponding to a cyclotron frequency of 89.2GHz, 83.4GHz, 

79.1GHz, 74.9GHz and 73.4GHz. 

The results of each of these spectrometer scans are shown in 

figs. (6.2)-(6.6) along with the cavity cut-off frequencies of the 

relevant modes. Fig. (6.2) corresponds to a spectrometer scan with 

equivalent cyclotron frequency of 89.2GHz. No oscillation is 

observed below this frequency. Above this frequency a peak is 

present, centralised at 95.2GHz, corresponding in frequency to the 

excitation of either the TE03 or the TE23 mode. This resonance has 

a F. W. H. M. of 5.5GHz. At higher frequency there seems to be 

another mode present, possibly the TES2 or the TE19. 

Fig. (6.3) has an equivalent cyclotron frequency of 83.4GHz and 
fig. (6.4), 79.1GHz. Both of these graphs show similar 

characteristics to that of fig. (6.2). Although in both cases the 
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cyclotron frequency of the R. E. B. has been reduced, no oscillation 
is observed below 90GHz. Above 90GHz, in all three graphs, a 

resonance exists which seems to suggest that either the TE03 Or 
the TE23 mode is being excited. However in fig. (6.3) and fig. (6.4) 

the relative maximum output power is reduced as the cyclotron 

frequency moves further away from the resonant frequency of the 

excited mode. 

Moving to a frequency of 74.9GHz, fig. (6.5), a new set of 

frequencies has started to oscillate. The TE03/TE23 mode is still 

clearly evident at 93. OGHz, however all the modes between 77 and 

90GHz are also oscillating in a broad band fashion. There seem to 

be approximately similar amounts of energy being fed into each 

mode. In an attempt to reduce the number of modes oscillating, the 

cyclotron frequency was further lowered to 73.4GHz, fig. (6.6). 

This resulted in three peaks becoming evident, corresponding to 

81.4GHz, either the TE13 or the TE71 mode, 88GHz, the TE42 mode, 

and 93GHz, either the TE23 or the TED3 mode. Upon reducing the 

cyclotron frequency from 74.9GHz to 73.4GHz the power in the TE42 

mode has increased while in the TE23/TE03 mode it has decreased. 

6.4 Power Intensity Distribution Across the Output Window. 

From the spectrometer scans a strongly resonant mode has been 

identified at a frequency of 95.2GHz. In an attempt to identify 

this mode the maser was operated under the following conditions; 
Vmarx=72kV, B-field coil#1=3.63T and B-field coil#2=. 29T. This set 

of conditions is identical to those used in obtaining the results 

shown in fig. (6.2). 

The results of scanning across the output window are shown in 
fig. (6.7) and (6.8). The only difference in both cases is the 

change in detector polarisation, shown on each graph. In fig. (6.7) 

six peaks were clearly detected across the window, with a clear 
minimum evident at the centre. Upon rotating the detector 

polarisation by 901, fig. (6.8), all structure previously noted is 
lost. As will be shown, this information is consistent with only 
the TE03 mode. 
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6.5 Maser Output Power. 

All the measurements up to this point have dealt in terms of 

relative powers as measured by the Flann 135 crystal detector, 

VoutmPin- It would in principle be possible to determine the total 

output power of the maser for any given cavity B-field by 

integrating under the spectrometer scans. This may be achieved 
knowing the insertion losses of the spectrometer and the 

sensitivity of the detector with respect to incident power. A 

similar calculation may also be done on the radiation pattern 

across the output horn, calibrating for the losses through the 

sampling system and knowing the power response of the detector. 

Both of these calculations are very difficult in practice due to 

the unknown mode dependent coupling from the maser output into 

each respective sampling waveguide. 
For this reason it was decided not to use any of these methods 

to estimate the power output and instead measure this directly 

using a calibrated power meter. This was used to measure the power 

output at each of the cavity B-field values from which the 

spectrometer scans were obtained. The results are shown in 

table(6.1). 

Cyclotron Frequency Power Out 

GHz kW 

89.2 48.3 ± 5.4 

84.3 29.5 i 2.5 

79.1 24.6 ± 2.5 

74.9 26.8 ± 2.3 

73.4 28.3 ± 3.8 

Table(6.1). output power at different cyclotron frequencies 
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The greatest power out was measured at a cyclotron frequency of 
89.2GHz corresponding to 48.3kW in the TED3 mode. As explained in 

chapter 4, due to the shape of the mm-wave pulse assumed, the 

ouput power of the maser may be af actor of between I and 2 
higher than those stated above. 

6.6 Analysis and Discussion. 

With the power fully optimised with respect to the anode-cathode 

position and coil#2 magnetic field, as described in chapter 5, it 

is now possible to look at the direct power out of the maser as 
the cavity B-field is varied using the Flann crystal detector 

system described in chapter 4, fig. (6-1). In previous W-band 

experiments conducted at Strathclyde University (Mk-5 maser), the 

direct output power varied over several orders of magnitude as the 

magnetic field was swept through the W-band frequency range. These 

very large changes in the mm-wave output power were almost 

certainly caused by the changing coupling of the electron beam 

into the maser cavity as the main magnetic field and thus the 

cathode magnetic field were altered. In the present Mk-6 case this 

problem has been overcome with the addition of the cathode 

magnetic field coil. 
Fig. (6.1) shows the direct uncalibrated W-band output power of 

the maser. This provides excellent preliminary information on the 

maser oscillation. (i. e. radiation is given out uniformly, within 

a factor of three, between a magnetic field value of 2.95T and 
3.90T. Above 3.90T the average output dropped by a factor of 
three, almost certainly due to detector sensitivity at these 
frequencies and not reducing maser output). Due to the 

uncalibrated nature of these results, no precise information on 
the relative height of peaks, frequency and mode of operation may 
be obtained. 

Hence to gain more definite information on the resonant 
frequencies of the maser and its mode of oscillation more powerful 
diagnostics must be used, such as the calibrated spectrometer, and 
the radiation intensity scans across the output window. 
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SpectrosCopic Analysis. 

A spectroscopic analysis of the maser was carried out at f ive 

different values of magnetic field, 3.63T, 3.40T, 3.22T, 3.05T and 

2.99T with corresponding cyclotron frequencies of 89.2GHz, 83.4GHz, 

79.1GHz, 74.9GHz and 73.4GHz respectively. Considering the graphs 

corresponding to cyclotron frequencies of 89.2GHz, 83.4GHz and 

79.1GHz, which have been plotted on the same axis in fig. (6.9), 

there are several different points which may be noted and 

explained by the theory given in earlier chapters. 

1) The maser does not oscillate at or below the cyclotron 

frequency. This fact is predicted by all theoretical models and is 

a fundamental characteristic of the operation of an electron 

cyclotron maser. This is clearly borne out by all experimental 
frequency scans. 

2) It is evident we are exciting either the TE23 or the TE03 

mode in each case. As frequency is reduced neither the TEai or the 

TE42 modes are being excited. This phenomenon is a combination of 

two effects. Firstly the ohmic Q, as defined in eqn. (2.19), is 

larger f or the TE2: 3 and the TEj3 modes (7001 and 7375 

respectively) than that of either th TEai or the TE42 modes (2209 

and 5710), these values combined with each mode's diffraction 

0, (27370,28502,25631 and 23728), leads to efficiency quotients, 

as defined in eqns. (2.22) and (2.23) as follows. 

, qQ(TE23)0 . 20, qQ(TE03)= . 21, ijQ(TESI)= . 08, ttQ(TE42)' -19 

Obviously the efficiency of the gain mechanism from purely 

cavity coupling considerations suggests that the 'non-useful' 

losses of the TEO, mode will be almost three times that of the 

other competing modes. This mode will thus be harder to excite, 

requiring a comparatively higher starting current. 

It must however be noted that the values of qQ calculated above 

are idealised, in that they do not take into account the physical 

considerations described in chapter 2 section 2.3, which would 
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have an inf luence on the calculated values of Q A. As these 

physical factors do not influence QD# the ratio of oil to QD will 
also be affected, leading to potential errors in the stated values 
of no. These calculated values of no are therefore based on an 
idealised model and must be treated as such. However, they do 

allow the experimental results to be interpreted both in this case 

and throughout the other experiments reported in this thesis. 

The second effect determining which modes are preferentially 

excited is that of the spatial coupling of the electric field 

maxima and the corresponding position of the R. E. B. If these two 

do not coincide there will be weak coupling between the cavity 

mode and the electron beam, again resulting in low efficiency, 
high starting currents and hence non-excitation of the modes. 

Figs. (6.10) and (6.11) show the theoretical mode pattern power 
density across a cavity diameter for all the modes in question. 
The TE23 and the TE42 modes have been plotted across two different 

azimuthal angles Ta to demonstrate the rotational variations of 
these modes. Superimposed on these plots the position of the 

R. E. B. has been shown. These show clearly, along with the 

efficiency considerations, why the TES, and the TE42 modes are not 
being excited. In both cases the electromagnetic field energy is 

concentrated near the cavity walls, with the electron beam being 

collimated at the centre. This results in very weak coupling 
between the R. E. B. and the particular cavity mode. 

From these two considerations the TE81 mode will be very 
difficult to excite, considering its very low no; =8% and the 

complete mismatch between the maxima of the E-field and the 

position of the electron beam. The TE42 mode does not suffer in 

such a way f rom cavity efficiency considerations, (10 similar to 
that of the TE03 and the TE23 modes Z-20%) but again there is a 
high degree of mismatch between the R. E. B. position and the 
E-field maximum. 

The TE23 and the TED3 modes suffer from neither of these 

constraints, (though a significant reduction in the non useful 
losses of these modes may be gained from enhanced values of no in 
future cavity designs), and it is thus totally consistent with the 
theory that these modes will be excited in preference to either 
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the TE81 or the TE42 modes. Both the TE23 and the TE03 modes have 

very similar 10's, however it may be noted that the central maxima 
of the circularly symmetric TEC3 mode lies within the confines of 
the R. E. B. whereas the spatial coupling with the TE23 will not be 

as strong. This suggests that, of the two, one would expect the 

TE03 mode to be excited. 

3) It is evident that as 80`0-oce increases, the saturation 

power levels of the excited modes are reduced. This is again 

consistent with the -theory. From chapter 1 it was stated that 

there were two possible saturation mechanisms. From the above 
information it is impossible to distinguish which is determining 

the final output power in each mode. However from non-linear 
theory it is clear that as Oce moves away from (i the saturated 

maximum power of any mode with resonant frequency (i will rise very 

quickly to some maximum (SLtC few percent of 0). Then, via a series 

of complicated processes involving the efficiency of conversion of 
the beam energy into electromagnetic radiation, and the limitation 

of the growth rate as So moves past its optimum value, the peak 

saturation power will systematically reduce with further increase 

of go. To calculate the saturation power would involve the 

numerical solution of the extremely complex non-linear equations 

governing the - E. C. M. interaction, which is beyond the scope of 
this thesis. The maser does however behave qualitatively exactly 

as one would expect, with the saturation power level starting off 

at some maximum, corresponding to a 8o/(j of --5%, and subsequently 

reducing with increasing So. 

4) The modes in question are oscillating with a Au, F. W. H. M. 

-5GHZ, corresponding to Lw1u: 6%. This broad bandwidth oscillation 
is due to the ends of the cavity, comprising low reflection output 

couplers (chapter 2), not being well defined. AS the resonant 

frequency of a mode is a function of the cavity length, the 

excited cavity modes in the Mk-6 maser will run broad-band. 

Having studied the three graphs corresponding to cyclotron 
frequencies of 89.2GHz, 83.4GHz and 79.1GHz the B-field was 
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further reduced, resulting in the graphs produced from 

corresponding cyclotron frequencies of 74.9GHz and 73.4GHz. These 

have been replotted on the same axis in fig. (6.12). 

Under these conditions three modes of oscillation were observed 

simultaneously, one at 81.4GHz, either the TEj3 or the TE7L mode, 

one at 88. OGHz, the TE42 mode, and one at 93GHz, either the TE03 

or the TE23 mode. In the 74.9GHz case the TE8j mode with a 

resonant frequency of 89.4GHz may also be present. (Although it 

has been demonstrated above that the TE42 and the TEO, modes will 

have high ohmic losses and poor coupling with the electron beam, 

under certain conditions and via mode conversion these modes may 

still oscillate). These two graphs (fig. (6.12)), are very similar 

with an almost identical frequency bandwidth of 77GHz to 96GHz. 

However in the graph corresponding to a cyclotron frequency of 

73.4GHz the individual mode excitation seems to be more 

pronounced, due to the slightly enhanced coupling of the beam 

energy into each respective mode, and the suppression of the 

resonance occuring at 89.4GHz. 

Studying the relative field intensity distribution of the TEj3, 

TE7j and the TE42 modes with respect to the R. E. B. position, 
fig. (6-13), along with their relative IQ's (viz: AQ(TE13)=. 25, 

IQ(TE70=-09 and' nQ(TE42)=-19)1 it is'possible to understand the 

maser output at a cyclotron frequency of 73.4GHz in terms of its 

behaviour at higher frequencies. The TE13 mode is being initially 

excited in preference to either the TE71 (exceptionally low IQ and 

poor coupling between E-field maxima and R. E. B. ) and the TE42 

(poor coupling between the cavity mode and R. E. B. ). The TE42 mode 
is then oscillating parasitically with mode conversion between the 

TE13 and the TE42 modes, resulting in energy being fed from the 

first to the second. The existence of a peak at a frequency of 
93GHz shows power is still being fed into the TE03 or the TE23 

modes. 

It would be extremely difficult to identify any of these modes 

via their radiation intensity pattern across the output window. 
Any attempt to measure the radiation pattern would result in a 
distribution made up of a superposition of the three modes. 

This spectroscopic analysis also demonstrates the crude 
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step-tunability of the maser in the W-band. At a cyclotron 
frequency of 89.2GHz a resonance was excited at a frequency 

centered on 95.2GHz. With a subsequent tuning of the magnetic 
field to a cyclotron frequency of 73.4GHz, although a component of 
the resulting radiation is still at Z-95GHz, two new frequencies , 
81.4GHz and 88. OGHZ, are now present. Hence as predicted the maser 
is step-tunable via differential mode excitation. 

Mode Identification From Radiation Intensity Distribution. 

It has been shown from spectroscopic analysis that either the 

TE23 or the TE03 modes are being excited with theoretical 

considerations favouring the TE03. From fig. (6.7) and (6.8) and 

comparing these with theoretical mode plots shown in fig. (6.10), 

all of which have been replotted in fig. (6.14) and (6.15), there 
is conclusive evidence that the TE03 mode is the one which is 

oscillating. These results were obtained under the same operating 

conditions as the spectroscopic scan corresponding to a cyclotron 
frequency of 89.2GHz, i. e. VMarx, 72kV, Bcoil#1=3.63T and 
Bcoil#2ý. 29T. Studying fig. (6.14a) it is seen that the three 
intensity peaks on the left hand side are in almost exactly the 

same relation, in both position and magnitude, as those on the 

theoretical plot, fig. (6.14b). The central two peaks are very 

strong with a well-defined hollow centre. The middle peak on the 

right hand side of the measured intensity distribution is larger 

than expected, this may be due to slight mode conversion in the 

output taper, (mode conversion has been minimised but will still 

occur). However overall the measured pattern almost exactly 

mirrors the theoretical intensity distribution. 

Upon rotating the polarisation, fig. (6.15a) all the intensity 

variations have been lost leaving a flat intensity distribution. 

Again this is exactly mirrored by theory which predicts the TE03 

mode should have no radial component of electric field, 
fig. (6.15b), hence no mm-wave radiation should be detected. As the 
detectors are not 100% polarised and there will exist low 
intensity, high order modes in the output taper, a background 

mm-wave signal has been detected. This background signal is higher 
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than expected, though it shows no intensity variations. 

All of this information discriminates against the TE23 mode in 

two main instances: 

1) The central two peaks should be less intense than the second 

and fifth in the TE23 mode, fig. (6.14c), and 
2) The TE23 mode has a radial component of its electric field 

with a very marked intensity distribution, fig. (6.15c), which 

would have been detected upon rotating the polarisation of the 

detector. 

It has thus been possible to unambiguously identify the TED3 

mode oscillating in the maser cavity. Both from spectroscopic 

analysis and from the radiation pattern across the output window. 

Output power from the Electron Cyclotron Maser in the W-Band. 

This was measured using a calibrated power meter as described in 

chapter 3 and 4. The thermocouple array measured the total energy 
in each pulse and the crystal detector measured the pulse 
duration. From this information the power given out in any pulse 

may be easily calculated. 
The results of this experiment are shown in fig. (6.16) and 

(6.17). In fig. (6.16) the spectrometer scans produced earlier in 

the chapter have been replotted, this time with their respective 

output powers noted with each curve. The power stated in this case 

corresponds to the total power integrated over all frequencies 

under each curve. Each power measurement was made with the maser 

operating under exactly the same conditions as each spectrometer 

scan. 

The results given above have been averaged over many shots. it 

was however noted that at a cyclotron frequency of 89.2GHz a 
maximum output power of 100kW was measured. Obviously the 

efficiency of the system may be doubled if the exact firing 

conditions of this particular shot could be reliably reproduced. 
These results mirror almost exactly the relative power levels 

predicted via the calibrated spectrometer, with the maximum output 
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power being developed in the TE03 mode with a cyclotron frequency 

Of 98.2GHZ. Again as &w increases the power in the TED3 mode is 

reduced to 29.6kW at a cyclotron frequency of 84.3GHz and is 
further reduced to 24.6kW at a cyclotron frequency of 79. IGHz. 

As the cyclotron frequency is again reduced to 73.4GHz the 

output power rises as expected to 28.3kW with the excitation of 
both the TE13 and the TE42 modes. 

Again all of these results are entirely self-consistent with 
theory and previous work. The direct power measurements from both 

the crystal detector and the calibrated power meter are shown in 

fig. (6.17). In this case the relative magnitudes of the respective 

points do not agree. This may be seen at the three main resonances 

evident at magnetic field values of 3.10T, 3.63T and 3.81T. From 

the crystal detector results the first two peaks seem to be of 

comparable magnitude, however from the more reliable power meter 
it is clear there is approximately a factor of two difference in 

their respective amplitudes. There are similar discrepancies 

between all points depicted on the graph. 
Although in quantitative terms the uncalibrated direct power 

measurements have been shown to be approximate, in qualitative 
terms the relative power measurements are only a factor of :2 out 

across the W-band. Also, if radiatidn is detected at a certain 

cyclotron frequency then the maser must be oscillating with a 
frequency upshift 410% of this frequency. Hence, the uncalibrated 
direct power measurements do provide an important preliminary 

macroscopic analysis of the maser oscillation. (i. e. radiation is 

emitted from the system across the entire bandwidth with the 

relative magnitude of each point correct to within a factor of 
: 2). Once maser oscillation has been identified using this 
technique, the resulting output may be characterised using more 
specific diagnostics. 

6.7 Summary of W-band Results. 

It has been possible to absolutely identify the TE03 mode 
oscillating in the maser cavity at a frequency centered at 95.2GHz 
(with a corresponding cyclotron frequency of 89.2GHz). This mode 
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has been identified from both spectroscopic analysis and radiation 
intensity distribution scans across the output window. 

The step-tunability of the maser has also been demonstrated via 
discrete mode excitation. This has resulted in the subsequent 

simultaneous excitation of the TE13 and the TE42 modes centered at 
frequencies of 81.4GHz and 88. OGHz. Due to the multimode 

oscillation of these modes, no mode identification from their 

radiation intensity distributions is possible. From spectroscopic 

analysis, however, comparison of the R. E. B. position and electric 
field intensity distribution and each mode's %Q, it seems certain 
that the above mentionad modes are being excited in preference to 

the TE71 and the Mal modes respectively. 

It also seems certain that the maser is oscillating in the TE13 

and the TE42 modes simultaneously. In the past it has been unclear 

whether multimode oscillation has been the result of mode hopping 

between shots, with only one mode oscillating at any one time, or 
whether two or more modes may be able to run simultaneously. From 
the above information it seems the latter is true. The TE42 mode 

proved impossible to excite on its own and only appeared as a 
parasitic mode when the TE13 mode was oscillating, resulting in 
both modes running concurrently. 

The output power of the maser has bden measured, with a maximum 

occuring with the excitation of the TE03 mode. The average output 

power was measured to be 48kW with a maximum peak power of 
100kW. 

It is satisfying to note that all these results are in complete 

agreement with theory presented in earlier chapters. 
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CHAPTER 7. 

PRELIMINARY G-BAND MEASUREMENTS. 
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7.1 Introduction. 

This chapter deals with the preliminary G-band measurements. 

These are the first measurements over 100GHz to have been achieved 

in our E. C. M. programme at Strathclyde University. 

The direct power measurements are presented first and were 

obtained using an uncalibrated crystal detector. The subsequent 

measurements of the output frequency of the maser are shown 

graphically, and were measured using the calibrated G-band 

grating. These results demonstrate the varying frequency of 

oscillation as a function of the cavity magnetic field. They do, 

of course, also demonstrate the successful achievment of one of 

the main aims of this thesis, that of maser oscillation at 200GHz. 

Due to the limitations of the G-band calibration source and the 

multimode oscillation of the maser at these frequencies, a 

comprehensive study of the maser operation at these frequencies is 

not possible. However, the results do present features of the 

maser operation which allow positive identification of the E. C. M. 

interaction and confirm that we have, in fact, observed maser 

oscillation at 200GHz. 

7.2 Direct Power Measurements with Varying Cavity Magnetic Field. 

The direct output power was measured as the intracavity magnetic 
field was varied from 6.06T to 8.18T, corresponding to a cyclotron 
frequency of 149GHz to 201GHz, fig. (7.1). The Marx discharge 

voltage was held constant at 72kV and the coil#2 B-field at . 29T. 

(In chapter 5 . 29T was found to be the optimum value for the 

cathode magnetic field for W-band oscillation. The relationship 
between the maser output power and the cathode magnetic field in 

the G-band was measured. This experiment reproduced the results 

presented in fig. (5.3)). 

As in the W-band, obvious peaks and resonances are evident, 
however care must be taken in their interpretation as they may not 

correspond to maxima in the absolute output power of the maser 
(this phenomenon was described in detail in chapter 6). Radiation 

is again produced (within a factor of Z3) across the entire 
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G-band. This suggests that the maser is oscillating (albeit in a 

multimode manner) across the entire band. 

Again no spectroscopic information is contained in this data 

other than the fact that if it is the E. C. M. interaction being 

observed then one would expect the maser to oscillate at and above 
the equivalent cyclotron frequency. 

7.3 Spectroscopic Analysis of the G-Band Output. 

Measurement of the frequency dependent insertion losses has so 

many practical difficulties (the extemely low power produced by 

the G-band calibration source (chapter 3), the complexity of the 

detection technique (used in conjunction with the G-band test 

source), having no G-band power meter or calibrated detector 

available and the difficulties involved fine tuning the G-band 

source), as to render the measurement of the insertion losses of 
the spectrometer impossible with the hard-ware available a 

Strathclyde University. Hence, the frequency dependent insertion 

losses have not been taken into account in the presented frequency 

scans in this section. It is important to state that although the 

frequency dependent insertion losses of the spectrometer have not 
been measured, the frequency throughput versus grating angle 

calibration of the spectrometer has. 

Five spectrometer scans are presented and described below. Each 

scan shows the expected multimode oscillation of the maser and the 

characteristic frequency shift with the magnitude of the 

intra-cavity magnetic field. Marked on each graph are all the 

relevant cut off frequencies of the TEpq modes. 

During all scans the Marx discharge voltage was held constant at 
72kV and the coil#2 magnetic field at . 29T. 

Spectrometer Scans. 

Intra-cavity B-Field=6.21T (E152GHZ), fig. (7.2). 

Broadband oscillation was observed between 1SIGHz and 160GHz 

(i. e. with an oscillating bandwidth, Af=9GHz). Four peaks were 
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observed with the two largest centered at 154. OGHz and 155. IGHz. 

Due to the high losses of the TEIO, 2 and TE7,3 whispering gallery 
modes, it seems that either the TE2,5 or the TEO' S modes, or both, 

were being excited. (A given mode should oscillate at a frequency 

slightly above its cut-off frequency). 

Intra-cavity B-Field=6.67T (E163GHZ), fig. (7.3). 

In this instance the maser oscillated between 162GHz and 176GHz 

(i. e. &f=14GHz). No strong individual resonances are present with 

energy being fed evenly into many of the possible modes at these 

frequencies. This results in the maser acting like a broadband 

amplif ier. 

Intra-cavity B-Field=7.22T (El76GHz), fig. (7.4). 

Broadband oscillation was observed between 177GHz and 186GHz 

(i. e. Af=9GHZ). The detected power in these frequencies was 

significantly lower than in other regions of the G-band, with 
detected signals reduced by a factor of approximately 2. Three 

peaks are evident, 177.6GHz and 179.6GHz corresponding in 

frequency to either the TE9,3, TE17,1* or the TEj, 5 modes and at 
183.3GHz, in close proximity to the oscillating frequency of the 

TEQ, fi mode. 

Intra-cavity B-Field=7.58T (2186GHz), fig. (7.5). 

At this magnetic f ield value radiation was observed between 

185GHz and 198GHZ (i. e. Af=13GHz). A strong resonance was observed 

at 187.7GHZ corresponding in frequency to either the TE13,2 or the 
TE7,1 modes. A broad-band excitation region between 188.3GHz and 
195.6GHz is evident, due to the oscillation of perhaps two 
indistinguishable modes such as the TEjO, 3 and the TES, 5. 
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Intra-cavity B-field=7.81T (F191GHz), 
-fig. 

(7.6). 

Radiation was observed between 189GHz and 202GHZ (i. e. 

, Af=13GHz). No particular resonances are evident and once again we 

observe broad-band gain associated with most of the possible modes 

across this frequency range. This graph does, however, show maser 

oscillation at 200GHz, a significant result in the development of 

the Strathclyde University maser (and for E. C. M. development in 

general). It would seem from the graph that the TE, 1,3 mode is 

oscillating at 200GHz. 

7.4 Analysis and Discussion. 

Although no detailed information on the maser oscillation may be 

obtained from the direct power measurements, they do demomstrate 

clearly that our maser is capable of oscillating at frequencies 

throughout the G-band. Also, as these results were obtained with 
25dB attenuation between the receiving horn and the crystal 
detector, they removed any possibility that the maser output power 
in the G-band coupled with the insensitivity at these frequencies 

of the W-band detectors, would not allow the detection of signals 

through the minimum 25dB insertion lossds of the spectrometer. 

In the previous section a detailed analysis of the maser output 

at each value of the cyclotron frequency was presented. At no 

cyclotron frequency did this suggest single mode oscillation and 
it was only possible to speculate which modes were being excited. 

It also proved impossible to derive information about the 

oscillating linewidth of any one mode. However the overall 
behavior can be seen clearly when all the above spectrometer scans 

are replotted on the same axes, fig. (7.7). The following points 

should be noted. 

The measured gain bandwidth of the E. C. M. varies between 9GHz 

and 14GHZ. To calculate theoretically the gain bandwidth would 
involve the numerical solution of the complex non-linear 

plasma physics equations or the self-consistent numerical 

calculation of the electron trajectories in the presence of 
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the DC electric and magnetic f ields and the RF intra-cavity 

electromagnetic radiation; which is beyond the scope of this 

thesis. However a similar gain bandwidth was observed in both 

the W-band and the G-band. In the G-band the greatly increased 

mode density has resulted in many modes experiencing similar 

gain at each value of the cyclotron frequency. In the W-band 

the inter-mode spacing was greater and low-loss, low-order 

modes could extract energy from the electron beam, suppressing 

adjacent lossy modes. 

2) The frequency shift of the maser with electron cyclotron 
frequency is clearly evident. In each case the oscillation of 
the maser is observed to begin at, or above, the cyclotron 
frequency. This demonstrates the existence of the- majority of 
the gain curve above this frequency. This behaviour is typical 

and indicative of the E. C. M. gain mechanism and is evident at 

all frequencies. 

3) The above two conditions result in an almost continuously 
tunable system. In the W-band the maser was crudely 

step-tunable, however the increased number of modes below the 

gain line curve (in the G-band) ýroduces a system which, by 

comparison, is quasi-continuously tunable. 

4) As stated above one of the main aims of this project was to 

obtain oscillation at 200GHz. As is evident in fig. (7.6) and 
(7-7), this has been achieved. in principle there was no 

reason why the frequency could not have been pushed higher, as 
the magnetic field produced by the main field coil could be 
increased by a further 1T. However as the system was beginning 

to reach its design limits and all stated aims had been 

achieved it was decided not to risk possible damage to, or 
destruction of, the machine. 

5) The two frequency scans, fig. (7-5) and (7.6), overlap in 
frequency and show in detail the effects of a small shift in 

the cyclotron frequency, 5GHz. In moving from an intra-cavity 
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magnetic field of 7.58T to 7.81T, a frequency shift of 4GHz 

was evident. This has the effect of eliminating the resonance 

centered at 197.3GHz. The remaining higher frequency modes 
received more energy, which was then available from the 

electron beam with the increase of fce. There is also a 
corresponding frequency shift of 4GHz at the high frequency 

end of the gain line curve. 

6) Although the spectrometer has been calibrated for frequency 

output (using the incident angle on the grating) and the 

associated bandpass width, it was not possible with the 

apparatus available to calibrate for the frequency dependent 

insertion losses. However this additional piece of information 

would only result in the alteration of the relative height of 

each peak. Hence any frequencies detected by the spectrometer 

must actually be present in the maser output. (No matter how 

large their absolute relative intensities are). 

7) As the output power of the G-band calibration source was 
typically -(. 5mW it was impossible to calibrate the 

thermocouple array as in the W-band. As a result no absolute 

power measurements on the G-band maser output were possible. 
Also as the insertion losses of the spectrometer were unknown, 

no indirect estimates of the maser output could be made. 
Considering fig. (7.1), these results were taken in exactly 

the same way as the equvalent W-band measurements, with 

approximately the same attenuation (25dB) placed between the 

receiving horn and the crystal detector. In this case a more 

sensitive W-band detector was used in the G-band (Flann 137 

with plunger short termination) to that used in the-W-band 
(Flann 135 with load termination). However this detector will 
be correspondingly less sensitive in the G-band. It is 

reasonable therefore to assume that the maser output power is 

still reaching reasonable levels, certainly many kW if not 
10's of kw. 
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7.5 Summary. 

Af ter a comprehensive and self consistent analysis of the W-band 

operation of the maser, the f irst preliminary results in the 

G-band have been presented. Although not designed to be as 

detailed as those previously described they do however clearly 

highlight the following characteristics. 

1) Millimetre-wave production in the G-band. 

2) Expected multimode oscillation. 

3) Existence of finite gain bandwidth. 

4) Shifting frequency of oscillation with cyclotron 

frequency. 

5) The existence of the gain line curve almost wholly above 

the cyclotron frequency. 

6) High power operation. 
7) 200GHz oscillation. 

All of which are self-consistent with, the general E. C. M. gain 

mechanism and with our Mk-6 E. C. M. in particular. 
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CHAPTER -8ý 

SUMMARY AND DISCUSSION. 
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8.1 Introduction. 

The Mk-6 E. C. M., which forms the subject of this thesis, is 

part of an on-going programme of E. C. M. development being 

performed at Strathclyde University. This previous work culminated 

in the Mk-5 E. C. M., which produced single mode oscillation in the 

Ka-band and multi-mode oscillation in the W-band. The previous 

research and development was however almost entirely empirical in 

nature, with no self-consistent analysis used to describe the 

maser oscillation. Hence the Mk-6 E. C. M. development had three 

main aims, 

1) Production of single mode oscillation in the W-band, : IOOGHz. 

2) Production of high frequency, multi-mode oscillation in the 

G-band, : 200GHz. 

3) A completely self-consistent analysis of the maser oscillation. 

As has been demonstrated in the previous chapters all of these 

aims were met in full and will be briefly summarised below. 

8.2 The Intra-Cavity Magnetic Field. 

AS was demonstrated the maser oscillated at a frequency 

determined by the intra-cavity magnetic field. To first order, 

this frequency is given by the cyclotron frequency of the electron 

beam; with a more comprehensive analysis it is possible to show 

that the system should oscillate at a frequency slightly above 

this, and this proved to be the case. 

To gain oscillation up to 200GHz a field coil was designed to 

produce a continuously variable magnetic field up to : 10T. This 

had to be mechanically strengthened to withstand the expected 

mechanical field pressures (up to 260 Atmospheres). The current 

(--20kA) flowing through the coil windings, created heat 

dissipation problems which were overcome by using hollow tube 

windings (suitably cooled). 
The coil was constructed as described in chapter 2 and 

calibrated as described in chapter 4. The coil satisfied all the 
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design aims, producing a maximum magnetic f ield of : 9T when in 

situ on the cavity. The position of the coil was significant due 

to the pulsed nature of the field and the electrical conductivity 

of the cavity walls, the combination of which results in a 

significant (10%) field exclusion. 

The construction and testing of the field coil was essential to 

the work described this thesis, as it permits the successful 

operation of the Mk-6 E. C. M. over all the frequency ranges stated. 

8.3 Cavity Design. 

The- following theoretical considerations were taken into account 
in the design of the Mk-6 maser cavity. 

Resonant frequencies and relative mode spacing with respect to 

the cavity diameter. 

2) Reflection coefficients from the output tapers and the step 
discontinuity, along with mode conversion considerations in the 

output taper. 

3) The ohmic, and diffraction quality factors. 

These considerations allowed the determination of the optimum 

cavity diameter. With the relative mode density increasing with 
frequency the cavity diameter was chosen such that it would allow 
single mode oscillation at 100GHz and multi-mode oscillation at 
200GHz. This is the first time that the items listed under 2) 

above had been quantitatively considered in the work at 
Strathclyde. With the subsequent calculated reflection coefficients 
(-(l% intensity reflection in both cases), the taper angle in the 

output taper was determined to satisfy minimal mode conversion 
and, for the flange taper, to optimise the R. E. B. 's V1. This 
resulted in an oscillating system with high gain, low feed-back 

characteristics and with a low mode conversion output coupler. 
The anode-cathode system was designed to impart the optimum v. L 

to the electron beam. An inherently pulsed field-immersed 
field-emission cold cathode was used. This utilised a two 
electrode configuration, as opposed to the three electrode M. I. G. 
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electron gun used in many other systems (16.17,18). However the 

pulsed nature of the work undertaken at Strathclyde University 

makes the two electrode configuration ideal, with its light 

weight, heaterless construction and high-voltage, high-current 

capability. 

8.4 Diagnostics. 

Along with the complete redesign of the maser, significant 

improvements were also made to the diagnostics. The diagnostics 

were split into two different systems, both housed in separate 

screened rooms. 

E. C. M. Monitoring Diagnostics. 

These fed information to screened room#1 and were monitored by 

an HP9816 personal computer. For the first time the pulse to pulse 

running of the maser was entirely controlled by computer. Via the 

monitoring diagnostics, the computer monitored the charging of the 

respective capacitor banks, the HT diode voltage and the discharge 

currents through both the magnetic field coils. This ensured 

reliable, repeatable operation of the maser. 

mm-Wave Output Diagnostics. 

These were monitored in screened room#2, which had a noise level 

a factor of : 10 less than that in screened roomfl. These 

diagnostics were split into four groups. 

1) Direct power measurements, which were made using an 

uncalibrated detection system. This was used to provide 

preliminary information on the maser output as a function of 
the cavity magnetic field. 

2) Frequency measurements, which were made using a calibrated 
diffraction grating spectrometer. These allowed the 

determinaton of the frequency of oscillation and the frequency 

bandwidth of the maser for any predetermined cavity magnetic 
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f ield. ' 

3) Radiation pattern measurements. Several practical and 

theoretical methods for determining the cavity mode of 

oscillation were considered. The radiation pattern measurements 

were made by scanning a detector across the near-field 

radiation pattern and relating this to the cavity mode of 

oscillation via the theoretically calculated intra-cavity mode 

pattern plots. 
4) Direct absolute power measurements. These were made using a 

calibrated thermocouple array in conjunction with a crystal 

detector. 

All the above mm-wave diagnostics were designed to allow the 

complete determination of the oscillating characteristics of the 

E. C. M. In conjunction with these measurements, for the first time, 

a two detector system was used in both the G-band spectrometer 

measurements and the W-band radiation pattern mesurements. In both 

cases this allowed the removal of the shot-to-shot fluctuations of 

the maser and greatly increased the precision and signal-to-noise 

ratio of the respective diagnostics. 

8.5 Further Improvements to the E. C. M. System. 

Having completely redesigned the E. C. M. and upgraded the control 

and diagnostics systems, two further significant improvements were 

made to the maser. 

1) The cathode magnetic f ield coil. This coil was designed to 

produce a continuously variable magnetic field of up to : 1T at 
the cathode tip. This was included to enhance and optimise the 

electron beam production. 
2) The output window. Due to the high losses and frequency 

dependent absorption of the glass window used previously, a 

completely novel Mylar output window was developed. This had 

no frequency dependent transmission losses and was shown to 
increase the transmitted energy from the system by a factor of 
-10. 
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8.6 Maser Optimisation. 

When keeping the intra-cavity magnetic f ield constant there are 
two important factors which determine the output power of the 

maser; the anode-cathode spacing and the cathode magnetic field. 

1) Anode-cathode spacing. Adjusting La-c from 0 to 20mm increased 

the mm-wave pulse length by a factor of _-4 to --400ns. This 

also resulted in a factor of :2 increase in the maximum output 

power. 
2) Cathode magnetic field. This had a much stronger influence on 

the overall efficiency of the maser, increasing, by a factor 

of _-70, the maximum output power, when the cathode field coil 

was activated. This very large increase in the output power 

was shown to be due entirely to the optimised efficiency of 
the R. E. B. production. 

Both these factors proved to have a very large inf luence on the 

overall efficiency of the E. C. M., which (combined with the 
low-loss, broad passband output window), produced a fully 

optimised system. This optimised E. C. M. was then used to study in 

detail, the maser oscillation in both the W-band and the G-band. 

8.7 W-Band Results. 

A complete and self-consistent analysis of the W-band oscillation 

of the maser is presented in chapter 6. This identified the 
following salient features: 

Single mode oscillation was identified, in the TE03 mode, from 
both the frequency scans and the near-field radiation pattern. 
This mode oscillated at a frequency centred on 95.2GHz. 

2) The system was also shown to be crudely step-tunable, with the 

excitation of modes such as the TE13, at a frequency of 
81.4GHz, and the TE42 mode, at a frequency of 88. OGHz. 
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3) It was also possible to explain the differential excitation of 

the TED3 mode, in preference to the neighbouring TE81, TE42 

and the TE23 modes, in terms of their respective ohmic losses 

and the relative spatial coupling of the measured R. E. B. 

position, combined with the theoretically calculated electric 

field distribution of each individual mode. 

4) The output power was measured at several different 

frequencies, having a maximum of --5OkW at 95.2GHz 

(corresponding to the observed excitation of the TE03 mode). 

8.8 G-Band Results. 

Due to the severe limitations in the calibration equipment 

available at Strathclyde (chapters 3 and 7), a comprehensive 

analysis of the G-band oscillation was not possible. However the 

following characteristics of the maser oscillation in the G-band 

were positively identified. 

1) Multi-mode oscillation was observed, which was entirely 

self-consistent with the increased mode density at those 

frequencies. 

2) The maser was shown to be quasi-continuously tunable, again 

due to the reduced frequency separation of the modes. 

3) 200GHz oscillation was observed. 

This is the first time oscillation at frequencies over 100GHZ 

have been observed at Strathclyde University. 

8.9 Conclusions and Future Work. 

The initial theory described in chapter 1, identified the E. C. M. 

interaction and predicted several important aspects of that 

phenomenon. The E. C. M. interaction was shown, fundamentally, to be 

a mechanism by which energy from free relativistic electrons may 
be coupled to an electromagnetic wave. The description shows how 

the relativistic mass dependence causes electron phase bunching, 

resulting in power conversion from the R. E. B. to the radiation 
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field and a frequency upshift of the resulting radiation with 

respect to the cyclotron frequency of the electrons. The analysis 

was used' predominantly as a basis for this research program, 
however the theory itself, of course, was largely device 

independent. 

It follows that in the production of a practical maser, several 

parameters both- quantitative and qualitative must be taken into 

account. These design criteria are used to describe and determine 

the oscillating characteristics of a particular device and include 

such parameters as: the resonant frequencies of any particular 

cavity, the cavity quality factor, the theoretical, intra-cavity, 

mode-dependent radiation field distribution, the experimental 

measurement of the R. E. B. position in the cavity, the reflection 

coefficients from each end of the cavity and the relative mode 

conversion in the output taper. 

Using these device-dependent parameters and studying practical 

gyrotron development, both at Strathclyde and at many other 

centres around the world, the Mk-6 E. C. M. was developed. The 
design incorporated a novel pulsed electromagnet producing the 

necessary high intra-cavity magnetic field and a two electrode 

system incorporating a field-immersed, field-emission, cold 

cathode. 

The E. C. M. was subsequently optimised by purely empirical means. 
This process involved the addition of a novel Mylar window and the 

adjustment of both the anode-cathode position and the magnetic 
field produced by tuning coil placed arround the cathode. As none 

of the calculations developed above were detailed enough to 

specify optimum magnetic field values at the cathode tip, optimum 

cathode position or optimum R. E. B. position in the cavity, all of 
these parameters were optimised experimentally during the 

development phase. 
Having successfully optimised the system, it was then possible, 

by adjusting the intra-cavity magnetic field, to comprehensively 

study the maser oscillation in the W-band and to produce a 
preliminary study in the G-band. On obtaining these results it 

proved possible to define an entirely self-consistent analysis of 
the maser oscillation in terms of both the plasma theory (which 
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predicted many of the general aspects of the maser behaviour) and 

the device-dependent theory. The latter could be used to explain 

more particular aspects of the maser oscillation, such as the 

differential mode excitation, multi-mode and single-mode 

oscillation, and the step tunability of the cavity. 

An experimental measurement of the cavity quality factor would 

make an important improvement to the above analysis. The values of 

Qg were calculated using an idealised model, and thus any 

consequent, interpretation of the experimental results has 

limitations. The use of Q in explaining the experimental data 

would be strengthened if an experimental measurement of the cavity 

were made. 

This work leads us, in a logical progression, to a 

self-consistent analysis of the E. C. M. interaction, commencing with 

predictions from general theory and then developing a 

device-dependent set of calculations allowing the determination of 

experimental details. The combination of these considerations with 

practical experience gained both at Strathclyde and elsewhere, led 

to the- development, construction and testing of a practical device 

and allowed the explanation of the subsequent results in terms of 

the initial theory and calculations. 

This thesis thus represents the culmination of an important 

stage of E. C. M. development at Strathclyde University. The work 

has now reached a stage where a test system has been developed, 

which has been shown to be capable of producing pulsed, high-power 

mm-waves over a very large frequency range, 75 to 200GHz. This 

general development work creates an ideal situation where the 

experience gained could be used to develop a use-specific E. C. M. 

for any one of the many practical applications which have been 

proposed or implemented elsewhere. 

Having developed the general principles of operation and 

obtained experimental experience, future developments might well 
include: 

1) High average power oscillation for E. C. R. H. This would involve 

the- development of a high average power electron gun and 

suitable heavy-duty heat dissipation processes. With the use 
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of suitable power supplies and electron gun this work would 
build on the cavity design and optimisation work contained in 

this thesis. This work is not entirely suited to a university 

environment however due to the very high average power 

consumption this experiment would generate. 
2) Plasma diagnostics. These usually require a high 6ower which 

may be pulsed. Some diagnostics also require a very narrow 
line width. This second condition may be met with the 

combination of a very well defined cavity coupled with an 

extremely stable intra-cavity magnetic field. Such a device 

would probably incorporate a superconducting magnet producing 

the stable magnetic field. All of the above requirements would 
be a feasible extension and development of the work contained 
in this thesis. 

3) High-power, high-frequency, short-range radar. Again high 

pulsed power and narrow line-width would be essential 

requirements. This work however would also require a very well 
defined beam, hence development work would also be required to 

convert the maser output mode into a well defined Gaussian 

beam. 

4) Further theoretical development. To understand more fully the 

E. C. M. process and to be able -to predict more efficient 

anode-cathode designs, magnetic fi 
* 
eld profiles, cathode tip 

shapes and possible cavity tapers, a more comprehensive 

theoretical description of the maser must be produced. it is 

unlikely that this information will be gained from analytical 

results, instead they will almost certainly come from 

mathematical modelling and computer simulation. This involves 

calculating, via numerical techniques, the relativistic 

electron beam trajectories in the presence of the DC magnetic 
field, the accelerating DC electric field, the high frequency 

RF fields and the varying self-field effects. 

The further developments outlined above are essential in the 

production of a user-specific E. C. M. However the apparatus 
described in this thesis has been an extremely useful test system, 

as it allowed the investigation of all the relevant physics, both 
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theoretical and experimental, while keeping the necessary 

engineering (and power consumption) to a minimum. Having gained 

all the relevant information from this system one is now in a 

position to go on to develop a more sophisticated E. C. M. for a 

particular practical application. 
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APPF? MTX I- 

Table(Al. 1) defines the p-wave and mm-wave frequency bands, with 

their corresponding designations and waveguide dimensions, used 

throughout this thesis. 

Frequency 
Range 

GHz 

Designation 
Internal 

Dimensions 

mm 

8.2 - 12.4 X-Band 23.0 x 10.0 

26.5 - 40 Ka-Band 7.1 x 3.6 

50 - 75 
1 

V-Band 3.8 x 1.9 

75 - 110 W-band 2.4 x 1.3 

140 - 220 G-Band 1.3 x . 65 

Table(Al. 1). Definition of frequency bands. 
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RlDIDl? MnTY 7 

Eqn. (2.11) was used to calculate the reflection coefficients from 

both tapers at either end of the cavity via the following 

technique. 

In each case a linear taper will be used which will have the 

form, 

mz 

Obviously the first derivative will be non-vanishing, 

da 
where m= constant. dz--, 

Hence uI and v 3/2 and eqn. (2.11) becomes, 

jme 
-2jJ. m 

r= --- j2 3/i - ý2 3/2 
(A2.1) 

8 4f a, 
[1-a1- 

a2 2 a2 
Li 

This eqn. may be split into a real and an imaginary part by 

writing the exponential term as the sum of a cosine and sine, 

yielding, 

, \o m Sin(2 i) 
Re (r) =-. 

x2 3/2 
(A2.2) 

8« 
a 

a2 
i 

AD m 
Cos (2j) 1 

Im(r) =--23 (A2.3) 
q( a 21 a, 

ý2 

a2 a2 
10 

To interpret these eqns. the definition of r must be considered. 

In the derivation, r was taken to be the reflected amplitude coeff. 

i. e. 
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(A2.4) 

Where, 

UI(O) = initial wave amplitude at z=O, 

U2(0) = reflected wave amplitude at z=O. 

But 'the only detectable quantity is U. U* (43), multiplying 

eqn. (A2.4) by its complex conjugate yields, 

rr 
u 

(A2.5) 
(0). ui 

Thus r. r* is the detectable intensity reflection coeff. given by, 

rr= Re 
2 (r) + Im 2 (r). (A2.6) 

Hence combining eqns. (A2.2), (A2.3) and (A2.6) it is possible to 

evaluate rr*, the reflected intensity, R. 
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APPENDIX 3. 

The program which was used to generate the electromagnetic f ield 

distribution in a cylindrically symmetric waveguide is listed. Along 

with calculating the f ield distribution of any TEpq and TMpq mode 

in a smooth waveguide, it will also calculate the mode structure of 

any HEpq and EHpq modes, which propagate in a corrugated waveguide. 

The HEjj mode is of particular interest as it has a pure 

Gaussian beam profile. 

The program will run on an HP 9816 personal computer and was 

written in HP Basic. 



20 
30 PROG. rRODUCES PLOTS OF TEnm AND HEnm MODE STRUCTURES 
40 IN A CYLINDRICALLY SYMMEIRIC CIRCULAR WAVE GUIDE 
50 AND CORRUGATED WAVE GUIDE 
60 
70 
so DIM U(20.20), UI(20.20) 
90 SET SIZE OF GRAPH AND EONS. TO BE USED 
100 Mode=l FOR TEom MODES; Mode=2 FOR HEnm MODES; Mode=3 FOR TEnm MODES 
110 MODE =4 FOR TMnm MODES; MODE=5 FOR EHnm MODES 
120 Gratype=2 
130 ! INIT. VARS. AND DRAW GRAPH AXES 
140 Init(U(*), Ul(*), Gratype) 
150 Mode=3 
160 ! SET nm MODES AND AT ANGLE 0 
170 N=O 
180 M=- 
190 Q=O 
200 ! ********* DEF. FREE SPACE WAVELENGTH Lo AND DfAM. A 
210 Lo=2.9979250E+8/6. OE+10 
220 A=. 05 
230 ! SET POWER, P, FLOWING IN WAVEGUIDE 
240 P=l 
250 ! CAL. NORMALIZATION COEF. 
260 Coef=FNCoef(U(*), Ul(*), N, M, Lo. A, Mode. P) 
270 Coef=(Coef/800) 
280 ! ***** DOUBLE INTEGRATION TO TEST NORMALIZATION 
290 GOTO 330 
7>00 GCLEAR 
310 Simpsons-rule(U(*), Ul(*), N, M, Mode, Q, Coef) 
320 STOP 
330 PLOT S OF MODE FIELD 
340 PLOTING (X, Y) AND REFLECTION (-X, Y) 
350 X=. 01 
360 Y=FNMode(U(*), Ul(*), t4, M, X, Mode, Q, Coef, A) 
370 MOVE X, Y 
380 Old. m=0 
390 Oldy=Y 
400 FOR T=I TO 100 
410 X=T/100 
420 Y=FNMode(U(*). Ul(*), t4, M, X, Mode, Q, Coef, A) 
430 PRINT X, Y 
450 DRAW X, Y 
460 MOVE -Oldx, Oldy 
470 DRAW -X, Y 
480 MOVE X, Y 
49CJ Oldx=X 
504) Oldy=Y 
51(. -) NEXT T 
520 END 
530 SUB Init(U(*), Ul(*)-, Gratype) 
540 FOR N=O TO 3 
550 FOR M=l TO 10 
560 READ U(N. M) 
570 NEXT M 
530 NEXT N 
590 DATA 2.40422,5.52007,8.65372,11.7915ýS, 14.93091 
600 DATA 18.07106.21.21163,24.35247,27.49347.30.63460 
610 DATA 3.83171,7.01559.10.17347,13.32369,16.47067, 



620 
630 
640 
650 
660 
67C. ) 
680 
690 
700 
710 
720 
7-30 
740 
750 
760 
770 
780 
790 
Boo 
Slo 
E120 
830 
(340 
E350 
860 
870 
Sao 
890' 
900 
910 
920 
9310 
940 
950 
960 
970 
980 
990 
1000 
1010 
102o 
1030 
1040 
1050 
1060 
1070 
1 oao 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1161, C) 1170 
itsu 
1190 
1200 
1210 

DATA 19.61586,22.760()B. -L5.90367,29-04603.32.18963 
DATA 5.13562,8.41724,11.61984,14.79595,17.95932 
DATA 21.11700,24.27011,27.42057, ZO. 56920,33.71652 
DAtA**6. ZB016,9-76102,13.01520,16.22347.19.4094-- 
DATA 22.58273,25.74817, 'ýýS. 90035,32.06495,35.21067 
FOR N=O TO 0 

FOR M=l To 10 
READ Ul(N, M) 

NEXT M 
NEXT N 
DATA 3.83171,7.01559,10.17347,13.32369,16.47063 
DATA 19.61586,22.76008,25.90367,29.04633,32.18968 
DATA 1.84118,5.3314418.53632,11.70600,14.86359 
DATA 18.01553,21.16437,24.31133, --7.45705,30.60192 
DATA 3.05424,6.70613,9.96947.13.17057,16.34752' 
DATA 19.51291,22.67153,25.82604,28.97767,32.12733 
DATA 4.20119,8.01524,11.34592,14.58585,17.78875 
DATA 20.97248,24.14490,27.31006,30.47027,33.62695 
DATA 5.31755,9.28240,12.68191,15.96411,19.19603 
DATA 22.40103,25.58976,28.76784,31.93854,35.10392 
DATA 6.41562,10.51936,13.98719,17.312a4, ý10.57551 

DATA 23.8035a, 27.01031,30.20285,33.38544,36.5607E3 
DATA 7.50127,11.73494,15.26818,18.63744,21.93172 
DATA 25.18393,28.40978,31.61783,34.81339,37.99964 
DATA 8.57784,12.93239,16.52937,19.94185,23.26805 
DATA 26.54503,29.79075,33.01518,36.2243B, 39.42227 
DATA 9.64742,14.11552,17.77401,21.22906,24.58720 
DATA 27.88927,31.15533,34.39663,37.62008,40.83018 
Ul(1,6)=10.0155 
UI(15, t)=17.0203 
Ul(16,1)=18.0633 
UI(17,1)=19.1045 
Ul(6,4)=18.6374 
U(6,4)=20 
UI(12,2)=18.7451 
Ul(1.7)=21.16437 
UI(Z,, 6)=20.97248 
Ul(10,4)=23.7607 
UI(0,7)=22.76008 
UI(4,4)=15.96411 
Ul(4,5)=19.19603 
UI(6.2)=11.73494 
UI(6,3)=15.26818 
UI(6.1)=7.50127 
UI(9,3)=19.0046 
GINIT 
GRAPHICS ON 
**** DRAWS GRAPH AXES CORRESPONDING TO VAR. GRATYPE 
Graph(Gratype) 

SUBEND 
! FN. RETURNS Jn(X) N=ORDER, MUST BE INTEGER 
DEF FNJn(N, X) 

REAL R 
J=O 
Jold=O 
R=O 
REPEAT 

Jold=J 
J=J+(-X*X/4)-P, /(FI'4Fact(R)*FNFact(R+N)) 
R=R+1 



1220 UNTIL ABS(J-Jold)<. 00001 
1230 RETURN (-5*X)-N*J 
1240 FNEND- 

. 
1250 ! FN. RETURNS X! 
1260 DEF FNFact(Xi 
1270 REAL Y, Z 
12130 Z=l 
1290 FOR Y=l TO X 
lzo(: ) Z=Z*Y 
1310 NEXT Y 
1320 RETURN Z 
1330 FNEND 
1340 ! FN EVALUATES S (R, THEETA) 
1350 ! Mode=I: FCR TEom, Mode=2: FOR HEnm, Mode=3: FOR TEnm 
1360 ! MODE=4: FOR TMnm, MODE=5: FOR EHnm 
1370 DEF FNMode(U(*), Ul(*), N, M, X, Mode, Q, Coef, A) 
1380 SELECT Mode 
1390 CASE 1 
1400 RETURN (FNJn(I, X*U(O, M)))-2 
1410 CASE 2 
1420 Temp=FNJn(N-I, X*U(N-1, M)) 
1430 Eq=(Temp*COS(Q))-2 
1440 Er=(Temp*SIN(D))-2 
1450 RETURN (Eq+Er)*Coef 
1460 CASE 3 
1470 Eq=(FNJnd(N, X*UI(N, M))*COS(N*Q))-2 
14130 ! N. B. X=R/A 
1490 Er=((FNJn(N, X*UI(N, M))*SIN(N*Q))*N/(X*Ul(N, M)))-2 
1500 PRINT Eq, Er 
1510 RETURN Coef*(Eq+Er) 
1520 CASE 4 
1530 Er=(FNJnd(N, X*U(N, M))*COS(N*Q))-2 
1540 Eq=((FNJn(N, X*U(N, M))*SIN(N*Q))*N/(X*U(N, M)))^2 
1550 RETURN Coef*(Er+Eq) 
1560 CASE 5 
1570 Temp=FNJn(N+I, U(N+I, M)*X)-2 
1580 RETURN Coef*Temp 
1590 END SELECT 
1600 FNEND 
1610 ! SUB DRAWS AXES 
16-20 SUB Graph(Gratype) 
167,50 GRAPHICS ON 
164(. ') GINIT 
1650 SELECT Gratype 
1660 CASE 1 
1670 WINDOW -1.2.1.2, -. 4,2 
168C) AXES . 1,. 2 
1690 FOR X=2 TO 10 STEP 2 
1700 MOVE X/10-. l. -. 15 
1710 LABEL X110 
1720 MOVE -X/10-. 08, -. 15 
1730 LABEL-X/10 
174(. ') NEXT X 
1750 FOR Y=2 TO 20 STEP 2 
1760 MOVE -. 3. Y/10-. 1 
1770 LABEL Y/10 
1780 NEXT Y 
1790 MOVE 1, -. 26 
1800 LABEL "R/Ro" 
181c) MOVE -. 5.1.9 



1820 LABEL "E^2" 
18: 30 CASE 2 
1840 WINDOW -1.2,1.2, -. 8.4 
1850 AXES . 1.. 5 
1860 FOR X=2 TO 10 STEP 2 
1870 MOVE X/10-. l, -. 7, 
IE380 LABEL X/10 
1890 MOVE -X/10-. 08, -. 3 
1900 LABEL-X/10 
1910 NEXT X 
1920 FOR Y=5 TO 40 STEP 5 
1930 MOVE -. 25, Y/10-. 2 
1940 LABEL Y/10 
1950 NEXT Y 
1960 MOVE 1, -. 5 
1970 LABEL "R/Ro" 
1980 MOVE -. 45,3.75 
1990 LABEL "'S"' 
2000 END SELECT 
2010 SUBEND 
2020 ! FN RETURNS Jn'(X) N=ORDER, MUST BE INTEGER 
2030 DEF FNJnd(N, X) 
2040 REAL R 
2050 J=O 
2060 Jold=O 
2070 R=O 
2080 REPEAT 
2090 Jold=J 
2100 J=J+(-I)-R*(N+2*R)*X-(N+2*R-I)/(2-(N+2*R)*FNFact(R)*FNFact(N+R)) 
2110 R=R+l 
2120 UNTIL ABS(J-Jold)<. 00001 AND R>l 
2130 RETURN J 
2140 FNEND 
2150 ! *** SUBRUTINE PERFORMS DOUBLE INTEGRAL TO TEST NORMALIZATION 
2160 SUB Simpsons-rule(U(*), Ul(*), Nl, M, Mode, QgCoef) 
2170 ! ******** FIRST INTEGRATION IS ALONG R SECOND 0 
2180 RAD 
2190 N=10 
2200 A I=. 0001 
2210 B=l 
2220 H=(B-Al)/N 
223,0 X=B 
2240 Yn=FNSimpsons-rule2(U(*), Ul(*)INI, M, X, Mode, Coef) 
2250 X=Al 
2260 Yo=FNSimpsons-rule2(U(*), Ul(*), NI, M, X, Mode, Coef) 
2270 Igl=o 
2230 Cnt=l 
2290 FOR T=O TO N-2 
23oO X=X+H 
2310 PRINT X 
2320 Y=FNSimpsons 

- rule2(U(*), Ul(*), NI, M, X, Mode, Coef) 
2330 IF Cnt=l THEN 
23-40 Cnt=Cnt-1 
2Z50 Iql=lgl+4*Y 
2360 ELSE 
2370 Cnt=Cnt+l 
2Z-700 lql=Iql+2*Y 
2: ' 90 END IF 
24(-)0 NEXT T 
2414. ý Inteqral=H/3*(Iql+Yo+Yn) 



24220 PRINT Intpqral 
2434) SUBEND 
2440 DEF FNSimpsons-rule2(U(*), Ul(*). NI, M, X, Mode, Coef) 
2450 RAD 
2460 N=20 
2470 AI=(j 
2480 B=PI/2 
2490 H=(B-Al)/N 
2500 Q=B 
2510 Yn=FNMode(U(*), Ul(*), NI, M, X, Mode, Q, Coef, A)*X 
2520 Q=AI 
2530 Yo=FNMode(U(*), Ul(*), NI, M, X, Mode, Q, Coef, A)*X 
2540 IgI=o 
2550 Cnt=l 
2560 FOR T=O TO N-2 
2570 11=0+H 
2580 PRINT 0 
2590 Y=FNMode(U(*), Ul(*), Nl, M, X, Mode, Q, Coef, A)*X 
2600 PRINT Nl, M, X, Q 
2610 IF Cnt=l THEN 
2620 Cnt=Cnt-1 
2630 Igl=Igl+4*Y 
2640 ELSE 
2650 Cnt=Cnt+l 
2660 Igl=lgl+2*Y 
2670 END IF 
2680 NEXT T 
2690 Integral=H/3*(Igl+Yo+Yn) 
2700 RETURN Integral*4 
2710 FNEND 
2720 DEF FNCoef(U(*), Ul(*), N, M, Lo, A, Mode, P) 
2730 EVAL. NORMALIZATION COEF. 
2740 IF Mode=3 AND N<>O THEN 
2750 Coef=4*P/(A*A*PI*FNJn(N, UI(N, M))^2*(I-(N*N)/(Ul(N, M)*UI(N, M)))) 
2760 ELSE 
2770 IF Mode=3 AND N=O THEN 
2780 Coef=2*P/(A*A*PI*FNJn(N, Ul(N, M))^2) 
2790 END IF 
2800 END IF 
21310 IF Mode=4 AND N=O THEN Two=2 
2820 IF Mode=4 AND N<>O THEN Two=4 
2830 IF Mode=4 THEN 
2S40 Coef=Two*P/(A*A*PI*FNJnd(NIU(NgM))ý2) 
21350 END IF 
2860 IF Mode=2 THEN Coef=2*P/(A*A*PI*FNJnd(N-1, U(N-1, M))ý2) 
2870 IF Mode=5 THEN Coef=2*P/(A*A*PI*FNJnd(N+1, U(N+I, M))^2) 
2830 RETURN Coef 
2890 MEND 
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APPEMTX 

The following program listing will produce the far-field 

radiation pattern plots of the TEpq, TMpq,, HEpq and the EHpq modes. 

The program was written in HP Basic and will run on an HP 9816 

personal computer. 



10 
20 
30 PROG. PLOTS THE FAR FIELD RADIATION PATTERNS OF THE 
40 TEnm, TMnm, HEnm, EHnm MODES FROM AN OPEN ENDED 
50 CIRCULAR WAVEGUIDE 
6o 
70 
SO DEG 
90 ! **** INITIALISE ALL VARIABLES AND ARRAYS 
100 DIM U(10,10), Ul(10,10), Ymax(8,10,10) 
110 Gratype=2 
120 Init(U(*), Ul(*), Gratype, Ymax(*)) 
130 Mode, N, M DECIDES WHICH MODES TO CALCULATEiTHE FAR FIELD PATTERN 
140 Mode=l FOR TMnm MODES , Mode=2 FOR TEnm MODES 
150 DIFF. METHOD I Mode=3 FOR HEnm MODES Mode=4 FOR EHnm MODES 
160 DIFF. METHOD 2 Mode=5 FOR HEnm MODES Mode=6 FOR EHnm MODES 
170 F. T. METHOD 3 Mode=7 FOR HEnm MODES 
ISO Mode=2 
190 N=I 
200 M=3 
210 ! ****** PHYSICAL PARAMETERS OF WAVEGUIDE AND E/M WAVES 
220 R=. 58 
230 Thy=90 
240 Lo=2.9979250E+8/6. OE+10 
250 A=. 0325 
260 Ka=18.62 
270 K=Ka/A 
280 Bnmk=SQR(1-(U(N, M)/Ka)^2) 
290 Gamma=. 05 
300 W=2*PI*6. OE+10 
310 ! ********* POWER P IN MODE 
320 P=I 
330 ! *** DOUBLE INTEGRATION TO EVALUATE NORMALIZATION COEF. 
340 GOTO 380 
350 OCLEAR 
360 Simpsons-rule(U(*), Ul(*), N, M, Mode, R, Coef) 
370 STOP 
380 PLOT S OF MODE FIELD 
390 PLOTING (X, Y) AND ITS REFLECTION (-X, Y) 
400 X=. 000000001 
410 Y=FNMode(U(*), Ul(*)INIM, X, Mode, R, Thy, CoeflAll'ýa, K, Gamma, Bnmk, W) 
420 PRINT X, Y 
430 Y=10*LGT(Y/Ymax(Mode, N, M)) 
440 IF Y<-AO THEN Y=-40 
450 MOVE X, Y 
460 Oldx=. 000000001 
470 Oldy=Y 
480 FOR X=I TO 90 
490 Y=FNMode(U(*), Ul(*), N, M, X, Mode, R, ThygCoefgAlKa, K, Gamma, Dnmk, W) 
500 PRINT X, Y 
510 Plot(X, Y, Oldx, Oldy, Gratype, Ymax(*), Mode, N, M) 
520 NEXT X 
530 END 
540 SUB Init(U(*), Ul(*), Gratype, Yma., 4(*)) 
550 FOR N=O TO 3 
560 FOR M=I TO 10 
570 READ U(N, M) 
580 NEXT M 
590 NEXT N 
6oO DATA 2.40482.5.52007,8.65372,11.79157,14.93091 



610 DATA 10.07106.21-21163,24.35247,27.49347,30.6346() 
620 DATA 3.83171.7.01559,10.17347,13. '-2369,16.47063 
6--0 DATA 19.61536,22.76OOE3925.90367,29.04603,32.18969 
640 DATA 5.13562,8.41724,11.61984,14.79595,17.95932 
650 DATA 21.11700.24.27011,27.42057930.56920,33.71652 
660 DATA 6.30(: )16,9.76102,13.. 01520,16.22347,19.40942 
670 DATA 22.50273,25.74817,28.9C, 335,32.064a5, Z5.21867 
630 FOR N=O TO 3 
690 FOR M=l TO 10 
700 READ UI(N, M) 
710 NEXT tl 
720 NEXT N 
730 DATA 3.83171,7.01559,10.17347,13.32369,16.47063 
740 DATA 19.61586,22.76003,25.90367,29.04683,32.18968 
750 DATA 1.84118,5.33144,8.53632,11.70600,14.86359 
760 DATA 18.01553,21.16437,24.31133,27.45705,30.6019-- 
770 DATA 3.05424,6.70613,9.96947,13.17037,16.34752 
780 DATA 19.51291,22.6715e, 25.82604928.97767,32.12733 
790 DATA 4.20119,8.01524,11.34592,14.58585,17.7887.5 
600 DATA 20.97248,24.14490,27.31006,30.47027,33.62695 
Glo Ul(0,5)=16.4706 
820 UI(7,3)=16.5294 
830 tJI(15,1)=17.0203 
840 Ul(5,4)=17.3128 
E350 UI(11,2)=17.6003 
660 Ul(a, 3)=17.7740 
870 UI(3,5)=17.7Ba7 
880 UI(1,6)=18.0155 
890 UI(16,1)=18.0633 
900 UI(6,4)=18.6374 
910 Ul(12,2)=18.7451 
920 Ul(9,3)=19.0046 
930 UI(17,1)=19.1045 
940 UI(4,5)=19.1960 
950 UI(2,6)=19.5129 
960 Ul(0,6)=19.6159 
970 UI(13,2)=19.8832 
980 UI(7,4)=19.9419 
990 UI(18,1)=20.1441 
IC)0(7i Ul(10,3)=20.2230 
1010 Ul(5,5)=20.5755 
1020 UI(3,6)=20.9725 
lo-Lo UI(14,2)=21.0154 
1040 UI(1,7)=21.1644 
1050 UI(19,1)=21.1023 
1060 UI(3,4)=21.2291 
1070 UI(11,3)=21.4309 
1080 UI(6,5)=21.9317 
1090 UI(15,2)=22.1422 
1100 ! *** SET Ymax(Mode. N, M) FOR dB SCALE 10*LOG(Y/Yiriax) 
1110 'Y(nax(1,0,1)=153866 
1120 Ymax(1,0,2)=139582 
117-0 Ymax(2,0,2)=S. E+24 
1140 Y(nax(2,1,0)=1.85B38E+23 
1150 Ymax(2,1,2)=S. E+24 
1160 YmAx(2,0,6)=S. E+24 
1170 Ymax(2,1.3)=7. E+24 
1100 Yffoax (3,1,1) 0755165 
1190 Ymax (: 3,1.2) 001 16M54 
1200 Ymax (3,1,3) 000 158506.2 



1210 Ymax(3, '1,4)=4.0124E379E-5 
1220 Yma,,: (3,3, I)=. 0000514011 
1-230 Yma:: (4,1,1)=. 00266109 
1240 Ymax(4,1,2)'=. 000338572 
1250 Ymax(4,1,3)=8. --'2'064E-5 
1260 Yma--: (4,1,4)=2.60980lE-5 
1270 Ymax(5,1,1)=. 03573377 
1230 Yfi. ax (5,1,2) =. 002282756 
1290 Ymax(5,1,3)=. 00008503 
1300 Ymax, (6.1,1)=. 00568824 
1310 Y(nax(6,1,2)=. 0018()4055 
1320 Ymax(7,1,1)=Iol3l., -:, 4 
13710 Ymax(7,1,2)=826.0244 
1340 GINIT 
1350 GRAPHICS ON 
1: 560 ! ********* DRAW GRAPH ACCORDING TO Gratype 

1370 Graph(Gratype) 
17>80 SUBEND 
1390 ! FN. RETURNS Jn(X) N=ORDER, MPST 81ý'-INTEGER 

1400 DEF FNJn(N, X) 
1410 REAL R 
1420 J=O 
14-50 Jold=0 
1440 R=O 
1450 REPEAT 
1460 Jold=J 
1470 J=J+(-X*X/4)-R/(FNFact(R)*FNFact(R+N)) 
1480 R=R+i 
1490 UNTIL ABS(J-Jold)<. 00001 
1500 RETURN (. 5*X)-N*J 
1510 FNEND 
1520 ! FN. RETURNS X! 
1530 DEF FNFact(X) 
1540 REAL Y, Z 
1550 Z=l 
1560 FOR Y=l TO X 
1570 Z=Z*Y 
1580 NEXT Y 
1590 RETURN Z 
1600 FNEND 
1610 ! FN EVALUATES Enm(X, Y) 

1620 DEF FNMode(U(*), Ul(*)lt4, MgQ, ModegRvThy, Coef, A, Ka, K, Gamma, Bnmk, W) 

1630 ! *** Mode=l TMnm, Mode=2 TEnm, Mode=Z HEnm, Mode=4 EHnm, Mode=5 HEnm 

1640 1 Mode=6 EHnm, Mode=7 HEnm 

1650 SELECT Mode 
1660 CASE 1 
1670 Fq= (U (N, M) ) /A* (Bnmt. -. +COS (0) +Gamma* (Bnmk-COS (0) *FNJn (N, Ka*S IN (Q) *FNjn 
d(N, U(N, M))/(SIN(Q)*(I-(U(N, M)/(Ka*SIN(Q)))-2)) 
1680 Eq=(Ka*Fq*COS(N*Thy)*SIN(K*R)/(2*R))-2 
16? 0 RETURN Eq 
1700 CASE 2 
1710 Fq=(l+Dnmtý*COS(Q)+Gamma*(I-Bnmtc*COS(Q)))*FNJn(N, Ul(N, M))*FNJn(N, KafSIN 

(0) ) /S IN (Q) 
17,20 Sfq=(Bnmt.,. +COS(Q)-Gamma*(Bnmt%-COS(Q)))*FNJn(N, UI(N, M))*FNJnd(N, Ka*SIN(O 

))/(I-(ra*SIN(Q)/UI(N. M))-2) 
17ZýO Eq=t4*W/(ý-*R)*Fq*SIt4(N*Thy)*SIN(K*R) 
1740 Ethy=l: 'a*W/(2*R)*Sfq*COS(N*Thy)*SIN(KfR) 
1750 RETURN Eq"2+Ethy-2 
1760 CASE Z 
1770 0 METHOD I 



1780 Ui=Ka*SIN(O) 
1790 Lq=FNJn(N, Ui)*FNJn(N, U(N-1, M))/(UimU(N-1, M)) 
t8oo Qq"-(U(N-t. M)*FNJnd(N, Ui)*FNJn(N, U(N-1, M))-Ui*FNJn(N, Ui)*FNJnd(N, U(N-1. 
M)))/(U(N-1, M)----Ui-2) 
1810 EI=Ka-2*A/(2*U(N-1, M)*R)*SIN(K*R)*(I+COS(Q))*(Lq+Qq) 
1820 RETURN El-2 
1030 CASE 4 
1640 Ui=Ka*SIN(Q) 
IC350 Lq=Ft4Jn(N, Ui)*FNJn(N, U(N+I, M))/(Ui*U(N+I, M)) 
1860 Qq=(U(N+1, M)*FNJnd(N, Ui)*FNJn(N, U(N+I, M))-Ui*FNJn(N, Ui)*FNJnd(N, U(N+I, 
M)))/(U(N+1, M)-2-Ui-2) 
1870 EI=Ka^2*A/(2*U(N+I, M)*R)*SIN(K*R)*(I+COS(Q))*(Qq-Lq) 
1880 RETURN 2*EI-2 
1890 CASE =5 
1900 ! METHOD 2 DIFF 
1910 Ui=Ka*SIN(Q) 
1920 Wq=(Ui*FNJn(N-1*U(N-1, M))*FNJn(N, Ui)-U(N-1, M)*FNJn(N-I, Ui)*FNJn(N, U(N- 
1, M)))/(Ui^2-U(N-1, M)-2) 
1930 Ex=COS(Q)*SIN(K*R)*Wq 
1940 RETURN Ex-2 
1950 CASE 6 
1960 Ui=Ka*SIN(Q) 
1970 Wq=(Ui*FNJn(N+I, U(N+1, M))*FNJn(N, Ui)-U(N+I, M)*FNJn(N+1, Ui)*FNJn(N, U(N+ 
1, M)))/(Ui-2-U(N+I, M)-2) 
1980 Ex=COS(Q)*SIN(K*R)*Wq 
1990 RETURN 2*Ex-2 
2000 CASE 7 
-010 METHOD 3 F. T. 
2020 Ui=Ka*SIN(Q) 
207>0 Lq=FNJn(N, Ui)*FNJn(N, U(N-1, M))/(Ui*U(N-1, M))* 
2040 Qq=(U(N-1, M)*FNJnd(N, Ui)*FNJn(N, U(N-1, M))-Ui*FNJn(N, Ui)*FNJnd(N, U(N-1, 
M)))/(U(N-1, M)^2-Ui'ý'2) 
2050 Eq=SIN(K*R)*CDS(N*Thy)*(Lq*(K+COS(Q))+Qq*(K*COS((2)+I)) 
2060 RETURN 2*Eq^2 
2070 END SELECT 
2080 FNEND 
2070 ! SUB DRAWS AXES 
2100 SUB Graph(Gratype) 
21ýO GRAPHICS ON 
2120 GINIT 
21--0 SELECT Gratype 
214() CASE 1 
2150 WINDOW -90,90,0,150000 
2160 AXES 10,10000 
2170 FOR X=2 TO 10 STEP 2 
2180 MOVE X/10-. I, -. 15 
2190 LABEL X/10 
2200 MOVE -X/10-. 08, -. 15 
2210 LABEL-X/10 
2220 NEXT X 
-230 FOR Y=2 TO 20 STEP 2 
224(. ') MOVE: -. 3, Y/10-. 1 
2250 LABEL Y/10 
2260 NEXT Y 
2270 MOVE 1. -. 2& 
22-30 LAREL "R/Ro" 
22-70 MOVE -. 5.1.9 
2300 LABEL "E-2" 
2310 CASE 2 
2320 WINDOW -9(), 90, -47,0 



2330 AXES 10,5,0, -40 
2340 FOR X=10 TO 90 STEP 20 
2350 MOVE X-12. -44 
2360 LADEL*X 
2370 MOVE -X-4. -44 
2300 LABEL-X 
2390 NEXT X 
2400 FOR Y=O TO -35 STEP -5 
2410 MOVE -15, Y-2 
2420 LABEL Y 
2430 NEXT Y 
2440 MOVE 70. -46 
2450 LABEL "Q/DEG" 
2460 MOVE --'0, -2 
2470 LABEL "dB" 
2480 END SELECT 
2490 SUBEND 
2500 ! FN RETURNS Jn'(X) N=ORDER, MUST BE INTEGER 
2510 DEF FNJnd(N, X) 
2520 REAL R 
2530 J=O 
2540 Jold=O 
2550 R=O. 
2560 , REPEAT 
2570 Jold=J 
2580 J=J+(-I)^R*(N+2*R)*X-(N+2*R-I)/(2-(N+2*R)*FNFact(R)*FNFact(N+R)) 
2590 R=R+l 
2600 UNTIL ABS(J-Jold)<. 00001 AND R>1 
2610 RETURN J 
2620 FNEND 
2630 SUB Simpsons-rule(U(*), Ul(*), NI, M, Mode, Q, Coef) 

2640 RAD 
2650 N=10 
2660 Al=. 0001 
2670 B=1 
2630 H=(B-Al)/N 
"690 X=B 
2700 Yn=FNSimpsons-rule2(U(*), Ul(*), Nl, M, X. Mode, Coef) 
2710 X=A1 
2720 Yo=FNSimpsons-rule2(U(*), Ul(*), NI " M, X, Mode, Coef) 
-730 Igl=o 

ý740 Cnt=l 
2750 FOR T=O TO N-2 
2760 X=X+H 
2770 PRINT X 
2780 Y=FNSimpsons 

- rule2(U(*), Ul(*), NI, M, X, Mode, Coef) 
2790 IF Cnt=l THEN 
2800 Cnt=Cnt-I 
2310 lgl=Igl+4*Y 
282-0 ELSE 
2830 Cnt=Cnt+l 
2340 lql=Iql+2*Y 
2850 END IF 
2860 NEXT T 
2370 Integral=H/3*(Ial+Yo+Yn) 
2880 PRINT Integral 
2090 SUBEND 
2900 DEF FNSimpsons-rule2(U(#), Ul(*), tJI, M, X, Mode, Coef) 
2910 RAD 



2930 AI =0 
2940 B=PI/2 
2950 H=(B-Al)/N 
2960 Q=B , 
2970 Yn=FNMode(U(*). Ul(*), Nl, M, X, Mode, Q, Coef)*X 
2980 Q=AI 
2990 Yo=FNMode(U(*), IJ1(*), t4l, M, X, Mode, (2, Coef)*X 

Igl=o 
1010 Cnt=l 

3020 FOR T=O TO N-2 
3030 Q=Q+H 
3040 PRINT 0 
Z5050 Y=FNMode(U(*), Ul(*), Nl, M, X, Mode, Q, Coef)*X 
3060 PRINT NI, M, X, Q 
3070 IF Cnt=l THEN 
3080 Cnt=Cnt-I 
3090 lgl=lgl+4*Y 
3100 ELSE 
3110 Cnt=Cnt+l 
3120 lgl=lgl+2*Y 
3130 END IF 
3140 NEXT T 
3150 Integral=H/3*(Igl+Yo+Yn) 
3160 RETURN Integral*4 
3170 FNEND 
3180 SUB Plot(X, Y, Cldx, Oldy, Gratype, Ymax(*), Mode, N, M) 
3190 SELECT Gratype 
3200 CASE 1 
3210 DRAW X, Y 
3220 PRINT X, Y 
3230 MOVE -Oldx, Cldy 
: 5240 DRAW -X, Y 
3250 MOVE X, Y 
-260 Oldx=X 
3270 Oldy=Y 
3280 CASE 2 
3290 Y=10*LGT(Y/Ymax(Mode, N, M)) 
3300 IF Y<-40 THEN Y=-40 
3310 DRAW X, Y 
3320 MOVE -Oldx, Oldy 
3330 DRAW -X, Y 
=40 MOVE X, Y 
3350 Oldx=X 
3360 Oldy=Y 
-370 END SELECT 
3380 SUDEND 
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APPENDIX 

The following experimental methods were tested in an attempt to 

measure, from a single pulse, the radiation intensity distribution 

across the output window 

1) Liquid Crystal Sheet. 

A heat sensitive liquid crystal sheet was calibrated for minimum 

energy required to detect a colour change in the crystal. The mode 

pattern of the maser will result in localised heating, producing a 

visible image of the mode pattern. This image will not be 

permanent; through heat dissipation, the temperature of the crystal 

will quickly reach a uniform distribution. 

A sheet of liquid crystal approximately 1Ox3Ocm was tested using 

the B. W. O. The mm-wave output was shone on to the liquid crystal. 

An energy density of : 25Mj/CM2 incident on the liquid crystal sheet 

was required before a colour change became evident. 

2) Infra Red Camera. 

In this instance the camera was focused on a film of mm-wave 

absorbing paint mounted on cling wrap polythene. Again a radiation 

pattern falling on the film will cause differential heating, 

corresponding to the radiation intensity distribution. The I/R 

camera will then produce a thermal image of this heat distribution 

on the monitor. 

Again this system was calibrated using the B. W. O. and resulted in 

an image being visible on the monitor with an incident energy 

density of ý25mJ/=2. 
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ELECTRON CYCLOTRON MASER USING A PULSED RELATIVISTIC 

ELECTRON BEAM 

A. D. R. Phelps, A. Z. Maatug and S. N. Spark 

Department of Physics and Applied Physics 
University of Strathclyde 
Glasgow G4 ONG, Scotland 

ABSTRACT 

Measurements of high power millimetre-wave radiation from a pulsed 

electron cyclotron maser operating in the 75-110 GHz frequency range are 

reported. A mildly relativistic electron beam excites the electron 

cyclotron maser. The annular electron beam is extracted from a 

cylindrical cold cathode and propagates through a pulsed magnetic field 

of up to 4 T. The beam current In these experiments has been varied from 

5A to 1.25 kA. The pulse duration of the millimetre-wave emission is 

typically a few hundred ns and corresponds to the time for which 

energetic electrons are present. Gap closure within the accelerating 
diode limits the pulse duration. 

The millimetre-wave radiation is produced within a highly overmoded 

cavity. An echelette grating spectromet. er has been used to measure the 
frequency spectra. Far-field radiation patterns have also been measured. 
The ability to tune the emission frequency by varying the magnetic field 
has been successfully demonstrated. 

The electron cyclotron maser in its performance at the longer 

wavelength end of the electromagnetic spectrum complements the short and 
medium wavelength free electron laser., It appears that the electron beam 

requirements for successful electron cyclotron maser operation are less 

stringent than those of the free electron laser. 

INTRODUCTION 

The electron cyclotron maser instability can occur when a beam of 
relativistic electrons having a high transverse energy passes through a 
magnetic field region. In devices which exploit this instability it is 
usual for the electron beam/magnetic field interaction region to be 
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located within a resonant cavity of some kind. This can be either a 

microwave cavity resonator or a quasi-optical maser cavity. The 

operating frequency of the device lies near to the electron cyclotron 
frequency or one of Its harmonics. The electron beam cyclotron mode 
(Allen and Phelps, 1977) has the characteristic equation 

w-kv // - SQ .0 (1) 

where v // is the axial velocity of the electron beam, s is the cyclotron 
harmonic number and 9C is the relativistically correct cyclotron 
frequency 

Q eB (2) 

There is coupling between the fast wave represented by Eq. (1) and 
the waveguide electromagnetic mode, which is also fast and is represented 
by 

6? -2c2_w2. Z Co 

where w, is the cutoff frequency for the particular electromagnetic 
co 

mode. 

In the case of a single cavity 

z 
k (4) 

where q is the axial eigenmode number and so Eqs. (1) and (3) become 

q irv seB 
+- YM 

and 

w q2n2c2 + (ýo 
)1/2 

Z2 c 

Equation (6) is the resonance frequency of the cavity for the particular 

electromagnetic mode and determines to first order the frequency at vhich 

interaction occurs. 

With a given cavity, as the frequency of the electron cyclotron mode 
is varied, by varying the magnitude of the magnetic field B, as described 
by Eq. (5), it is possible to excite in turn each particular electro- 
magnetic mode of the cavity. Each mode has its characteristics value of 
w determined by the transverse dimensions of the cavity and by the co 
characteristic structure of that particular mode. 
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Cyclotron resonance devices have been reviewed by Symons and Jory 

(Symons and Jory, 1981) and an interesting comparison of the different 

models used to describe gyrotrons has been published by Lindsay (Lindsay, 

1981). 

This research at Strathclyde University started in 1978, the first 

emissions being measured in 1981. The results from these early 

experiments were concentrated in the 8-12 GHz range (Garvey, 1983; Phelps 

and Garvey, 1983). A magnetically-shielded diode was used to accelerate 

the electron beam in the first experiments, whereas in a second series of 

experiments a magnetic-field-immersed diode was used (Phelps et al., 

1984; Phelps et al., 1984). Several configurations were constructed and 

operated (Hasaant, 1986). The MkV electron cyclotron maser used a higher 

magnetic field of up to 1.6 T and successfully operated in the 26.5-40 

GHz range. In the experiments reported here the magnetic field has been 

further increased to a maximum of 4T to provide emission in the 75-110 

GHz range. 

EXPERIMENTS 

A schematic diagram of the experiment is shown In Fig. 1. The Marx 

bank was designed and constructed as part of the experiment. It consists 

of ten 0.5 vF low inductance capacitors charged In positive and negative 

polarity pairs resulting in only five spark gaps being needed. The 

lowest two spark gaps are electrically triggered to enable the electron 
beam pulse to be precisely timed with respect to the peak of the much 

longer magnetic field pulse. In this way the electron beam interacts 

with a quasistatic magnetic field of known magnitude. In these 

experiments the capacitors are normally charged within the range 15-35 kV 

to obtain a mildly relativistic electron beam. The potential difference 

applied to the accelerator diode is mo 
* 
nitored with a voltage divider and 

the beam current is measured using a Rogowski loop. The magnitude of the 

magnetic field has been calibrated using a standard magnetic coil probe. 

The millimetre-wave cavity used in the these experiments is made 

using 23 mm internal diameter stainless steel tubing with a constriction 

which provides partial wave reflection at the cathode end. There Is a 

small but calculable and measurable screening effect of the cavity on the 

relatively slowly varying magnetic field as it penetrates the wall of the 

cavity. 

Three methods have been used to measure the millimetre-wave emission 
(1) direct reception of the emissions for power monitoring, (ii) spectral 
dispersion and measurement using a blazed echelette grating spectrometer, 
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Fig. 1. Schematic diagram of the experiment. 

(III) far-field radiation pattern plots using a single scanned detector 

and relying on reproducibility to identify operating modes. 

A pair of spectra are shown in Fig. 2, for a beam current of 1.25 

U. It is clearly demonstrated that as the magnetic field increases from 

2.80 T to 3.33 T the emission spectrum shifts to higher frequencies. It 

Is apparent from*the mode scale at the top of these spectral plots that 

these are in high order modes and, as expected, the far-field pattern 

plots In these cases have a complicated appeýrance. The upshift in 

frequency is exactly what Eq. (5) predicts. Although the output levels 

shown in Fig. 2 are not yet absolutely calibrated, the known high 

insertion loss of the spectrometer and previous observations of megawatt 

power emissions in the MkV experiments indicate that these measurements 

correspond to quite high powers. 

CONCLUSIONS 

Using an overmoded cavity implies possible mode competition, but an 

apparent compensation, demonstrated by these experiments, Is that a 

spectrum of available modes allows the electron cyclotron maser to tune 

in frequency, albeit discretely, as the magnetic field is varied. This 

could have useful implications in any situation where it is desirable to 

change the operating frequency between one short pulse and the next. The 

powers available and the reasonable efficiencies of electron cyclotron 
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Fig. 2. Spectral analysis of the millimetre-wave emission. 

masers tend to make them attractive alternatives to free electron lasers 

a the microwave and long millimetre-wave end of the spectrum. 

It is anticipated that as the electron beam current increases there 

should be some spread in the particle velocities because of space charge. 

This lowering of the beam quality does not appear to prevent the electron 

cyclotron maser operating and leads to the suggestion that the electron 

cyclotron maser may operate with a lower electron beam quality than that 

required by a free electron laser. A quantitative investigation of the 

beam emittance and beam brightness is needed to confirm this. 
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Previous experiments were reported (1) describing the design and 

construction of an electron cyclotron maser (ECM) which could oscillate. 

under various operating regimes, from -75GHz to -220GHz. This required the 

successful generation of continuously varying magnetic fields up to -8T. 

Preliminary results presented detected radiation up to a frequency of 
183GHz. The Strathclyde ECM has been significantly improved and optimised, 

with similar improvements being made to the diagnostics. The results of 
these improvements will be presented in this paper. 

An electron-beam-tuning coil was added in the cathode region. This 

increased the energy in the mm-weve output pulse by a factor of -40. Via 
beam probing experiments, this was demonstrated to be entirely due to 

enhanced beam formation in the cavity. A novel . 15mm thickness Mylar 

output window was developed, which increased the useful energy transmitted 

from the system by a factor of -10. 

A calorimeter was used to directly measure the output power of the device. 

A sensitive two detector system developed for the successful analysis of 
the near field radiation pattern, allowed the determination of the cavity 

mode of oscillation. 
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Cold cathode 75-110 GHz gyrotron experiments 

A. D. R. PHELPSt, A. Z. MAATUGt and S. N. SPARKt 

Measurements of the output characteristics of a pulsed cold-cathode, two- 
electrode, electron cyclotron maser are presented. Short pulses, -0-2, us, of W- 
band (75-110 GHz) millimetre radiation have been observed at power levels up to 
0-3MW. By varying the magnetic field over the range 2-2T to 4-2T the output 
frequency has been observed to be step-tunable in a manner consistent with the 
excitation of a series of cavity modes. The spatial pattern of the radiated output 
has been scanned to facilitate the identification of the modes of operation. Applica- 
tions of this device to plasma diagnostics are discussed. 

1. Introduction 
Most gyrotron research has involved the thermionic MIG, three electrode, gyro- 

tron, which has become a successful CW millimetre wave source. Another branch of 
research has used a cold-cathode, two-electrode configuration of the type used in 
the present paper. The capabilities and potential of high average power and high 
peak power gyrotrons have been reviewed by Granatstein (1984). 

Earlier work such as that of Granatstein et al. (1975), Didenko et al. (1976), 
Ginzburg et al. (1979) and Frank et al. (1982) demonstrated that at conventional 
microwave frequencies very high peak power pulses of electr6n cyclotron maser 
radiation could be produced by intense relativistic electron beams. At frequencies 
which entered the milfimetre wave region, Voronkov et al. (1982) reported the pro- 
duction of 23 MW at 40 GHz and Gold et al. (1985) in a cold-cathode high voltage 
K. -band experiment successfully produced 20 MW at 35 GHz. A cold-cathode, two 
electrode design was used in a series of pulsed experiments, reported previously by 
Phelps et al. (1984,1986), which produced radiation at several frequencies in the 
8-40 GHz range. 

The experiments reported in the present paper use a re-designed cathode, anode 
cavity and magnetic field coil to produce millimetre wave radiation in the W-band 
(75-110 GHz). This higher frequency millimetre wave band has been relatively unex- 
plored previously by cold-cathode two-electrode gyrotrons. During our experiments 
peak powers of 0-3 MW have been achieved at wavelengths less than 4 mm using 
this simple light-weight tube and magnetic field coil. Associated with the progress to 
higher frequencies it has become possible to design, construct and use a diffraction 
grating spectrometer to measure the frequencies of emission. The spatial pattern of 
the radiated output has been measured to supplement the frequency measurements 
and thereby to identify the modes of operation. 

The need to produce CW or long pulse MW output devices in the higher fre- 
quency millimetre wave bands, for applications in fusion research, has been pointed 
out by Riviere (1986). The present paper concerns an inherently pulsed device, 
although the reproducible operation using higher order cavity modes reported here 
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is relevant to the use of similar modes in high average power millimetre wave gyro- 
trons. The use of these higher order modes is one of the proposed paths towards 
higher gyrotron powers at higher frequencies. 

The pulsed device used in this paper is also relevant to the development of some 
types of plasma diagnostic. Certain plasma diagnostic sources do not require to be 
CW or long pulse. Whereas plasma scattering diagnostics usually require a very 
narrow emission line-width (Woskoboinikow 1986), which is best provided by a 
high Q gyrotron cavity immersed in a stable superconducting magnet, low Q cavities 
immersed in a pulsed magnetic field provide high peak power, which can be suitable 
for some plasma diagnostics. The high peak power enables plasma refractive index 
diagnostics, including interferometry, Faraday rotation and shadowgraph tech- 
niques to be applied at millimetre wave frequencies to large volumes of plasma 
using large area imaging. In the millimetre wave regions lower power sources have 
hitherto usually restricted these diagnostics to measurements along paths of individ- 
ual beams or sets of beams. Diagnostic plasma electron cyclotron absorption 
(ECRA rather than ECRH) is also possible with a repetitively pulsed tunable gyro- 
tron source. 

2. Experiment 
A schematic of the experimental layout is shown in Fig. 1. Both the electron 

beam and the magnetic field which is applied to the beam are pulsed. The magnetic 
field pulse is sufficiently long (10- 1s>r> 10' s) for the slowly varying peak of 
the magnetic field waveform to present a quasi-static magnetic field to the short 
pulse length (T < 10- 6 S) of the electron beam. Both the electron beam and the mag- 
netic field are supplied from capacitor banks, the charging voltages of which are 
precisely monitored via fibre optic links to a microcomputer situated in the screened 

High Voltage Supplyl F -vacuu 
T--r- Gunufuse Room I Syste 

Marx Bank 

agnotic 7-- ---------- Field 

Cire ult Gyrotron 16- 
A- 

. -M 
Diagn-u- 
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Screenod 

Contfol Unit 
Ro orn 

Figure 1. Schematic of experiment. 
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""" nuut 
Figure 2. Cold-cathode, two-electrode gyrotron showing anode-cathode spacing L., (not to 

scale). 

room (Fig. 1). When the pre-arranged charging voltages on both capacitor banks 
have been reached the microcomputer can automatically trigger the magnetic field 
circuit. After a pre-determined delay, provided by a delay unit, the electron beam is 
then triggered. During the work described here the electron beam was normally 
synchronized with the peak of the magnetic field, and the magnetic field amplitude 
was varied by varying the charging voltage of the magnetic field circuit. An alterna- 
tive method of varying the magnetic field, which has also been successfully used, is 
to keep the magnetic field charging voltage fixed, but to vary the time delay between 
the magnetic field and the electron beam pulses. The advantage of the former 
method is that the magnetic field more closely approximates to a quasi-static one. 
The magnitude of the magnetic field could be varied from effectively zero up to 4-2 T 
and in the present experiment the range 2-2-4.2 T was used. 

The magnetic field solenoid was designed, constructed and tested in order to 
achieve a compact, light-weight, but mechanically strong coil. The magnetic field 
was measured to be uniform over a length of 100mm. Continuous water cooling of 
the solenoid was used to extract the heat generated by each pulse, before the arrival 
of the succeeding pulse, so that the resistance of the solenoid remained constant for 
complete series of pulses. The solenoid was wound using a single layer of turns and 
was reinforced with resin impregnated glass fibre. 

The cold-cathode two-electrode configuration is shown in Fig. 2. The anode 
cavity was held at earth potential while the cathode was pulsed negative. The 
cathode was constructed of a stainless steel tube, which had its emitting surface 
sharpened. The vacuum was produced by a standard oil vapour diffusion pump 
backed by a rotary pump. The typical operating pressure was -2 x 10-'Imbar in 
the demountable vacuum tube. The main dimensions of the gyrotron are listed in 
Table 1. The radii of both the cathode and the anode cavity were smaller than those 

Cathode radius = 6-35mm 
Cavity radius = 11 -48 mm 
Optimum L.. = 13 mm 
Available B= 2-2-4-2T 
mm wave pulse length ;, -e 0-2 ps 
mm wave peak power = 275 kW 
Observed frequencies = 75-100GHz 

Table 1. Gyrotron parameters. 

Cold cathode 75-110 GHz gyrotron experiments 
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used in our previously reported work (Phelps et al. 1984) in order that the number 

of modes did not become excessive in this higher frequency millimetre wave band. 

The anode-cathode gap does not have an obvious or natural definition in this 

foil-less diode configuration, in which the electrons follow the magnetic field lines 

through the cavity to the collector at the output end of the cavity. Therefore to 

provide a quantitative parameter by which the position of the cathode could be 

measured the quantity L. 
c was defined with respect to a reference point on the 

anode as shown in Fig. 2. Beyond the output end of the cavity there was an electron 

collector region followed by a taper up to the radius of the output window. 
Conventional pulsed relativistic electron beam diagnostics were used. A cali- 

brated self-integrating Rogowski coil measured the electron beam current and a fast 

(risetime - 10 -8 s) potential divider measured the accelerating potential difference. 

Because of the radiated electromagnetic interference produced by the switches in the 

pulsed electron beam circuit the monitors and also the millimetre wave diagnostics 

were taken via double screened co-axial cables to transient recorders and oscillo- 
scopes housed in the screened room (Fig. 1). 

3. Measurements 
Before making measurements of the output from the pulsed gyrotron a careful 

measurement of the pulsed magnetic field profile was made. Magnetic probe mea- 
surements were compared with theoretical predictions based on the coil geometry, 
the measured current flowing through the solenoid and the thickness of the cavity 
vacuum wall. Although the magnetic field pulse was relatively long and the cavity 
vacuum wall was made of thin, relatively resistive, metal, there was a predicted small 
reduction of the amplitude of the magnetic field by the requirement for the magnetic 
field to diffuse through the stainless steel wall. The measurements confirmed these 
predictions and all the values of the magnetic field reported in this paper correspond 
to the true magnetic field inside the cavity. 

The first measurements of the gyrotron output were made using a W-band (75- 
IIOGHz) broadband detector which samples part of the radiated output. The posi- 
tion of the cathode was then systematically varied, by varying L... The output 
voltage of the detector was then averaged over several pulses for each value of L... 
This was repeated for a series of measured electron beam current, Ib 9 values, and for 
a series of measured magnetic field values. The measurements for Ib = 26 A are 
shown in Fig. 3. The detector output although shown in units of volts is really a 
relative scale since absolute analysis depends upon several factors including the frac- 
tion of the wavefront sampled, the millimetre wave attenuator settings and pulse 
amplifier gains. All of these relative factors were maintained constant while the data 
for Fig. 3 was collected. Since the frequencies of emission are known to vary with 
variations in B and the sensitivity of the broadband detector is not exactly constant 
throughout the frequency band, the variations of detector output shown in Fig. 3 
may not accurately represent the variations in gyrotron output. Nevertheless, Fig. 3 
indicates that the gyrotron produced measurable millimetre wave output over a large range of values of L.,, typically -2 mm to + 23 mm. For most values of mag- 
netic field the highest detector output was observed at L., = 13 mm. For the 
remainder of the measurements reported in this paper L. c was set, therefore, at 13 mm. 

The broadband detector was used to sample part of the gyrotron output as the 
magnetic field was varied over the range 2-2-4.2 T, with L. c = 13 mm. The result 
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Figure 4. Millimetre wave detector output as a function of magnetic field. 
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Figure 5. The layout of the diffraction grating spectrometer. 

shown in Fig. 4 illustrates the dramatic dependence of the millimetre wave emission 
upon the magnetic field value. The main peak occurred at B= 2-80T, but there 
were smaller peaks at other magnetic field values. 

To measure the frequencies of emission a diffraction grating spectrometer was 
used. The blazed echelette grating was designed and constructed so that it would 
operate optimally in first order for the frequency range 75-110GHz (Fig. 5). The 
experimentally observed resolution of the grating spectrometer was in the range 
from 1-8-2-2 GHz. Using a calibrated power meter the detector in the receiver of the 
spectrometer was calibrated over the whole W-band. A BWO was used as the mill- 
metre wave power source. This BWO was also used with a W-band calibrated 
attenuator to measure the transmission loss through the spectrometer at all fre- 
qucncics in the W-band. With all gyrotron parameters fixed, the diffraction grating 
spectrometer was then scanned through its frequency range. Using the calibrated 
detector sensitivity and spectrometer transmission loss, the raw detector output 
voltage was then converted into spectral power density. An example of such a spec- 
trum is shown in Fig. 6 for the case B= 180 T. The total power emitted in this case 
was 275 kW, and the mode was a TE 6.1 mode. The peak power was emitted at 
75-8 GHz for B= 2-80T. For higher magnetic fields the spectral peak moved to 
higher frequencies. The highest frequency peak in the emission was observed at 
approximately IOOGHz. The step tunability observed is consistent with the excita- 
tion of a series of cavity modes. 
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Figure6. Spectral power density as a function of frequency, for magnetic field= 2-80T. 

By scanning a detector, pulse by pulse, across the emitted radiation pattern, 
while the gyrotron parameters were held fixed, the mode pattern of the radiation 
was measured. In some cases, such as TE1.7 and TEO, 6 this mode pattern scan was 
a useful complementary diagnostic to the spectrometer, in determining the mode in 
which the gyrotron was oscillating. 

The line-width of the gyrotron emission could not be measured in this experi- 
ment, because the spectrometer had a larger instrumental filter width. It is expected 
that the gyrotron emission line-width is much narrower than that shown in Fig. 6, 
which is simply dominated by the spectrometer filter width. 

4. Conclusions 
Cold-cathode, two-electrode gyrotrons although in principle possessing less 

capability for optimization of the electron trajectories than conventional three elec- 
trode gyrotrons, do permit some empirical optimization by means of variation of 
the relative cathode positions as demonstrated by Fig. 3. These results suggest that 
it is important to be able to adjust the axial position of the electron emitting surface 
in the inhomogeneous magnetic field, to provide the maximum power output for a 
given mode. 

By progressively varying the magnetic field it has been possible to tune this 
gyrotron from one discrete mode to another, i. e. the emission is step-tunable. This 
behaviour is similar to that observed in thermionic MIG gyrotrons (Kreischer and 
Temkin 1987). In the present work it has been possible to achieve this discrete 
change in frequency between successive pulses, because the amplitude of the mag- 
netic field is readily varied using the pulsed magnetic field coil. 

The peak power measured in these experiments was approximately 0-3 MW for 
a TE, 6. I mode at 75.8 GHz. Amongst the other modes which could be excited, such 
diverse modes as TE1.7 and TEO. 6 were identified. 

70 80 f/GHz 90 100 
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The peak power of this gyrotron is sufficient for most plasma diagnostics. Until 

the line-width can be accurately measured it is not known whether it could be used 

as a source for plasma scattering diagnostics. Refractive index diagnostics could use 

this type of gyrotron provided pulsed measurements were required. Local ECRA 

and heat pulse propagation would also be appropriate as an application for this 

gyrotron. Nearly all applications however would depend upon mode conversion 
from higher order modes to a simpler gaussian (or similar) mode profile. There is 

clearly a need to develop such mode converters. 
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