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Abstract 

This thesis presents the results of a successful W-band gyrotron backward wave 

oscillator experiment. Three major achievements presented in this thesis are: 1) The 

design, simulation, construction and operation of a cusp electron gun; 2) The design, 

simulation, optimisation, construction and experimental measurement of a W-band 

helically corrugated waveguide and 3) the operation of the world’s first W-band 

gyro-BWO using both a helically corrugated waveguide and a cusp electron gun. 

Gyro-BWO interaction with a 2nd cyclotron harmonic axis-encircling annular 

electron beam was observed. 

 

The interaction region was constructed through an accurate electroplating method 

while the designed dispersion characteristics agreed well to the experimental 

measurements. The loss through the optimised construction method was low, 

recorded around 1dB through the frequency range of interest.  

 

The following work presents the analytical, numerical and experimental investigation 

of a proof of principle gyro-BWO experiment. The design, simulation and 

optimisation of a thermionic cusp electron gun that can generate a 1.5A, 40kV axis-

encircling electron beam are discussed. Simulations showed a high quality electron 

beam with ~8% velocity spread and ~10% alpha spread. Experiments were 

conducted using this electron gun and the accelerating voltage pulse, diode current, 

transported beam current are presented. The electron beam profile was recorded 

showing a clear axis-encircling beam image from which the electron beam diameter 

and alpha values can be measured.  

 

Microwave radiation was measured over a frequency range of ~91-100GHz with a 

approximate maximum power of ~0.37kW. Operating over the magnetic field range 

1.79T to 1.9T and measured over a range of alpha values this result was very 

impressive and proved the successful operation of the gyro-BWO. 
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1.1 Introduction 

For more than a century microwave radiation has been the focus of much research, 

first through the low power proof-of-concept experiments of Hertz,1,2,3,4,5 to the 

modern day when microwaves are prevalent in many areas of life. In the mid-1900’s, 

the research focus was on creating low frequency microwave sources to be used in 

many important applications such as radar and food preparation; however recent 

studies have focused on pushing the limits of microwaves to higher frequencies at 

higher powers, due to the many emerging applications in the medical and biological 

areas, as well as high resolution radars and communications. Microwaves are defined 

as radiation with frequency between 1GHz and 300GHz. This wide range of 

frequencies is sectioned into bands with each denoted by a letter as defined by the 

IEEE and given in Table 1.1. In the last few decades the frequencies and powers 

being obtained has greatly increased, due to progress in “relativistic high frequency 

electronics” and the invention of the gyrotron class of devices. Reaching W-band 

frequencies through these methods is critical, since the older, conventional, devices 

such as the travelling wave tube (TWT) operated at W-band in micro-fabricated 

form6,7,8 at very low power, typically less than watts, which limits the application 

utility. 

 

Microwave band Frequency range (GHz) Wavelength (cm) 
X 8 – 12 3.75 – 2.50 
Ku 12 – 18 2.50 – 1.67 
K 18 – 27 1.67 – 1.11 
Ka 27 – 40 1.11 – 0.75 
V 40 – 75 0.75 – 0.40 
W 75 – 110 0.40 – 0.27  

mm 110 – 300 0.27 – 0.10  
 

Table 1.1. Microwave frequency bands based on the IEEE standard 521-2002. 

 

Microwaves can be obtained through many different types of devices; however one 

class stands out above the rest - the vacuum tubes. Previous studies9 have shown that 

vacuum tubes can produce very high powers at higher frequencies, within the 

microwave region. As the name suggests, such devices generate microwaves in an 
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evacuated environment through the extraction of energy from an electron beam. The 

vacuum is required to allow the beam to propagate without collisions with ions, 

atoms or molecules. Another type of source that is important for many different 

applications, even though their output powers are not very high, are solid-state 

sources. These are used for local oscillator purposes, seed signals for amplifiers and 

cases where high reliability at low powers are important. Solid-state sources 

demonstrate properties unobtainable through any other means, such as high stability 

of the signal and low noise. The method of operation differs between the vacuum 

electronic devices and the solid-state sources. The former requires a vacuum to 

extract energy from a bunched electron beam while the later operates inside a solid 

material bunching the electron stream with a bias voltage source. 

  

The history of microwaves spans over one hundred years, dating back to the mid 19th 

century with the pioneering research of: Faraday, Maxwell, Rayleigh and Hertz. 

These were the forefathers of microwaves and much of their work is taught to 

physics students today. The main achievements of each can be summarised as 

follows: Michael Faraday discovered electromagnetic induction in 18311; James 

Clerk Maxwell theorised the famous “Maxwell equations” in 18641; Lord Rayleigh 

theorised sound propagation in 187710; and Hertz ingenious experiments proved 

electromagnetic-wave propagation. Publishing 14 papers11 on the subject through 

1886-1889 Hertz was the most instrumental person in generating electromagnetic 

radiation.  Initially working at only 50MHz, ~6m wavelength and 430MHz, ~70cm 

wavelength, Hertz was able to confirm Maxwell equations.  

 

1.1.1 History of vacuum tubes 

The first vacuum tubes originated with the magnetron in 1921, klystron in 1930 and 

the travelling wave tube in 1942. There are sources that existed before the magnetron 

however these came in the form of spark gap generators11,12 and triodes13 (a part of 

the gridded tube family that includes the tetrode). In a historical perspective the 

invention of the magnetron was a great milestone and the first commercially viable 

vacuum tube. The TWT has different varieties, with the most popular of these being 

the coupled-cavity TWT (CC-TWT) and the helix TWT. The names refer to the type 
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of slow-wave structure used, explained in-depth in Section 1.2. Originally the 

klystron and TWT were used for important radar operation during World War II. As 

the war progressed it became necessary to increase the frequency range from X-band 

to K-band. Another vacuum tube in the same family as the magnetron, is the crossed-

field amplifier (CFA).  This device is capable of producing higher powers at higher 

efficiencies than the klystron and TWT; however, this is at the sacrifice of bandwidth 

and gain. This source was invented in 1950 by Warnecke, Kleen, Lerbs, Doehler and 

Huber14. Until this point the emphasis was on producing microwaves with a 

relatively low frequency. 

 

The first millimetre wave source was made by Beringer15 using a crystal harmonic 

generator driven by a centimetre-wave klystron to produce a second-harmonic signal 

at 5mm wavelength. In 1954 the magnetron was pushed up to 115GHz at 3.3kW by 

Columbia University Radiation Laboratory.16 The higher frequency meant that the 

magnetron suffered from poor lifetime and duty cycle. A klystron generated up to 

120GHz and 40mW CW in 1958.17 After this time millimetre and sub-millimetre 

wave sources were reported by many groups with articles regularly appearing in 

journals. 

 

A free electron laser (FEL), also called Ubitron, is a microwave source that uses an 

electron beam travelling through a magnetic arrangement, known as an undulator or 

“wiggler”, comprising of alternating poles to make the beam travel in a sinusoidal 

path. This causes the beam to rapidly accelerate and decelerate emitting the light 

through Bremsstrahlung radiation. There are instabilities in this electron beam which 

cause the beam to bunch so that the light emitted is coherent and therefore more 

useful for applications. The history of the FEL started in the 1960’s with the 

thermionic experiments of Philips.18 These were later expanded upon by Friedman19 

trying to produce higher peak power levels using more powerful electron beams. 

Since that time very high powers have been achieved even at millimetre 

wavelengths. The first breakthrough experiment was at NRL20 producing 35MW at 

70GHz although relatively low efficiency 2.5%. 
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A new breed of devices came about which vastly increased the achievable powers at 

millimetre wave frequencies. The gyrotron class of devices, based on the electron 

cyclotron maser (ECM) instability, was invented in 1967 by A.V. Gaponov-Grekhov, 

A.L. Goldenberg, V.A. Flyagin, B.K. Yulpatov21. Gyro-devices have many different 

varieties now22,23. The behaviour of the ECM instability was explained by 

Schneider24 and Gaponov25 using classical and quantum mechanical theory. The 

detailed historical development has been previously documented26. The linear and 

nonlinear theory of the electron cyclotron maser instability was presented by 

Sprangle, Granatstein and Drobot27,28. 

 

As time has increased the output power of microwave sources has rapidly increased 

as shown in Figure 1.1. The large difference in powers between vacuum tubes and 

solid-state sources is clear to see. This graph uses a scaled factor of the average 

power, aveP , and microwave frequency, f , squared in order to give a simpler 

understanding of the advances each device has made over time. In each device the 

achievable power varies approximately as the inverse square of the frequency. 

 

 
Figure 1.1. Variation in performance of vacuum tubes and solid-state microwave sources since the 

1930’s. Graph taken from the Department of Defence compiled in 200829. 
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Omitted from the above table is one of the highest power, yet unstable microwave 

sources, the vircator30,31. Known as the virtual cathode oscillator, the vircator is part 

of the space-charge device family unlike the other sources. This source is able to 

produce ultra-high powers into the gigawatt-level32. Work on space-charge devices 

did not start experimentally until the 1970’s when electron beams of current 104-

106A and energy 0.1-10MeV were readily available. The first applications proposed 

for these devices were in ultra-short-pulse generation with a virtual cathode 

discharge33 and collective ion acceleration in natural gas34. However, it was not until 

1977 that Mahaffey et al.35 were able to produce microwaves through the oscillation 

of a virtual cathode by using a reflect triode.  

 

1.1.2  Classification of microwave sources 

Despite many types of microwave sources and different names associated with them 

any microwave tube can be classified by the following aspects: 

1. The growth characteristic - oscillator/amplifier/self amplified spontaneous 

emission (SASE). 

2. Mode of operation – pulsed/continuous. 

3. The direction of the electron beam relative to magnetic field – O-type/P-type/ 

M-type. 

4. Wave speed relative to the speed of light in the medium – fast-wave/slow-wave. 

5. Direction of the wave in the tube – forward/backward wave. 

These areas will be expanded briefly and it is through these five definitions that each 

microwave source can be described. 

 

The first definition listed is one of the most fundamental: does the tube generate 

microwaves itself, i.e. an oscillator, or amplify a source of microwaves - an 

amplifier. The former is able to produce microwaves from noise inherent in every 

system while the latter is able to couple an electron beam to the oscillation frequency 

of the source of microwaves in order to amplify the power of the wave. Oscillators 

include some of the previously mentioned devices such as the magnetron, gyrotron, 

gyro-BWO and vircator while amplifiers encompass the TWT, crossed-field 
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amplifiers, gyroklystron, gyro-TWT etc. Self amplified spontaneous emission36,37 

refers to the emission model used in some free-electron lasers. 

 

The output power of the tube can either be continuous wave (CW), producing high 

average powers, or pulsed power, which produces extremely high peak, but low 

average, powers. If a tube is able to produce long pulses of over microseconds then 

this can be classified as CW. Most devices discussed so far are able to operate at CW 

if they are able to be cooled effectively and if the input power source (for an 

amplifier) can be operated at CW. 

 

The effect of the magnetic field direction to the direction of the electron beam can 

produce different types of microwave tubes. These are normally split into three 

different categories: O-type (linear-beam); M-type (crossed-field); and P-type (fast-

wave). The first of these, the O-type, couples an electron beam that travels confined 

to an axial magnetic field.  The most well known of this type of device are the 

klystron, travelling-wave tube and backward wave oscillator.  When the electrons 

move under the force of E B (so called E B drift) due to the existence of crossed 

electric and magnetic fields they are referred to as M-type. The most well known, 

and historically important, of the M-type devices is the magnetron. Finally, P-type 

sources are more commonly known as the fast-wave sources. Synchronism of the 

beam and wave interaction in conventional tubes is achieved by slowing the phase 

velocity of the electromagnetic wave. However in P-type devices there is no 

requirement to slow the electromagnetic wave.  

 

The difference between a slow-wave and a fast-wave source is a slow-wave source 

reduces the speed of the electromagnetic wave inside the interaction region through 

some means, generally through a slow-wave structure. This allows the electron beam 

and the wave to travel at the same speed to allow coupling. Fast-wave sources use 

smooth-bore waveguides as an interaction circuit to convert electron beam energy to 

electromagnetic wave energy.  

 

With device classification one can use the electron beam movement to categorise the 
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microwave device i.e. M-type, O-type or P-type, or one can use the interaction with 

the electromagnetic wave i.e. slow-wave or fast-wave. Whatever choice is used there 

can be overlapping of the categories for some devices for example a FEL can be 

considered both a fast-wave and an O-type (linear beam) device. 

 
Figure 1.2. Family tree of vacuum electronic tubes. The different classifications of sources are clear 

to see here with P-type, M-type and O-type devices separated.  

 

1.1.3 Applications 

The use of microwave technology spans many different industries and provides an 

essential service. Since their conception, lower frequency conventional microwave 

sources have been used in communications, more specifically television/radio 

broadcasting and more recently mobile phone communication38. Other uses for these 

sources are in airport radars39 and food processing40,41,42 and cooking. With these 

applications the use of low frequency is useful because of the cost and, time-wise, 

only low frequency devices had been developed when the applications were needed. 

More recently, THz microwave sources have received a lot of publicity due to their 

desirable applications in imaging43,44,45, spectroscopy with potential medical46,47,48 

and biological49,50,51 uses, security52,53,54 and Electron Spin Resonance (ESR)55. 

  

The atmosphere surrounding the earth contains water vapour which absorbs 
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microwaves, with such applications as radars experiencing a great loss in the signal. 

However, there are certain frequencies where the water absorption is lowest and 

these are known as “atmospheric windows”. In the W-band frequency range, such a 

window exists at ~94GHz. The loss at this frequency is, for humid conditions, 

1dB/km an acceptable loss when working at high powers and only that high at 

relatively low distances from the earths’ surface at 3km or less. Such microwave 

windows open up a lot of applications for W-band sources and is part-reason why the 

gyro-BWO was designed to centre at this frequency. This window opens up 

applications such as: millimetre wave cloud radars, atmospheric probes and space 

debris radar. There are windows for radar communication at ~94GHz and ~35GHz. 

The advantage of W-band radar lies with improved resolution, which comes from the 

small wavelength of the radiation, improving the resolution of the objects, making 

this ideal for airport surface movement detection. Both the Italian Space Agency 

(ASI) and the National Aeronautics and Space Administration (NASA) in America 

have been investigating W-Band radars. The ASI have launched two major projects 

called DAVID56,57 (DAta and Video Interactive Distribution) and WAVE58,59 (W-

band Analysis and VErification”. Both these projects investigate the feasibility of 

using W-band for telecommunications. NASA launched a mission called 

CloudSat60,61 in 2006 which is the first space mission to carry a space-ready high-

power W-band amplifier operating at 94GHz. The satellite launched will be one of 

six Earth Observing Satellites used for the “A-Train”61 constellation used for 

continuous observation of weather, climate and air quality.  

 

Terrestrial radars applications are employed at airports. A mini-radar, called such due 

to the small dimensions of W-band technology, called SMART62 is in operation in 

airport surveillance applications. These are installed at Frankfurt Airport in 2001 and 

at the Venezia “Marco Polo” airport. These two are used for the control of air traffic 

on the airport surface (surface movement radar). These operate at 95GHz and have 

shown improved target detection compared to other similar radars. 

 

Electron Spin Resonance63,64 (ESR), sometimes called Electron Paramagnetic 

Resonance65 (EPR), is an area where the use of W-band microwave sources has 
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enabled many breakthroughs. The concept of ESR is that in a sample with one or 

more unpaired electrons, such as free radicals having unpaired electrons, a transition 

between spin state can be induced by the application of a magnetic field and 

electromagnetic energy in the form of microwaves. This allows one to measure the 

absorption spectra and from this classify the sample. The use of W-band allows 

superior sensitivity and resolution in the measurement of samples. Many different 

journal papers now have been published66,67,68 using W-band microwaves to 

investigate many different samples. 

 

1.2 Slow-wave devices 

As mentioned in Section 1.1.2 microwave tubes can be either a slow-wave or fast-

wave device. One is through Cherenkov radiation, which occurs when electrons 

travel through a medium with refractive index, 1n  , in which case the electrons 

velocity, v , is greater than the phase velocity, v p , of electromagnetic waves, given 

by v /p c n  where c  is the speed of an electromagnetic wave in a vacuum. In order 

to reduce the phase velocity of the electromagnetic waves a slow-wave structure can 

be used. The slow-wave structure (SWS) makes it possible to support 

electromagnetic waves which have a phase velocity less than the speed of light. 

These come in many different forms and the first of these was a helix, as shown in 

Figure 1.3, invented by Kompfner69,70.  

 
Figure 1.3. Helical slow-wave structure used in devices based upon Cherenkov/Smith-Purcell 

radiation. Here RSWS is the radius of the helical tape, L is the period length and ψ is the pitch angle of 

the helix.  

 

The slow-wave structure is used to make the microwave slower than the speed of 
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light and thus slower than the electron beam. The phase velocity can be given as 

equation (1.1) showing the effect of the slow-wave structure to reduce the phase 

velocity of this wave.  

 v sinp c   (1.1) 

Radiation emission through a periodic slow-wave structure is known as Smith-

Purcell radiation. Microwave sources that use the Cherenkov/Smith-Purcell radiation 

are for instance the travelling wave tube and backward wave oscillator. The M-type 

interaction also known as the crossed-field devices, such as magnetron described in 

the subsequent section. The reason for the name is because electrons drift across a 

magnetic field in crossed electric and magnetic fields which is called an E B drift.  

 

1.2.1 The magnetron 

The magnetron was invented in 1921 by A.W. Hall71. The magnetron is synonymous 

with microwaves since there are over 500 million magnetrons in the world today. 

The co-axial geometry is detailed schematically in Figure 1.4, taken from Ref. 72, 

which shows the inner conductor, acting as the cathode, and the outer conductor, 

acting as the anode. On the outer walls is a periodic R.F. (radio frequency) structure 

that creates an azimuthally alternating electric field. Electrons travel in an azimuthal 

path through the magnetron due to the effect of an applied axial magnetic field and 

radial dc electric field. Electron bunching and velocity modulation is obtained 

through the effect of the magnetron cavities and as a result, microwaves are 

produced. Introducing cavity resonators to the anode was an important improvement 

in magnetrons. Through this adjustment to the magnetron design J.T. Randall and 

A.H. Boot73 were able to produce 10kW pulses at 3GHz in 1939-40 which was then 

used for the radars during World War II. This was also independently invented by 

Soviet74 scientists in 1940. Other alternative magnetron structures such as the rod 

configuration and rising-sun were also designed to operate using different cavity 

modes such as the π-mode.  

 

1.2.2 The klystron 

The klystron was one of the earliest microwave sources to be developed after the  
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Figure 1.4. Schematic of the six-resonator magnetron highlighting: 1. Anode with resonators; 2. 

Cathode; 3. Electron beam. 

 

triode in 1906 and the magnetron in 1921. The development came from a  

requirement to produce high frequency microwaves. The invention is attributed to 

Russell and Sigurd Varian at Stanford in 193975. The klystron is a microwave 

amplifier which uses two cavities separated by a drift section to amplify microwaves. 

 

Used in both rectangular and cylindrical waveguides, amplification of a seed signal 

occurs through interaction with a bunched electron beam. The geometry of a klystron 

can be seen in Figure 1.5 taken from Ref. 76. In the first cavity a R.F. signal is 

injected causing an electric field to exist across the opening of the cavity. The 

electric field cause some electrons to decelerate and some accelerate, producing a 

“velocity modulation” on the electron beam. Therefore electron bunches are formed 

with the same frequency as the input R.F. signal. These electrons travel along the 

tube with a large negative charge. This charge draws a positive charge along the wall 

of the tube to satisfy the boundary conditions of Maxwell’s equations, causing the 

positive charge to travel along with the electron beam. When this beam travels past 

the final cavity the positive charge excites the cavity, producing electric and 

magnetic fields inside it, which have the same frequency as the electron beam. The 

electric field causes the electrons to decelerate and hence this electromagnetic energy 

can be extracted through a co-axial transmission line or waveguide as an amplified 
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microwave signal.   

 

The efficiency of the system can be increased through the addition of intermediate 

cavities that are located between the input and output cavity. These are used to 

further increase the density of bunching of the electrons and to trap more electrons to 

each bunch. The extra cavities are unloaded with a high quality factor, known as  

Q-factor77 and describes the rate at which a cavity loses energy. The klystron is the 

most efficient of the linear beam devices able to operate at 65% efficiency78 and can 

produce extremely high gains of up to 60dB. The power of klystrons is only limited 

by electric breakdown with 75MW being reported at X-band and 150MW at S-band. 

With CW operation, the limitation is with cooling of the klystron body. 

 

RFin
RFout

1
2 3 4 5 6 7 8  

Figure 1.5. Schematic of a four-cavity klystron highlighting: 1. Electron gun;  

2. Input cavity; 3. Bunched electron beam; 4. Drift tube; 5. Intermediate cavity; 6. Penultimate cavity;  

7. Output cavity; 8. Collector.  

 

1.2.3 The inductive output tube 

An inductive output tube (IOT), also known as a klystrode, is a one-cavity oscillator 

with a similar method of operation to the klystron. The bunching mechanism occurs 

at the cathode side of the tube through a control grid only 0.1mm thick, similar to a 

triode. This mesh has an R.F. signal applied to it which is used to allow electrons to 

pass when the charge is positive and when negative the electrons are repelled where 

they “wait” until the charge switches positive again. When “waiting” the electrons 

are forced to bunch together as they are being emitted from the cathode yet cannot 

pass the grid until the electric field is in the positive regime. Thus only bunches of 
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electrons pass the grid with a set frequency controlled by the R.F. signal applied to 

the grid. This bunched beam then travels, confined by a magnetic field, through a 

small drift region, and then through a resonant cavity. The IOT appears to be a 

simpler concept than the klystron due to the one-cavity configuration; however the 

bunching of electrons at the cavity is very complex to achieve. The IOT was invented 

in 1939 by A. V. Haeff79  around the same time as the klystron and was the first 

transmitter of the television signal during the 1939 New York World’s Fair.  

 

1.2.4 The travelling wave tube 

A relativistic Čerenkov amplifier known as the travelling wave tube is an early 

microwave source and one of the most important due to wide bandwidth output at 

high gain. In 1942, Rudolf Kompfner80 proposed that by the continuous deceleration 

of an electron beam, travelling synchronously with a guided travelling 

electromagnetic wave, the wave could be amplified. This synchronism occurs 

through the slowing down of the electromagnetic wave through a slow-wave 

structure. The SWS is used to increase the path-length the electromagnetic wave has 

to travel while the electron beam travels straight along the tube, confined 

longitudinally by an external magnetic field. There are many different types of slow-

wave structures that have been used to meet this requirement, including helix 

transmission lines, coupled-cavity, folded waveguide and ladder circuits. The wave is 

launched into the input end of the SWS causing an electric field to radiate from the 

SWS. When electrons pass through the SWS, the fringing electric field of this 

structure induces velocity modulation on the electron beam, either decelerating or 

accelerating the electrons depending on what phase of electric field they travel 

through. This results in electron bunching an effect similar to the klystrons mode of 

operation. The electron beams current induces a modified wave on the SWS which 

has the same frequency as the original wave. As this wave travels along the tube the 

electron bunches are in the decelerating phase of the wave constantly lose energy and 

result in the induced wave to grow exponentially. 

 

A conventional TWT will produce microwaves in the frequency range 1GHz and 

80GHz and at powers of 10kW-100W respectively. The use of the conventional 
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TWT at W-band is highly limited by the SWS and power handling of this. Although 

few W-band TWT’s, with use in communications, exist the power is relatively low. 

At the Beijing Vacuum Electronics Research Institute a 10W folded waveguide TWT 

has been designed81. Another source reports initial testing of a W-band TWT with a 

goal of 250W peak power with 125W average power at ~94GHz. L.M. Earley et al.82 

created a vane loaded R.F. structure for a 94GHz TWT driven with a mW solid-state 

source. The result from their testing was a gain of 20dB and power out in the lower 

mW’s. For communications at low frequencies TWT’s provide a reliable and cost 

effective source and are in production by many companies. For high frequencies in 

the W-band and above, the power out of the TWT is very low and the similar gyro-

TWT microwave device far surpasses their performance. 

 

1.2.5 The backward wave oscillator 

A backward wave oscillator (BWO) can generate extremely high power microwaves 

due to insensitivity to velocity spread and an internal feedback mechanism which 

builds up the microwaves over time. Invented in 1953 by Kumpfner and Williams83 

the BWO was the first microwave source, in the 1970’s, to be driven by a relativistic 

electron beam creating efficient coherent microwaves. Microwaves are generated 

through an interaction between the slow-space-charge wave and the negative slope of 

the dispersion curve thus the microwaves created has a negative phase velocity. The 

theory of operation is the same principle as a TWT except it uses a Bragg structure 

with rippled waveguides. BWO’s have been used to create millimetre waves, 

however efficiencies reported have been low. For instance, for wavelengths of 8.8-

0.9mm the efficiencies are 6% to 0.1% however powers are high at 50MW-

0.5MW84. Power levels as high as gigawatts have been reported for BWOs85. 

 

1.2.6 The twystron 

There have been many devices before using a combination of the klystron and TWT 

to try and improve performance86,87,88. However, the most successful widely used one 

is called the twystron amplifier89. The twystron is a hybrid device of the klystron and 

TWT, which combines the advantages of both to produce a device with wide 
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bandwidth and high gain. This device uses the input stage of a klystron, the cavities, 

and the output section of the TWT. This tube has wider bandwidth, higher efficiency 

and flatter gain than the klystron even at the megawatt power level. In a klystron, a 

method of increasing bandwidth is to operate with a low Q-factor (quality factor, 

related to how fast a cavity loses energy), achieved through a loading of the cavities. 

It is difficult to load the output cavity without increasing loss; however, the driver 

section can be heavily loaded without effecting power loss. The low bandwidth is a 

fundamental property of the klystron and is approximately 5%, and in some cases 

10%. The bandwidth that a TWT operates at is controlled by the slow-wave 

structure. At a high output power the gain of the TWT and klystron becomes 

comparable, however as the frequency reaches the edges of the bandwidth the gain 

decreases quite sharply, about 6 to 10dB. The efficiency of the TWT is quite good. 

The efficiency is also improved due to the klystrons superior bunching in the edges 

of the bandwidth where the TWT falters. Furthermore, the input cavities are tuneable 

so they can be optimised during operation, thus providing a more versatile 

microwave tube. 

 

The power levels that the twystron operate at are quite high. At S and C bands the 

peak power levels range from 1MW to 10MW at an average power ~30kW, in the 

1970s90. The efficiencies of this hybrid device are also very high at 30% with a peak 

of ~40% at the mid-band frequency. Efficiencies as high as 50% can be obtained, 

with the addition of a multistage depressed collector. 

 

1.3 The gyrotron devices 

Many different microwave sources employ the electron cyclotron maser (ECM) 

instabilities to generate/amplify microwaves, with such sources collectively known 

as gyro-devices. The most well know gyro-device is the gyrotron which was invented 

in 1964 in Nizhny Novgorod by A.V. Gaponov-Grekhov, A.L. Goldenberg, V.A. 

Flagin, B.K. Yulpatov21. The gyro-devices have many advantages over conventional 

devices, especially in the millimetre and sub-millimetre wavelength range, as the 

power output by a gyro-device can be many orders of magnitude greater than an 

equivalent conventional device. The reason for these advantages are the inherent 
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fast-wave characteristics as mentioned in Section 1.1.2. In a gyrotron, electrons 

gyrate in an external longitudinal magnetic field. The gyro-devices amplify or 

generate microwaves based on the electron cyclotron resonance instability, which is 

described in Chapter 2. The growth is either through a convective or absolute 

instability91 where the wave grows while propagating with the beam (convective) or 

where the wave grows in time at the same place (absolute).  

 

The reason a gyro-device has a higher power at high frequencies is because 

conventional devices use a slow-wave structure for the beam-wave interaction and 

gyro-devices do not require this.  The size of the SWS is dependent on frequency so 

when the wavelength goes down to the millimetre level the SWS becomes 

exceedingly small, which will cause R.F. breakdown when the power level reaches a 

certain level. While in gyro-devices, the interactions take place in smooth 

waveguide, which have much larger size as compared to the SWS when operating at 

the same frequency. For almost every conventional linear beam device there is a gyro 

counterpart. The class of gyro-devices includes the gyro-monotron, gyro-travelling 

wave tube, gyro-backward wave oscillator, gyroklystron, gyrotwystron and many 

others. 

 

1.3.1 The gyromonotron 

A gyromonotron is more commonly known as a single cavity gyrotron. The gyrotron 

has a simple configuration of a smooth-bore waveguide as the interaction and an 

uptappered waveguide after this radiating out a microwave window. Self-oscillation 

inside the cavity stimulated by an electron beam generates microwaves with a 

feedback loop, occurring from reflections at the end of the cavity, acting to increase 

and maintain the oscillation. The electron beam is usually produced through a 

Magnetron Injection Gun which generates an annular beam. The gyromonotron 

operates with a single non-tuneable frequency. The operating frequency range is 

from 10GHz up to 1THz92,93,94. Powers produced by gyromonotrons are very high 

producing MW’s of powers even at sub-millimetre wavelengths with efficiencies of 

up to 70%95. 
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1.3.2 The gyrotron backward wave oscillator 

The gyrotron backward wave oscillator (gyro-BWO) is an efficient source of high-

power frequency-tuneable coherent radiation. Microwaves are generated in the 

smooth interaction region through an absolute instability where the wave grows in 

time at the same position. The generated waves have a negative group velocity so 

they travel in the opposite direction to the electron beam propagation which is where 

the name “backward wave” oscillator comes from. The frequency of microwave 

radiation is tuneable through varying magnetic field and applied voltage (see Chapter 

3 and Chapter 5). The generated microwave can be coupled out either at the 

downstream of the tube by using a reflection at the upstream region radiating through 

a microwave window or by using a side-coupler at the upstream region. 

  

The early studies into gyro-BWO’s were conducted in the 1960’s in Russia since this 

time it has been extensively studied.96,97,98,99 

 

1.3.3 The gyrotron travelling wave tube 

The gyrotron travelling wave tube (gyro-TWT) is a microwave amplifier capable of 

large gain with high efficiency. The operation of the gyro-TWT is through a 

convective instability inside a smooth interaction region. A seed signal is injected 

through an input coupler before the interaction region and the amplified signal is 

radiated out of a microwave window after an uptapered waveguide. A common 

concern for gyro-TWT design and operation is stimulating a parasitic gyrotron and/or 

gyro-BWO interaction. This device can operate over a large frequency bandwidth 

because no resonant structure is used.  

 

Recent studies have shown that bandwidth can be increased by using a tapered 

magnetic field and a tapered interaction circuit100,101. 

 

1.3.4 The gyroklystron 

The gyroklystron is an amplifier based on the gyrotron and klystron principles. They 

were originally invented for radar applications, for example two phase-matched  
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Ka-band gyroklystrons powering a megawatt radar that tracks objects orbiting the 

earth102.  More recently applications have evolved in accelerators and radars. To 

show the relative difference in powers between gyroklystrons and klystrons between 

1998 and 1999 operating at X-band a gyroklystron was developed that had 75MW 

peak power103 while at the same time a comparative klystron was developed that 

achieved 50MW peak power104. Whilest the gyroklystron works more efficiently at 

high frequencies and is also able to operate at high powers than a klystron, when 

operational at 200kW in the Ka-band, the noise output is still comparatively the same 

as that of a klystron105. The gyroklystron employs both the bunching mechanism of 

the gyro-devices, (see Chapter 2, Section 2.4.3), and the klystron concept of using 

multi-cavities to increase the efficiency of bunching the electron beam, thus power, 

and then extracting the microwave output through an output cavity. This operates as 

an amplifier and high powers have been reported. The input R.F. signal at the input 

cavities azimuthally bunches the annular electron beam. The bunching occurs 

through ballistic bunching then velocity modulation, like the klystron, occurring 

through interaction with the R.F. fields in the cavity. The extraction of the R.F. is at 

the end of this tube. The gyrokylstron can work with many cavities which increase its 

gain but to explain the operation of the gyroklystron it is simpler to explain it with 

two cavities only. The first cavity bunches the electrons in the azimuthal direction 

through energy modulation directed by the input R.F. signal. In the second cavity 

these bunches excite R.F. radiation which is extracted from it. The advantage of a 

gyroklystron over a conventional klystron is that the cavity dimensions can be scaled 

easier than a klystron and so a gyroklystron is able to operate at high frequencies 

with more ease and a higher power. 

 
Figure 1.6: Schematic of a four-cavity gyroklystron. 
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In a gyroklystron, the axial and transverse dimensions of the cavity can be much 

larger than a wavelength, since the electrons are travelling in a cylindrical path, and 

are not a linear beam.  There are some similarities between the gyroklystron and the 

gyro-TWT i.e. both employ the ECM instability and are amplifiers however the 

gyroklystron has a smaller bandwidth but larger output power than the gyro-TWT. 

Gyroklystrons have a much greater power-handling ability than klystrons but 

efficiency is lower due to the fact that only the transverse electron energy can be 

converted to RF power.  

 

1.3.5 The gyrotwystron 

The merits of the klystron, high efficiency and gain, and TWT, large bandwidth, can 

be achieved in one device - the twystron - and the same can be said of the 

gyrotwystron. The difference between the twystron and gyrotwystron lies with their 

electron trajectories - where the gyrotwystron uses a rotating electron beam, the 

twystron uses a linear beam - and in the formation of the electron bunches. The 

gyrotwystron bunches electrons azimuthaly, whereas the twystron bunches them 

transversely. The geometry of the gyrotwystron is an annular or rotating electron 

beam travels through an interaction region where RF is input through the input 

cavity. There is then a drift region and then a slightly tapered output waveguide. This 

type of setup mitigates breakdown problems (at high powers) associated with 

gyroklystrons. Through replacing the output cavity with an output waveguide much 

higher power can be handled. The electrons are bunched in the first cavity and excite 

modes in the output waveguide. 

 

There is another configuration of gyrotwystron that has recently been investigated – 

the “inverted gyrotwystron”. This consists of the gyro-TWT input section, a 

waveguide, then a drift region and an output cavity. The advantage for this is the 

travelling-wave input with drift region would induce higher harmonic content in the 

electron current density allowing harmonic operation. First suggested by Guo106 the 

theory of this device is presented by Nusinovich107. This device also is known by 

another name the phase-coherent harmonic-multiplying inverted gyrotwystron or 
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phigtron108,109,110. The phigtron has the ability to be a high average, high-peak power 

amplifier at millimetre-wavelengths with good efficiency, high gain with medium 

bandwidth. In one example, efficiency as high as 35%, outputs ~400kW and 

saturation gain of 43dB111 was reported. Another device shows very high gain-

bandwidth performance of 1.3% bandwidth, 33dB peak gain and at 31.8GHz109. 

 

This combines the bunching mechanism of the gyroklystron with the output stage of 

the gyro-TWT. This results in the merits of both devices, the large gain and 

efficiency of the gyro-klystron with the bandwidth of the gyro-TWT, being present 

within one device. The ideal application for this is in radars which require a large 

bandwidth amplifier with large gain and in accelerators where high-power millimetre 

wave devices are required. More than one cavity can be used for bunching which 

increases the efficiency, just as the gyroklystron.  

 

1.4 Overview on W-band sources 

There has been renewed interest in the W-band frequency range due to the many 

applications that exist and more recently there has been a surge in high frequency 

applications. There are W-band sources being developed in almost all capable 

devices. This section presents a selection of W-band sources that are of importance, 

however there are many others available that are not listed but can be found in an 

extensive annual report by Thumm.112 The fast-wave devices are given preference 

here with some additional results from slow-wave device and solid-state sources. The 

fast-wave devices have been operating at the highest frequencies for a long period of 

time but recent slow-wave sources have been able to push the frequencies higher due 

to advances in micromachining. 

 

Many single frequency gyrotrons exist within this frequency range that can produce 

very high powers and at very high efficiency. One example is at CPI113 with a 

94.9GHz gyrotron using a single stage depressed collector (SDC) has been 

developed to give 50% efficiency and 0.12MW power at TE62 mode impressively 

operating at CW. 
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A 10kW average power gyroklystron114,115 and gyrotwstron116 have been 

demonstrated by NRL. The gyroklystron obtained this power due to 11% RF duty 

factor with a 92kW peak power operating at the TE01 mode. The bandwidth was 

420MHz and efficiency at 33.5% at 94GHz. In a joint effort between the Institute of 

Applied Physics and Gycom in Nizhny Novgorod, a W-band gyroklystron which 

operates at the TE02 mode to produce 342kWs of peak output power117 was 

demonstrated, a world record at the time it was published. This device was driven by 

a 75kV 18.3A electron beam. A gyrotwystron that demonstrated a high peak power, 

50kW, at 93.9GHz with a 925MHz half width maximum (~1% tuning range) has 

been built by NRL118. 

 

Klystrons can provide a good bandwidth at W-band, however the average power is 

relatively low, but with high peak powers. For example, one such device is a W-band 

klystron with an extended interaction region (EIK). This is able to produce ~1kW 

peak power at 95GHz at 10% duty cycle (more than 1kW at a lower duty cycle) 

corresponding to 100W average power. The bandwidth of this source is relatively 

good for the klystron devices at 2.2% (2GHz). 

 

A gyro-TWT119 operating at W-band at 95GHz through a joint collaboration between 

CPI and Varian is able to produce impressive results with 6kW output power at a 

modest efficiency of 5% over a bandwidth of 3% which are relatively low results for 

this class of microwave source. The results can be explained by the use of a beam 

current which is 60% of the designed value. 

 

W-band oscillators are summed up in two main areas - the powers they can produce 

and the tuning range. Generally one device will satisfy one of these conditions but 

not both. This makes the gyro-BWO presented in this thesis unique, the advantages 

of which can be seen in Figure 1.7 where this gyro-BWO is compared against similar 

world-wide sources. 

 

1.5 Research pursued in this thesis 

This work presents the results of gyro-BWO through theoretical, numerical and  
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Figure 1.7. Performance of current W-band microwave sources with the gyro-BWO designed, 

simulated, constructed and operated as presented in this work. 

 

experimental means. This microwave source operates in the W-band frequency range 

adding further difficulty to the experimental construction due to the small size of all 

the dimensions and tolerance sensitivity. Many sources have been created in this 

microwave region however the unique point of this device is a wide frequency tuning 

range while maintaining high efficiency and high CW power. There are many 

applications for high-power millimetre wave gyro-devices120. Specific applications 

requiring a device with high-frequency, wide frequency tuning range, high CW 

power with good efficiency are electron spin resonance121, material processing122 and 

military defence123. In defence applications a tuneable source is useful for jamming 

radar signals as the frequency required is not always known. Furthermore, amplifier 

sources capable for wide bandwidth at high power require a frequency tuneable 

~10kW source124 for which the gyro-BWO would be ideal. 

 

As shown in Figure 1.7 the current state-of-the-art W-band sources can either 

provide high powers but at the cost to frequency tuning range/bandwidth or large 

tuning range/bandwidth at the cost of power.  

 

The aim of this thesis is to provide a device that can satisfy both demands in 

frequency tuning range and power. To do so required two special aspects to be made: 
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a waveguide with a helical corrugation of the inner surface and a cusp electron gun. 

 

The interaction region in this gyro-BWO is a corrugated waveguide with a long 

length with small diameter making the construction of this very demanding. A novel 

cusp electron gun generating an axis-encircling electron beam has been analysed 

through numerical simulations using two proven electron beam codes, MAGIC and 

Opera-3D. The interaction region has a helical corrugation on the inner surface and 

dispersion characteristics of this obtained from a vector network analyser are 

compared to numerical and analytical calculation. Two solenoids, one producing 

very large DC field of 2.1T, have been designed, optimised and fabricated. The 

microwave device was constructed and within this thesis the experimental results are 

given for both the electron gun and gyro-BWO.  

 

A summary of each chapter is given here. 

 

Chapter 2: 

The theory of waveguides and electromagnetic waves is discussed within this chapter 

starting with the basic circular waveguide theory. The interaction between a 

microwave and electron beam is discussed. Instabilities which lead to microwave 

generation/amplification are explained within this chapter with a focus on the 

electron cyclotron maser, a topic of great importance to the gyro-device operation. 

 

Chapter 3: 

Within this chapter waveguides with a helical corrugation of the inner surface are 

introduced. Such an interaction region is analysed in many different ways starting 

with analytical theory from which the design parameters of the corrugation are 

decided. This naturally leads to the numerical simulation of the helically corrugated 

waveguide as a double confirmation of the designed geometry. The two methods of 

finding the various properties of a waveguide (dispersion, electric field pattern etc) 

are enough verification to construct the waveguide. The complicated geometry and 

small size meant construction was challenging and the various issues that arose are 

described in detail. The 4-period proof-of-construction-method and final 34-period 
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helical waveguides were constructed and analysed experimentally with the dispersion 

characteristics and transmission loss presented. Finally this chapter concludes with a 

comparison between the various methods of analysing the waveguide, with further 

numerical simulation results in MAGIC, and draws conclusions about the 

verification of the constructed waveguide. 

 

Chapter 4: 

Within this chapter is the theory of electron beams, electron guns and emission 

mechanisms. General electron beam physics is discussed as a starting point for the 

more evolved theory of electron beam transported through a cusp magnetic field. The 

various electron gun types are described along with the differing emission processes 

with a focus on thermionic emission as this is the type employed by the cusp electron 

gun. The various details of the cusp electron gun are presented first the general over 

view of the gun and why one would choose to operate with this over similar electron 

guns and the historical details starting with invention following to recent 

advancements in cusp electron guns. This chapter finishes with a discussion of the 

mode selective properties specific to the axis-encircling electron beam and explains 

why these are important for harmonic waveguide interaction. 

 

Chapter 5: 

This chapter presents the design and numerical simulation of the cusp electron gun, 

used as the driving source for the gyro-BWO. The design factors are first introduced 

with a brief discussion of the optimisation of the design, a key element in electron 

gun creation. The simulation of the designed diode in the 3D PiC code MAGIC is 

presented with the optimised beam trajectories, average alpha, alpha spread and axial 

velocity spread given. The desired application of the electron gun requires operation 

over a range of magnetic field strengths, alpha values and beam voltages so the 

simulated values of the electron beam over those ranges is described. The 3D 

simulation suite Opera-3D was used to confirm the validity of the MAGIC 

simulations and electron gun design. 
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Chapter 6: 

The details of the experimental construction, except interaction region which is in 

chapter 3, are described and, where suitable, analysed. First, the electron gun with a 

new cathode is shown with the construction details given. Following this are the two 

solenoids with the various problems that they create described and the cooling 

method explained. Furthermore, the experimentally measured magnetic field profile 

is given and compared to the simulated values. Within this chapter the many 

elements of the pulsed power system are described in both theory and experimental 

details including: the double cable Blumlein, voltage divider and spark gap switch. 

The full pulsed power setup with circuit diagram and scaled technical drawing are 

shown. 

 

Chapter 7: 

Presents the experimental results of the cusp electron gun and gyro-BWO. Starting 

with analysis of the voltage pulse used to accelerate the electron beam. Following is 

the diode current showing the regime of operation of the emission process and the 

variation of the emitted current with heater power. The transported electron beam 

current can then be found with the application of the magnetic fields. Then through 

the use of a scintillator the electron beam profile can be captured using a long 

exposure camera. The analysis of the electron beam profile allowed determination of 

the average diameter and velocity ratio, alpha, value for various values of the reverse 

coil current. These results were compared against simulated and analytically 

calculated values. A summary of the performance seen in the electron gun compared 

to the current state-of-the-art cusp electron guns created worldwide are presented. 

The chapter concludes with microwave pulse measurements from the gyro-BWO and 

an estimation of the frequency and power of the pulse.  

 

Chapter 8: 

Presents a brief summary of the results gained within this thesis alongside a look at 

the future work to be carried out. 

 

There are many different results contained within this thesis throughout the many 
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chapters. Listed below are some points of importance presented for convenience.  

 

These are the main points reported in this thesis. 

 

Key results obtained from this work are: 

I. Dispersion equations for the helically corrugated waveguide were derived. 

II. Various methods were used to find the dispersive characteristics of a helically 

corrugated waveguide. Firstly, the coupled dispersion equation was solved 

analytically. Then a numerical simulation package was used to find the 

dispersion of the waveguide.  

III. The helically corrugated waveguide was fabricated with high accuracy and 

dispersion characteristics found through a vector network analyser. 

IV. Numerical simulations were developed to model the cusp electron gun. 

V. Two solenoids, one operating at a very large DC current, were constructed 

with cooling issues resolved. 

VI. Both solenoid magnetic field profiles were measured experimentally. 

VII. A cusp electron gun capable of operating at high frequency was constructed 

and experimentally tested producing an axis-encircling beam. 

VIII. The gyro-BWO was operated experimentally producing microwave radiation. 

 

1.6 Summary  

This chapter has detailed the history behind vacuum tube technologies and 

introduced some fundamental microwave devices. These devices range from the 

magnetron to the more recently invented gyrotron and the subsequent gyro-devices. 

The relevance of the W-band gyro-BWO to the vacuum electronic devices has been 

shown with the applications and performance compared to similar devices given. The 

chapter closes with a brief summary of each chapter highlighting the main points of 

each.
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Chapter 2. 

Theory of Guided Waves and  

Beam-Wave Interaction
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2.1 Introduction 

The ability to transport microwaves along a bounded system with low loss has 

enabled many applications. Invented in the 1930’s, the original waveguides were of 

rectangular and circular form, although many different modifications have been 

made to these shapes including slotted125, corrugated126, spiral127 and Bragg128 

waveguides. The purpose of changing the geometry of the waveguide is to give the 

system special properties, such as preserving mode purity (slotted, spiral and 

helically corrugated waveguides), to couple to non-fundamental modes (helically 

corrugated and slotted waveguides), to gain more desirable properties, for example 

increased bandwidth and efficiency through changing the dispersion of the 

waveguide (helically corrugated waveguides) and to act as a microwave mirror 

(Bragg waveguides). This chapter will discuss the theory of electromagnetic waves 

and the waveguides that guide them with in-depth analysis of waveguides with a 

helical corrugation of the inner surface. The interaction between an electron beam 

and microwave or waveguide mode is also discussed within this chapter. This 

interaction can take many different forms such, as the Weibel and Cyclotron 

Resonance Maser instabilities. When coupling occurs, the electron beam can transfer, 

or take, energy from the waveguide mode through a beam-wave interaction, allowing 

amplification or generation of high power microwaves. 

 

2.2 Electromagnetic waves 

Maxwell’s equations are a fundamental set of equations that describe both 

electrostatics and electromagnetic waves of which are considered one of the most 

important scientific advances in history. These equations, shown by equations (2.1)-

(2.4), are summarized in the 19th century by James Clerk Maxwell129 from 3 previous 

laws with a slight modification to Ampère’s Law. In using these equations, the basis 

of electromagnetic theory can be obtained. By time-stepping methods the solution to 

these equations can be numerically achieved. Many simulation software have been 

written based on this method to solve complex electromagnetic problems. 
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Gauss’s Law  D  (2.1) 

Gauss’s Law for magnetic fields 0  B  (2.2) 

Faraday’s Law 
t


  


B

E  (2.3) 

Ampère-Maxwell Law 
t


  


j

D
H  (2.4) 

Where E is the electric field, B is magnetic field flux density, D is electric 

displacement field, H is the magnetic field, j is the volume current density,   is 

charge density and t is time. In these equations bolded parameters indicate vectors. 

 

Also, in a linear material the following constitutive relations for displacement and 

magnetic flux density are:  

 D E  (2.5) 

 B H  (2.6) 

Where 0r    is the permittivity of the media where r  and 0  are the relative 

permittivity of the medium and permittivity of free space respectively, 0r    is 

the permeability of the media where r  and 0  are the relative permeability of the 

medium and permeability of free space respectively. 

 

The wave equation ((2.7) and (2.8)) can be derived130 from Maxwell’s equations.  
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The generalised wave equation for propagation in free-space can be found when 

1r   and 1r  . For many applications microwaves have to be bounded within 

conductive walls and so a waveguide of some form must be used. 

 

2.2.1 Introduction to waveguides 

Waveguides are of great importance to electromagnetic wave applications as they 

can transport waves with low loss of power. It was in 1897 that Lord Rayleigh131 
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proved mathematically that microwave transport through a waveguide was possible. 

However, it was not until 1932 that George C. Southworth re-examined the 

waveguide concept and started experimentally confirming the theory. In 1936 

Southworth presented experimental proof of this concept. At the same meeting, W.L. 

Barrow of MIT gave a paper presenting experimental confirmation of wave transport 

through a circular waveguide. Both these pioneers had independently contributed to 

waveguide theory. A more detailed study of the history of waveguides has been 

published by Packard132. Co-axial transmission lines are useful in that they can 

transport high bandwidth microwaves and are generally flexible and useful for many 

applications, such as domestic use and test equipment.  

 

2.2.1.1 Circular waveguides 

Circular waveguides are used throughout the gyro-devices and in many other 

microwave devices. This form of waveguide is useful for manufacturing purposes as 

turning a copper pipe is simpler than machining a rectangular hole. Furthermore, in 

applications such as radar antenna circular waveguide is absolutely necessary. The 

circular waveguide geometry can be seen in Figure 2.1. It is beneficial to use the 

polar coordinate system when dealing with a circular system, and as such, the fields 

are represented in terms of r ,   and z, with the Cartesian equivalent given as 

equations (2.9) and (2.10). 

 cosx r   (2.9) 

 siny r   (2.10) 

The generalised wave equation in a waveguide is given by equation (2.11) when 

propagating along the z direction.  

   02 2 2

0

( ) 0z
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 (2.11) 

Where 2 2
z ck k k   is the EM wavenumber, zk  is the axial wavenumber and ck  is 

the cut-off wavenumber. 2
t  is the transverse part of the Laplacian operator,  

2
2 2

2t z
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Figure 2.1. Circular waveguide geometry. Here a is the inner radius of the waveguide wall. 

 

The solutions of the wave equation are an infinite number of waveguide modes. They 

are generally split into three categories: TE (Transverse Electric), TM (Transverse 

Magnetic) and TEM (Transverse Electric and Magnetic). The TE mode has no 

electric field in the z direction, but does have a magnetic field component. The TM 

mode has no magnetic field in the z direction but an electric field component. The 

TEM mode has neither an electric or magnetic field component in the z direction and 

does not exist in a regular waveguide, but rather in a co-axial system, due to such a 

mode not meeting the boundary conditions in waveguides. When characterising these 

modes it is common to use two indices m and n which represent the number of 

variations in the azimuthal and radial directions respectively..  

 

Electric and magnetic components of a TEmn waveguide mode in a circular 

waveguide mode can be derived133 as shown in equations (2.12) and (2.13). The 

radial dependence of the fields is given by the Bessel functions, mJ , and their 

derivatives.  

 0, 0zE   (2.12) 
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Where mn  is the nth zero of the derivative of the mth Bessel function and A is the 

vector potential. 
 
For a TMmn mode the field components are 
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Where mn is the nth zero of the mth Bessel function 

 
A circular waveguide can support both the TE and TM modes as these meet the 

boundary conditions. The cut-off wavenumber in a cylindrical waveguide can be 

found through equations (2.20) and (2.21) for a TE and TM mode, respectively. A 

plot of the first four Bessel functions is shown in Figure 2.2. 

 mn
ck

a

 
   (TE mode) (2.20) 

 mn
ck

a


    (TM mode) (2.21) 

The cut-off angular frequency can be calculated through equations (2.22) and (2.23) 

for the TE and TM modes respectively. 

 mn
c
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  (TE mode) (2.22) 

 mn
c

c

a

   (TM mode) (2.23) 

The cut-off frequencies allow determination of the mode order within a circular 

waveguide. The first two modes are the fundamental TE11 then the TE21 modes. The 

electric and magnetic field patterns for the TE21 mode can be seen in Figure 2.3. The 

two azimuthal variations means this is a mode with 2m  . 
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Figure 2.2. The first four Bessel functions. 

 

(a) 

Radial Electric Field

 (b) 

Radial Magnetic Field

 

Figure 2.3. Electric and magnetic field matters for the TE21 mode in a circular waveguide Showing (a) 

electric field and (b) magnetic field. 

 

2.2.2 Polarisation 

The polarisation of an electromagnetic wave is the direction of its electric field. It is 

convenient to start with the simplest case, the plane wave. It is possible for two 

waves to travel together at the same time, oscillating around the same axis. When 

these oscillations occur at the same time they are said to be in phase. Also, the 

surface over which the fields are in phase is known as the wave front. A plane wave 

is one which is travelling along an axis, z, with plane fronts parallel to each other and 
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a monochromatic wave whose E field is oscillating parallel to the x-axis. This can be 

described as the real part of this expression 

  0ˆ expxE i t kz   E  (2.24) 

Where E0 is the amplitude of the wave, and x̂ is the x direction unit vector. 

 

The plane wave has the same amplitude at any point with the same z coordinate i.e. 

any line parallel to the x-y plane. This field is a solution of the wave equation in  

(2.7). 

 

The first form of polarisation is the linearly polarised plane wave. This is a wave 

where the electric field vector is always parallel to one direction hence either in the 

positive or negative direction depending on the time of observation. This can be 

decomposed into two plane waves in x and y directions. 

    0 0ˆ ˆ expx yxE yE i t kz    E  (2.25) 

Where 0xE  and 0 yE  are the amplitudes of the electric field in the x and y directions 

respectively and ŷ  is the y direction unit vector. 

 

The resultant vector has an angle   to the x-axis as given by 

 0

0

tan y

x

E

E
   (2.26) 

When the polarisations of the two waves are out of phase different complicated 

polarisations can be found. An example of this is the electric field shown by equation 

(2.53). 

     0 0ˆ ˆexp exp / 2xE i t kz yE i t kz           E  (2.27) 

When two polarisations are 90° out of phase which gives a circularly polarised plane 

wave. This can be defined as a wave that travels along a z axis with a field E and a 

constant length E0 but the resultant vector is constantly changing direction in a fixed 

position. In the fixed point in space the field vector E  rotates around this point with 

an angular velocity  as time passes. 

 

The other form of polarisation is a randomly polarised plane wave. This is also 
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known as the un-polarised plane wave, and is defined as a plane wave with a 

direction of oscillation that is randomly changing with time. This sort of polarisation 

occurs from most visible light sources (not lasers) as they contain many different 

atomic or molecular de-excitations causing the randomisation of the motion of the 

emitted light. 

 

2.2.3 The phase and group velocities 

The phase velocity of an electromagnetic wave is the velocity at which the phase 

propagates down a waveguide. It is more clearly seen in Figure 2.4 that when a 

wave, A B , moves to position A B   through a distance, C, the point A A  

actually moves through a larger distance  / sinc   making the phase velocity, v p , 

greater than the speed of light. However, the actual velocity of the wave travelling 

down the tube is the group velocity, vg , which must be less than the speed of light, 

c. 

AA

B B

 
Figure 2.4. Velocity of electromagnetic wave in the waveguide. 

 

The relationship between group velocity, vg , and phase velocity, v p  can be given as 

 v sinp c   (2.28) 

 2v vp g c  (2.29) 

From the dispersion relationship, the group and phase velocities can be found 

through equations (2.30) and (2.31), respectively. 
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 (2.30) 

 v p k


  (2.31) 

2.2.4 Losses 

In regular waveguides, microwaves lose power as they propagate along a waveguide 

through ohmic losses. The walls of standard waveguides (not those with 

superconducting walls) have a conductivity and, so electric fields can penetrate a 

distance into the walls, known as the skin depth, s , which is dependent on the 

wavelength of the microwaves and material properties of the waveguide. 

 
1 2

s
m


 

   (2.32) 

Where   is the attenuation constant and m  is conductivity of the medium. 

 

This power transfers into heating of the waveguide walls, since the electromagnetic 

wave induces currents along the walls. At the surface of the waveguide, the electric 

field in the conductor, cE , is related to the eddy current density by Ohm’s 

law, c cJ E  where c  is the conductivity of the conductor. Eddy currents are a 

well known effect where a conductor is near a changing magnetic field and this 

causes a flow of current. The losses in a waveguide are dependent on cross-sectional 

area, waveguide length, group velocity of the wave, the ratio of operating frequency 

to the cut-off frequency of the waveguide and the conductivity of the waveguide 

walls. 

 

The losses in a waveguide are useful to know as they affect the output power. It can 

be advantageous to introduce losses to waveguides, for example a microwave sever.  

 

2.3 The dispersion relation 

In order to characterise waveguides, the dispersion equation is a relationship between 

angular frequency ω of a wave and its axial wavenumber kz. Dispersion occurs as a 
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result of the variation of refractive index as a function of frequency in a media, as 

famously shown by passing white light through a prism to generate a rainbow of 

colours. Through analysis of the dispersion of a waveguide, the cut-off frequency, 

along with the waveguide modes, can be found. In a circular waveguide, the lowest 

order mode is the TE11. The dispersion relation also provides the phase and group 

velocity at any frequency for any mode.  

 

In a circular waveguide, the electromagnetic mode can be plotted though equation 

(2.33). The dispersion diagram of two waveguide modes with lowest cut-off 

frequencies in a circular waveguide can be seen in Figure 2.5. In this figure, the 

speed of light dispersion line is also shown. This is calculated through (2.34). 

 2 2 2 2 2
zc k c k    (2.33) 

 zck   (2.34) 

 
Figure 2.5. Dispersion diagram of a cylindrical waveguide. The fundamental TE11 and TE21 

waveguide modes are shown along with the speed of light line. 

  

Through plotting this, interactions can be tuned through changing electron beam 

properties or applied magnetic fields until the electron beam line and electromagnetic 

mode intersect.  

 

2.4 Beam-wave interaction 

Energy is extracted from a bunched electron beam in most microwave devices. The 
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bunching is critical to the devices usefulness as this creates coherent microwaves and 

allows for a net gain of energy transfer from the electron beam to microwave signal. 

Some devices, like the klystron, use a conductive mesh with an oscillating voltage 

applied to it to bunch electrons as the electrons cannot pass when the voltage is 

applied and can when they are not. The electrons are forced to “wait” until they pass 

which results in only bunches of electrons passing the mesh. Other devices bunch the 

electrons in the interaction region itself which takes away the requirement for such a 

mesh and reduces the complexity of the microwave source. The electrons bunch 

through two instabilities - the Weibel134 and the Electron Cyclotron Maser (ECM) 

instabilities. Although these two coexist in the similar setups, one will dominate 

depending on the phase velocity of the electrons. Under similar conditions135 it is 

found that the ECM instability is dominants when v / 1p c   and the Weibel 

mechanism is dominant when v / 1p c  . The difference in the electron beam 

bunching is that while the ECM instability bunches the electron beam azimuthally 

the Weibel mechanism bunches the beam axially. The ECM is the instability 

employed in gyrotron devices and Weibel is more relevant to astrophysics136 and 

laboratory plasma experiments. These two efficient bunching mechanisms are used 

in different devices to a great effect and have enabled a whole range of high power 

microwave sources.  

 

2.4.1 Electron beam dispersion 

Dispersion characteristics apply to an electron beam as well as electromagnetic 

waveguide modes, as previously discussed. Calculation of the electron beam 

dispersion line allows tuning of microwave interactions and allows determination of 

various properties of the interaction such as growth rate and tuning range/bandwidth. 

The electron beam dispersion of a cyclotron is given in equation (2.35). This 

dispersion includes the harmonic number, s, of the electron beam as this beam can be 

at higher harmonics to couple to waveguide modes. 

 vz z

s
k




   (2.35) 

Where v v /z t   is the axial velocity of the electrons, vt  is the transverse velocity 



40 
 

of the electrons,   is the velocity ratio alpha, 0 0 0/eB m     is the cyclotron 

frequency and 2
01 ( / )eV m c    is the Lorentz relativistic factor. 

 

The electron beam dispersion line can be calculated along with the waveguide 

modes, as shown in Figure 2.7a, and points of intersection show possible interaction 

where the cyclotron-resonance condition /    is satisfied. Through tuning 

parameters such as electron beam voltage and alpha as well as the applied magnetic 

field the electron beam line can be moved until the desired interaction is achieved. 

The coupled waveguide dispersion can be calculated which considers the interaction 

between the beam and waveguide mode to allow determination of the growth rate of 

interaction. The solution of the coupled dispersion is of the form r ii     where 

r  gives dispersion properties and i  gives growth rate which appears only when 

the cyclotron-resonance condition is met. This also introduces an area of concern for 

microwave sources known as Doppler broadening, shown in Figure 2.7b. This occurs 

when the electron beam has an axial velocity spread resulting in the beam line 

becoming thicker as kz increases. This effect reduces efficiency the vacuum tube and 

show multiple points of interaction between the electron beam and waveguide mode. 

 

2.4.2 Dispersion characteristics of gyro-devices 

The gyro-devices vary in their applications and configurations and the interaction of 

the electron beam to the waveguide mode easily differentiates each device. The 

dispersion profiles of three of the most common gyro-devices are shown in Figure 2.6. 

In the gyro-TWT the electron beam interaction is at the grazing or near-grazing 

condition operating on the 0zk   slope as the amplifier operated with an absolute 

instability. The gyro-BWO operates with the electron beam line intersection the 

waveguide mode on both the 0zk   and 0zk   slopes however the absolute 0zk   

instability tends to dominate the convective instability and sets up a standing wave 

inside the cavity assuming there is a feedback mechanism. The gyrotron operates 

close to cut-off as detailed by this figure. The gyrotron has a single frequency of 

operation. 
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Figure 2.6. Dispersion diagrams for three gyro-devices these are from left to right the; gyrotron 

travelling wave tube; gyrotron backward wave oscillator; gyromonotron. 
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Figure 2.7. Uncoupled dispersion diagram of gyrotron backward wave oscillator with (a) the 

waveguide and electron beam dispersion lines presented and (b) the effect of Doppler broadening on 

the electron beam dispersion line. 

 

2.4.3 Electron cyclotron maser instability 

To understand the electron cyclotron maser (ECM) instability the positions of the 

electrons under the influence of an R.F. electric field has to be considered. Two 

assumptions are made about the electron motion: firstly, the electrons rotate counter-

clockwise around a set point; and secondly, to make the situation simpler we are 

using a reference frame moving along with the electron in the z direction due to the 

fact that the ECM instability only extracts energy from transverse momentum of the 

electrons.  
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(a)  (b)  

Figure 2.8. Positions of electrons in phase space in the time-frame of the electric field showing the 

electrons in their (a) un-bunched state and then after some time (b) azimuthally bunched. 

 

In general in a gyro-device, two kinds of electron beams are used for ECM 

interactions i.e. an annular small-axis electron beam from a Magnetron Injection Gun 

(MIG) and an axis-encircling beam from a cusp or Pierce gun with a magnetic 

kicker. The electrons rotate around an applied magnetic field. Initially, they 

distribute uniformly around in the transverse phase space as seen in Figure 2.8a. The 

radius of the ring is given by the initial Larmor radius, 0Lr , at the initial 

perpendicular velocity, 0v  , as is evident in equation (2.36). 

 0
0

0

0

v
Lr








 
 
 

 (2.36) 

Where   1/22 2
0 01 v / c



    is the initial relativistic factor and 0 0 0/eB m   is the 

nonrelativistic cyclotron frequency. 

 

It should be mentioned at this point that the velocity mentioned here is the 

perpendicular velocity, i.e. the electrons velocity around their axis. Essentially it is 

the velocity perpendicular to the direction of the beam as a whole (i.e. perpendicular 

to the axial direction). The other velocity mentioned is the parallel velocity, which is 

the axial velocity. Suppose an electric field applied to this electron ring in the y 

direction as shown in Figure 2.8 and is given by equation (2.37). 

     ˆcosy o ot t y E  (2.37) 
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Where 

 o
o

o

s
 


  (2.38) 

The electric field given in equation (2.37) has the same frequency as the electron 

cyclotron frequency and its harmonics are shown in equation (2.38). This electric 

field would affect the motion of the electrons and so electrons 8, 1 and 2 in Figure 

2.8 will lose energy to the field. The energy they lose is kinetic energy, so their 

perpendicular velocity will decrease and hence their γ must decrease. For these 

electrons, if their relativistic factor decreases, then their relativistic cyclotron 

frequency will increase as seen in equation (2.86). Electrons 3 and 7 are not affected 

in average by the electric field, as they have no velocity in y direction and they are 

only travelling in the x direction. However, electrons 4, 5 and 6 will gain energy 

from the electric field as they travel in the opposite direction from it. Electrons 4, 5 

and 6 will therefore have increased kinetic energy and relativistic factor, and hence a 

lower relativistic cyclotron frequency. Electrons 8, 1 and 2 will spiral inwards from 

the ring as their relativistic cyclotron frequency will increase and from equation 

(2.86) they must of course have a smaller Larmor radius. The opposite occurs for 

electrons 4, 5 and 6. Particle 5 will experience a significant decrease in its cyclotron 

frequency, as it has a large y velocity component. If electrons 8, 1 and 2 are 

decelerated by the field, the electrons on the opposite side of the ring 4, 5 and 6 are 

accelerated by the field. This process will thus lead to phase bunching, as when one 

electrons cyclotron frequency decreases another at the other side of the beam will 

increase and therefore they will move closer together. In Figure 2.8b, the electrons in 

the orbit after a few cycles can be seen and the bunching effect of them is evident. 

This is due to the effect of the electric field on them and the relativistic dependence 

on the cyclotron frequency. In the situation given, there would not yet be a net 

exchange of energy. For an exchange in the energy to occur, the frequency of the 

electric field needs to be slightly greater than the relativistic cyclotron frequency.  

 o
o 


  (2.39) 

If the frequency is slightly greater than the relativistic cyclotron frequency it satisfies 

equation (2.39), then the electrons traverse a space angle of less than 2π in a wave 
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period of 02 /   . This means the electrons have an orbit less than the orbit of the 

wave so they will slip behind the wave. This therefore sets the bunching of the 

electrons in the upper half of their orbits. Since a majority of the electrons are in the 

upper plane, they will move in the same direction and hence will move in the same 

direction as the electric field, thus giving up kinetic energy to it as shown in Figure 

2.8b. 

 

2.4.4 Weibel Instability 

As previously discussed, energy can be extracted from a rotating electron beam 

through azimuthal and axial bunching of the electrons. The axial bunching 

mechanism is called the Weibel mechanism137, and is named after E. S. Weibel.  This 

instability occurs through the axial movement of electrons and is caused by the 

1v B   Lorentz force where v  is the electrons perpendicular velocity component, 

with respect to the wave vector and 1B  is the wave magnetic field. The electrons that 

lead the electric field by / 2  advance in the z direction and the opposite is true for 

electrons that lag by / 2 . This means the electrons start to bunch together in the 

opposite phase of the electric field. If the cyclotron rotation is set to be slightly faster 

than the field rotation a net extraction of energy can be obtained. 

 

2.5 Summary 

This chapter has discussed the fundamental theory behind waveguides. Throughout 

the proceeding chapters the equations used can be linked back to the theory presented 

within this chapter. Starting with the most fundamental theory the waveguide was 

introduced with an emphasis on circular guides. The topic of polarised microwaves 

was briefly explained and this is of vital importance to the forthcoming discussions. 

The electron beam and waveguide dispersions were introduced. It is through the 

dispersion profiles of these waveguides that the theory of a waveguide with a helical 

corrugation of the inner surface is derived. This chapter ended with an explanation of 

the interaction between waveguide modes and electron beams. The two possible 

instabilities that exist in gyro-devices, the ECM and Weibel, were described. This 
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chapter set out the base theory behind smooth waveguides in preparation for the 

more complicated topic of helically corrugated waveguides. 
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Chapter 3. 

Design, Manufacture and Testing of 

the Helically Corrugated Waveguide
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3.1 Introduction 

The interaction circuit of any microwave device is very important because it 

determines microwave modes, frequency, power, bandwidth etc. The design and 

testing of the interaction region for the W-band gyro-BWO, the helically corrugated 

waveguide, is discussed within this chapter. The analytical and numerical methods 

are shown with the optimised waveguide geometry given. The construction of this 

waveguide is described in detail with the minor problems encountered explained and 

the solution presented. The measured results obtained though using a vector network 

analyser (VNA) of the microwave transmission, reflection and phase evolution of the 

waveguide are given later in the chapter. Finally the results of the different methods 

employed i.e. analytical calculations, numerical simulations and experimental 

measurement of the waveguide dispersion characteristics are compared and analysed. 

 

3.2 Previous research at the University of Strathclyde using 

helically corrugated waveguides 

The University of Strathclyde has been at the forefront of helically corrugated 

waveguide research due to being co-inventors of the concept with the Institute of 

Applied Physics in Nizhny Novgorod in Russia. Originally the intention was to use 

this type of waveguide to provide a modified dispersion profile in gyrotron devices 

but another application has evolved in microwave pulse compression. The 

requirements for microwave pulse compression are that the output power should be 

many times that of the input power and the helically corrugated waveguide changes 

the group velocity of the microwave in a pulse in order to reduce the width of the 

pulse and in doing so increase the power. In both of these fields, results unobtainable 

by other methods are found and a world record in pulse compression as well as 

impressive gyro-TWA/gyro-BWO results have been achieved. 

 

The original theory paper on this subject was written by G. G. Denisov et al. in June 

1998145 entitled “gyro-TWT with a Helical Operating Waveguide: New Possibilities 

to Enhance Efficiency and Frequency Bandwidth”. The paper gives the first theory 

and theoretical results for a gyro-TWT using a helically corrugated interaction 
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region. The theoretical results of the helical gyro-TWT are compared against the 

conventional gyro-TWT and it is found that the helical gyro-TWT had over ~20% 

bandwidth and ~30% efficiency. These very impressive results showed that this new 

waveguide has very attractive properties and since this paper a few experiments 

using these waveguides have taken place. The experimental verification of the 

previous simulations was reported in December 1998138. The main conclusion of this 

paper was that the authors were able to achieve an output power of 1MW at 9.2GHz 

with a gain of 23dB and efficiency of 20%.  Another paper from the joint groups was 

published in March 2000 by V. L. Bratman et al.139 entitled “High-Gain Wide-Band 

Gyrotron Travelling Wave Amplifier with a Helically Corrugated Waveguide”. This 

paper gives the experimental results of a gyro-TWA and here gives the measured 

bandwidth of the device. The results gained are that at 9.4GHz the peak power is 

1.1MW, efficiency of 29%, saturated gain 37dB, linear gain 47dB and a bandwidth 

of 8.4 to 10.4GHz which is 24% of the central frequency. The results of a gyro-TWA 

were presented in 2004 at the ICMMT conference140 operating between 8.4GHz and 

10.4GHz. This had an electron beam of 185keV and current 7.5A with a RF output 

of 220kW, with 16% efficiency and 21% bandwidth. The latest papers to be 

published on this subject were in May 2005141 and this paper gives the results of a 

gyro-BWO using a helical waveguide working in X-Band. The results gained from 

this were at 8.575GHz a maximum power of 62kW, efficiency of 16.5%, and 

bandwidth between 8.0-9.5GHz which is 17% of the relative frequency. After this 

the next work reported by Strathclyde was in 2006 by W. He et al. which 

investigated a gyro-BWO through simulations146. These simulations, performed 

through the 3D PiC code MAGIC, showed that ~8.6GHz the power of ~64kW could 

be realized with an electron beam of 185keV and 2A. 

 

Pulse compression work in Strathclyde employs helical waveguides to provide the 

idealized dispersion needed to compress a pulse to high power. The helical 

waveguide is used so that essentially one end of the pulse moved back relatively 

whilst the other end of the pulse moves forwards and the two meet in the middle so 

the pulse is shorter in width and larger in amplitude. The first paper released on this, 

in March 2004142, gives the theory behind the novel pulse compression method and 
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also results of the proof-of-method experiment carried out. In this work the output 

pulse could be 10 to 20 times in peak power of the input pulse with an efficiency of 

more than 50%. This compared well with the theoretical results. The next paper 

published is the April 2005 paper143 these results are compared between theoretical 

simulations and experimental results.  It was demonstrated that the frequency-swept 

BWO pulse was effectively compressed, resulting in about a 3-fold peak power 

increase, with a maximum power of 1.8GW generated 

 

3.3 Helically corrugated waveguide theory 

A waveguide with a helical corrugation on the inner surface couples two partial 

rotating waves to produce an idealized dispersion profile. The interaction between 

electron beam and ideal dispersion should occur with axial wavenumber close to zero 

with a large frequency tuning range in comparison with smooth-bore waveguide. 

When interaction occurs with low zk  the effect of velocity spread on the interaction 

efficiency is lowered due to the vz zk  term appearing in the electron beam dispersion 

line. The two partial rotating modes coupled are a near cut-off mode (A) with small 

axial wavenumber and a travelling wave (B) with large wavenumber. In the 

following discussion modes A and B are a TE21 and the first spatial harmonic of the 

TE11 mode respectively. The B wave rotates against the helix and is perturbed in the 

similar manner to a periodically loaded waveguide, creating spatial harmonics of the 

wave at intervals of 2 / d  which is h  and where d  is the period of the 

corrugation.  

 

Coupling between the waves A and B will occur when the axial and azimuthal 

wavenumbers meet the Bragg resonance conditions given in equations (3.1) and  

(3.2). 

 A Bm m m   (3.1) 

 A Bh h h   (3.2) 

Where mA and mB are the azimuthal mode index of wave A and B respectively. hA 

and hB are the axial wavenumber of mode A and B respectively. m  is the azimuthal 

index of the helical waveguide and h  is the axial number of the Bragg periodicity. 
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When the corrugation amplitude of the helical waveguide, l , is small compared to 

the operating wavelength and the waveguide is long enough then the method of 

perturbation144 can be used in order to deduce the field structure and dispersion 

characteristics of the helically corrugated waveguide. Also, the ratio of corrugation 

amplitude, l, to the mean waveguide radius, r0, should be much smaller than 1, 

0/ 1l r  . 

 

The surface of the helix can be shown in cylindrical coordinates , ,r z  as 

    0, cosr z r l m hz     (3.3) 

A three-fold helix, shown in Figure 3.1, is used to couple a TE21 and the first spatial 

harmonic of the TE11 mode. If higher harmonic operation is required then the order 

of corrugation is increased, for example changing to a five-fold helix as shown in 

Figure 3.1b.  It should be noted that the spatial harmonic modes only exist within a 

waveguide that has an axial periodicity. The helical corrugation has periodicities in 

both the azimuthal and axial directions as shown in Figure 3.2. 
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(b)  
Figure 3.1. Cross-sectional profile of a helically corrugated waveguide with different aximuthal 

indexes showing (a) a three-fold and (b) a five-fold corrugation. 

 

The dispersion of a helical waveguide is unique, as shown in Figure 3.3 taken from 

Ref. 144, and is ideal for a wide-band gyro-device. At a higher  , the dispersive 

effect is closer to the TE21 mode and so the eigenmode tends to follow the 

conventional TE21 mode. Conversely at the lower frequency end of the eigenmode, 
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the dispersion follows the TE11 mode. The dispersion creates two eigenmodes, one 

“operating” and the higher frequency “spurious” mode labelled W1 and W2 in the 

following discussions. The interaction between electron beam and helical dispersion 

occurs with the operating eignmode. There are many spatial harmonics of the helical 

dispersion two are shown within the figure the fundamental labelled (0), and first, 

(1). 

 

         
Figure 3.2. A 3D representation of the helical waveguide body showing both the axial and azimuthal 

periodicity of the corrugation. 
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Figure 3.3. Schematic dispersion diagram of a helical structure showing the spatial harmonics. 
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Interaction occurs at the intersection between mode A and mode B. The following 

equations describe the two unperturbed waveguide dispersions. 

  2 2 2
0/ 0Ac k h     (3.4) 

    
1

22 2
0/ 0

B Bc k h h      (3.5) 

Where 0k  and 0B
k  are the cut-off wavenumbers for the A and B modes respectively 

and 
1B Bh h h  . 

 

 At the point where these two lines intersect the dispersion curved can be 

approximated as a parabola and a straight line described by the following equations 

 2
02 0Ak h    (3.6) 

  
10 0 0B gk h h      (3.7) 

Where   0/ c k    and 0g h h    are the frequency and geometrical 

mismatch145 respectively and these are shown in, Figure 3.4. Also,  0 0Bh h k .  

 

hg 0Ah



/ c

zk
 

Figure 3.4. Dispersion diagram detailing A and B modes as well as various parameters used 

throughout the helical theory. 

 

Supposing two partial waves can be shown using two equations in (3.8) and (3.9). 
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     AA A i t mih z ih z
A r a e a e e  

  E E  (3.8) 

    
0 0

BB i tih z
B r b e e   E E  (3.9) 

Where a  and a  are the amplitude of the co- and counter-rotating mode A wave 

respectively and b  is the amplitude of the co-rotating mode B wave. 

 

The amplitudes of the two partial waves a   and b can be considered as functions of 

z which are described by a set of coupled wave linear differential equations146, and 

given in equations (3.10) and (3.11).  

 
2

0 02
2 2

d f
k f k b

dz
    (3.10) 

  0 0 0 0g

db
ih k h b k f

dz
      (3.11) 

Where
    f a z a z  

,
and the coupling coefficient147  is given in equation 

(3.12) which is scaled to 0k . 
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 (3.12) 

Where A   and B   are the first differential Bessel root corresponding to the A and B 

mode respectively,  2 2 2
1 0 0 / 2

A Bzk k k h h    and   2 2 2
2 0 0 / 2

A Bzk k k h h h    as 

shown in Figure 3.3.  

 

When the equations in (3.10) and (3.11) are analysed by searching for eigenwaves of 

the form ihze  the dispersion equation can be found as (3.13). 

   2 2
0 02 / 2 / 0z z gk k h h        (3.13) 

In this equation the parameters g , 0h  and   are scaled to 0k . 

 

The dispersion of the helical waveguide mode changes with the addition of the 

electron beam line. The full coupled equation can allow the coupled wave dispersion 

and the growth rate of interaction to be calculated through the same methods as 

previously discussed. The full derivation of these equations can be found in previous 
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literature145. The 5th order beam-wave coupled equation for the helically corrugated 

waveguide is 
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 (3.14) 

Where  
0 0 0/H Hs      is the relative frequency mismatch, 2

0 / (1 )z     

is the relative longitudinal velocity and    21/ 1     is a relativistic velocity 

factor. A Pierce parameter145, C , is used to determine how strong the electron beam 

has coupled to the wave. This is given through equation (3.15). 
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 (3.15) 

Where 3ˆ /I eI mc ,   2 2 2

AA m A A AN J m    ,     0
0

0

ˆ
As m s g

z

J s J r
 



   is the 

scaled guiding centre of the electrons, where  0ĝ gr k r , gr  is the guiding centre of 

the electrons and 2
0 / (1 )      is the relative velocity in the transverse 

direction. 

 

The operating frequency of interaction is found by setting C =0 which gives 

equation (3.13) and then plotting the electron beam dispersion given in equation 

(3.16).  

  0 0H z zc k k      (3.16) 

The dispersions of the helically corrugated waveguide and the electron beam 

cyclotron mode are shown in Figure 3.5a. The coupled dispersion equation is plotted 

in Figure 3.5b. 

 

3.4 Waveguide design and dispersion through analytical and 

numerical methods 

In order to design and manufacture a waveguide that has the most ideal properties 
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Figure 3.5. Dispersion diagrams for a helically corrugated waveguide showing (a) uncoupled 

dispersion (solid line) with the electron beam line (dashed line) and (b) coupled dispersion. 

 

such as high output power, large tuning range and high efficiency it is necessary to 

calculate the waveguide dispersion and growth rate of the beam-wave interaction. A 

helically corrugated waveguide has both an axial and azimuthal periodicity, by 

adjusting parameters such as the corrugation amplitude and period the resultant 

dispersion curve is changed and therefore an optimal interaction between the electron 

beam and microwave mode could be achieved. It is through analytical optimisation 

and combined with numerical simulation of the beam-wave interaction using 

MAGIC that the optimised corrugation parameters and waveguide geometry were 

decided. This is for specific electron beam parameters such as electron beam current 

and accelerating voltage as well as the applied magnetic field. The optimised 

parameters that will give rise to efficient interaction in the frequency band from 84 to 

104 GHz are shown in Table 3.1.  

 

Parameter Value 

Average radius (mm) 1.3 

Corrugation amplitude (mm) 0.24 

Corrugation Period (mm) 3.75 

Current (A) 1.5 

Alpha 1.65 

Voltage (kV) 40 

Magnetic field strength (T) 1.82 
 

Table 3.1. Parameters for a helically corrugated waveguide optimized for an interaction at ~94GHz. 
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A photo of the optimised waveguide is shown in Figure 3.6. Several methods were 

employed to calculate the dispersion of the waveguide. By using analytical 

calculation, numerical simulation (CST Microwave studio and MAGIC), and 

experimental measurement (vector network analyser) the dispersion property of the 

waveguide was obtained. These three methods proved to be highly reliable and in 

excellent agreement. 

 

 
Figure 3.6. Photo of a W-band helically corrugated waveguide compared against a vernier caliper 

scale.  

 

3.4.1 Analytical calculation 

The theory of perturbation can be used to analyse the wave coupling characteristics 

so that the dispersion equation for the helically corrugated waveguide can be derived. 

The analytical calculation of the helically corrugated waveguide dispersion provides 

a distinct dispersion profile. The dispersion profile is calculated through equation 

(3.13) and the dispersion of a helical waveguide with properties given in Table 3.1 is 

shown in Figure 3.7 compared alongside the TE21 and 1st spatial harmonic of the 

TE11 smooth-bore waveguide modes. Noticeable here is that this dispersion curve has 

a different profile than the perfect dispersion shown in Figure 3.3. The difference 

arises because the equation used in the calculation contains some approximation and 

thus is only truly correct in the area between the two waveguide modes. 



57 
 

 
Figure 3.7. Dispersion diagram showing partial wave TE11 and TE21 and the eigenwave W1

 
and W2 as 

a result of resonant coupling. 

 

The coupling between electron beam and the eigenwave waveguide modes in the 

helical waveguide region is described by equation (3.14). Solving this equation 

therefore gives rise to the coupled electron beam cyclotron mode and eigenwave 

mode as shown in Figure 3.8. The growth rate of the interaction can be calculated 

from the imaginary solution of the coupled dispersion equation and is shown in 

Figure 3.9. In order to get a clearer image of the interaction that takes place Figure 

3.10 shows the growth rate overlaid on the uncoupled dispersion diagram to show the 

specific interaction point.  

 
Figure 3.8. Coupled helically corrugated waveguide dispersion with an interaction at ~94GHz. 
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Figure 3.9. Growth rate of the gyro-BWO interaction at ~94 GHz when using a magnetic field of 

1.82T. 

 

 
Figure 3.10. Growth rate compared against the helically corrugated waveguide dispersion at an 

interaction ~94GHz. 

  

3.4.2 Simulation of the helically corrugated waveguide 

dispersion using CST Microwave Studio 

The 3D electromagnetic simulation suite CST Microwave Studio148 can be used to 

simulate the S-parameters and phase evolution through a helical waveguide. 
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Therefore it can be used to numerically calculate the dispersion of a helically 

corrugated waveguide through the same method used when performing vector 

network analyser measurements. Two ports were defined, one to introduce radiation 

and the other to let radiation pass without reflection. The simulation setup is shown 

in Figure 3.11. This radiation was injected with linear polarisation so an elliptical 

polariser was used to convert it from linear to circularly polarised radiation. After 

this a tapered helically corrugated waveguide was used to transition from a smooth-

bore to a helically corrugated waveguide to reduce reflections associated with a sharp 

change in geometry. A four period helically corrugated waveguide was simulated as 

this allows one to measure the dispersion and electric fields with a lower run-time. 

The length of four periods of helical waveguide was chosen as the phase evolution 

would be large enough to allow a clean dispersion profile to be obtained. 

 

 
Figure 3.11. Simulation setup used to obtain the dispersion of the helical waveguide using CST 

Microwave Studio. 

 

In the simulation the background material was a perfect conductor with everything 

else represented as vacuum. The electric and magnetic field pattern allows one to 

deduce the waveguide mode at a specific point along the waveguide. The distinctive 

eigenmode pattern is evident with a TE11-like mode in the Ex component and a  

TE21-like mode evident in the Bz mode. 

 

Dispersion characteristics were found through an evaluation of the phase evolution 

through the helically corrugated waveguide, which is shown in Figure 3.13. The 

phase has 360 degree jumps along the frequency range as is characteristic with phase 

measurements. The continuous phase function can be extracted through 
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Figure 3.12. Electric and magnetic field profile captured at a cross-section of the helically corrugated 

waveguide. 

 

computational analysis of the measured phase. After this the phase, in radians, can be  

converted to axial wavenumber through /zk L   . The dispersion can then be 

found through a phase measurement of the components already outlined and then 

measuring the phase again but without the helix present. This gives a measurement 

of the phase in the helix only.  
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(b)  
Figure 3.13. Phase output from CST Microwave Studio (a) the raw phase output and (b) the 

continuous phase evolution through the helical waveguide and elliptical polariser. 
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The phase measurement in Figure 3.13 was transformed to be frequency as a 

function of kz and is shown in Figure 3.14 which is the data set of phase as a function 

of frequency in the simulated dispersion for the 4-period helically corrugated 

waveguide. This dispersion shows a good agreement with the analytically calculated 

dispersion. When the injected radiation has an angle of -45 degrees (relative to the 

vertical elliptical polariser) then the circular polarisation after the elliptical 

waveguide rotates in same direction as the ripples of the helically corrugated 

waveguide, hence the name “co-rotating mode”. Thus the radiation travels along a 

waveguide of constant radius so the dispersion should be similar to a smooth-bore 

waveguide of the same average radius.  

 

 
Figure 3.14. Numerically simulated dispersion of the 34-period helically corrugated waveguide using 

CST Microwave Studio compared against the analytically calculated dispersion. 

 

The numerically calculated dispersion of the co-rotating mode can be seen in Figure 

3.15 with the analytical calculation of the 1st spatial harmonic of the TE11 mode. The 

good agreement between the two dispersions allows one to be confident that the 

method employed in the CST microwave studio simulations is accurate. 

 

3.5 Construction of the helically corrugated waveguide 

A waveguide with a helical corrugation on the inner surface operating in the W-band  



62 
 

 
Figure 3.15. Numerically simulated dispersion of the co-rotating waveguide mode of the 4-period 

helically corrugated waveguide compared against the analytically calculated dispersion. 

 
frequency range requires a sophisticated construction process due to the complex 

geometry, small dimensions and tight tolerance of the machining. When these 

waveguides are produced at lower frequencies, for instance at X-band145,149 there is 

less sensitivity to manufacturing tolerances than when they are machined at W-band. 

As the wavelength is ~3mm small imperfections in shape and irregularities on the 

surface of the waveguide would cause losses or imperfect dispersion characteristics. 

Previously these waveguides have been manufactured through twisting a waveguide 

with the characteristic 3-clover shape. This is not an ideal way of producing the 

desired shape as the wall has to be relatively thin to allow twisting of the body hence 

reducing the solidness of the waveguide body and there is less control over the 

corrugation shape and period. Another proposed method of producing this shape is to 

drill out the helical corrugation in a solid copper cylinder. Due to the cross-sectional 

shape, the drill dimension is very small compared to the length required to be drilled. 

Therefore, due to the vibration of the tool bit machining with the required tolerance 

would be extremely difficult. After careful consideration electroplating the 

waveguide was chosen as the method of construction. This process involves creating 

a former, electroplating copper on top of this and then removing the former. Two 

different methods to make the former were used due to problems that arose during 

the construction of the longer 34-period helical former. 
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For proof-of-principle tests a 4-period helical waveguide was constructed. A 3D 

model of the negative former was produced in Opera-3D, Figure 3.16a. The 

geometry was cut out of a plastic rod by a computer controlled laser, shown in Figure 

3.16b. The large cylinder on the left of the former is used so that this could be held 

during the electroplating process. 

 

(a) (b)  

Figure 3.16. Plastic helical waveguide former in two states: (a) computer model and (b) constructed 

plastic former. The constructed plastic former has a large cylinder attached to it which was required 

for construction. 

 

The electroplating process requires a conductive surface so the plastic former was 

plated with gold, about 5 microns thick. The gold also acts to stop oxidisation of the 

surface of the waveguide. After this the gold-plated body of the former was 

electroplated with copper of 4mm thickness. The plastic former was then removed 

through heating in a vacuum oven. The copper waveguide was immersed in a 

solution, Dichloromethane, to remove any excess plastic. The dispersion of the 4-

period helical waveguide was measured by a VNA and the loss was found to be 

larger than expected and attributed to problems with the construction method. After 

dispersion measurement the waveguide was cut open with a section of the body 

removed as shown in Figure 3.17b. An optical microscope was used and it was seen 

that this process had left the gold layer with holes and cracks with some plastic 

remaining on the surface. The shape and dispersion characteristics for this method 

were found to be in good agreement with the calculated and simulated values and an 

end-on view can be seen in Figure 3.17a with a internal view shown in Figure 3.17b. 

 

From the beam-wave interaction simulation of the helical waveguide showed the 

gyro-BWO required an interaction length of 34-periods for optimal microwave 
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output.  The total length needed was 34-periods. Two tapered section should be used 

at each end of the helical waveguide. 

  

(a)  (b)  

Figure 3.17. Two views of the four period helically corrugated waveguide used in analyzing the 

constructed geometry for errors. The two views are (a) the face of the helical waveguide shown 

against the ideal shape (b) surface of the helical waveguide with a section of the body removed. 

 

It was found that the plastic used for the former is not self-supporting over the long 

length of the former. An aluminium former was machined as this has an increase in 

strength over the plastic and is conducting so removed the requirement for plating 

with a conductive material. A former was produced through machining with a 4-axis 

CNC through first producing a computer model of the 34-period negative former, 

shown in Figure 3.18a. A photo of the constructed aluminium former is shown in 

Figure 3.18b. The surface of the aluminium former is highlighted in Figure 3.18c 

showing no visible defects. To remove the aluminium the waveguide can be soaked 

in acid and then “Bright dipped”, using a mixture of nitric and phosphoric acid at 

near boiling point, to remove any excess aluminium.  

 

The helically corrugated waveguide after the electroplating can be seen in Figure 

3.19 with the ripples of the helical corrugation shown on the outer surface of the 

former. This picture shows the waveguide before machining to final dimensions. The 

outer surface of the helical waveguide was machined to a cylinder shape with 

diameter of 12mm. 
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Figure 3.18. Aluminium former for the construction of the helically corrugated waveguide shown 

views are (a) computational model of the helical former (b) constructed 34-period helical former and 

(c) enlarged helical former showing the surface finish. 

 

 
Figure 3.19. Photo of the constructed 34-period helically corrugated waveguide.  

 

3.6 Elliptically deformed waveguide polariser 

A waveguide with a helically corrugated inner surface requires a circularly polarised 

wave rotating in the opposite direction of the helix itself in order for the wave to be 

perturbed by the corrugation. An elliptical polariser can be used to convert linearly 

polarised waves into circular polarised waves. In order to perform diagnostics of 

wave properties in the interaction region using a vector network analyzer the 

elliptical polariser is required as the VNA outputs linearly polarised waves. Of 

course the polariser can be used at the output end of the device so that the wave can 

be converted back to linearly polarised waves. 

  

A linearly polarised wave can be split into two waves in perpendicular directions 

which travel in the same phase and if a phase shift is introduced between the electric 
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field components then one can introduce a rotation to the combined component of the 

waves. The correct phase shift needed to produce circularly polarised waves is / 2 . 

In a circular waveguide the wavenumber in the x and the y direction is the same 

x yk k  however when the geometry of the waveguide is elliptical x yk k . So the 

cut-off frequency of the wave is different in the x and the y direction as the waves 

pass through the elliptical waveguide thus one wave has larger phase velocity than 

the other in the polariser. 

  

When discussing elliptical polarisers it is useful to compare this to a circular 

waveguide as seen in Figure 3.20. When a linearly polarised wave (Er) travels 

through each of these waveguide, at 45 degrees, it can be resolved into two 

components of equal amplitude ( xe  and ye ). The two components of the wave 

experienced the same waveguide with a different size. The elliptical waveguide is 

shown as two circular waveguides one encompassing the minor axis and one 

encompassing the major axis. Each of the two components of the wave then act as if 

they are propagating through one of these circular waveguides. Since the wave has a 

different cut-off frequency in each circular waveguide, there will be a phase shift 

between the two waves when propagating through the polariser. 
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Figure 3.20. Schematic representation of an elliptical polariser using a double circular waveguide 

model. 
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The dominant, lowest order, waveguide mode in the elliptical polariser is the TE11 

mode. The wavelength through a waveguide is 

  2

0 0/ 1 /g c      (3.17) 

Where the cut-off wavelength is 3.412c a   for a TE11 mode, a  is the radius of the 

waveguide.  

 

So for the TE11 mode this becomes equation (3.18). 

  2

0 01 / 3.412g a     (3.18) 

In an elliptical waveguide the wavelength is different for the Ex and Ey. The wave E1 

propagates through the waveguide of radius wa , wavelength is given in equation 

(3.19) and the other wave with radius na , wavelength is given by equation (3.20). 

  2

1 0 01 / 3.412g wa     (3.19) 

  2

2 0 01 / 3.412g na     (3.20) 

The phase shift of the waveguide with length L is 

 360 / gL    (3.21) 

The phase shift of the wave E1 is given by equation (3.22) and the E2 by equation 

(3.23). 

 360 /w gxL    (3.22) 

 360 /n gyL    (3.23) 

Therefore, the phase shift of the ellipse is 

 e w n     (3.24) 

Then substituting equations (3.22) and (3.23) for the phase shift of each axis and 

equations (3.19) and (3.20) for the wavelengths gives a total equation for the phase 

shift 

 
   2 2

0 0

0

1 / 3.412 1 / 3.412
360 w n

e

a a
L

 




     
 
 

 (3.25) 
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3.7 Waveguide measurement 

There are two types of network analyzers used to measure the dispersion of a 

waveguide; a Scalar Network Analyzer (SNA) and a Vector Network Analyzer 

(VNA). The former measures the magnitude of the electric field and the latter 

measures both magnitude and phase of the microwave field as it is passed through a 

device under test (DUT). A SNA takes a microwave signal and passes it through a 

diode detector which turns this into an output voltage that is proportional to the 

magnitude of the signal, shown in Figure 3.21. 

 

 
Figure 3.21. Scalar network analyser and its microwave detection. 

 

A VNA provides more information than the SNA and is therefore a more powerful 

tool. Phase information can be used in diagnostics such as measurement of the 

dispersion of a device. 

 

3.7.1 Experimental setup 

A vector network analyzer (model 37397D) was used to measure microwave 

properties of the helical waveguide. It has a full measuring frequency band from 65-

110GHz. The way in which these frequencies are realized is through two local 

oscillators which output a 20GHz signal to each test port. On the end of each test port 

is a frequency multiplying unit which can multiply the signal by up to 5 times. This 

unit can be exchanged with others to reach higher frequencies, up to 500GHz 

currently. 

 

A VNA receives a high frequency signal that is then down-converted to a lower 
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frequency signal by an intermediate frequency (IF) through a process called 

Harmonic Sampling or Harmonic Mixing. The lower frequency signal is then read by 

a tuned receiver. This method has the following advantages; greater dynamical range 

and lower sensitivity to interfering signals. 

 

The phase of the signal is measured against a reference signal, as shown in Figure 

3.22, which is split from the original test signal before it enters the device. This way 

the difference in phase from the original signal can be found and thus the phase 

difference in the device can be seen. Phase is measured in degrees here where the 

maximum and minimum limits are +/- 180.  

 

 
Figure 3.22. Phase measurement used in a Vector Network Analyzer. 

 

Phase is an important property to measure as parameters such as optical path length, 

wavenumber, dispersion can be obtained by knowing the phase as a function of 

frequency. To measure the optical path length through a device under test (DUT) 

equation (3.26) is used.  

 
2 12 1 z zk z k z     (3.26) 

Where 2  is the phase with DUT, 1  is the phase without DUT, 
2zk is the axial 

wavenumber at highest measurement frequency, 
1z

k is axial wavenumber at lowest 

measurement frequency and z  is the optical path length. 

 

The phase output from a VNA looks like a saw tooth wave as after the wave has 
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reached +180 it jumps back down to -180. Therefore, to calculate the actual phase 

this must be interpolated to give a correct phase curve. 

 

The transmission and phase measurements were carried out to determine the 

performance of the helical waveguide. The reference plane of the VNA’s calibration 

is set at the end of the VNA port so a rectangular waveguide is attached to the port. 

The VNA output is in a rectangular waveguide so a rectangular to circular waveguide 

converter was used to convert into the circular waveguide of 1.3mm radius. After this 

an elliptical polariser was used to convert the linearly polarised microwaves to 

circularly polarised ones which are perturbed by the helically corrugated waveguide. 

An elliptical polariser was used afterwards which converted circular polarised waves 

back to linearly polarised waves. 
 

 
Figure 3.23. Photo of the experimental set-up for measuring the microwave properties of the helically 

corrugated waveguide. Using Antrisu 37397D VNA.  

 

The full experimental setup can be seen in Figure 3.23 and Figure 3.24.  

 

3.7.2 Measured results of the helical waveguide 

The output of the VNA gives many different parameters such as smith charts,  
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Figure 3.24. Microwave components used in the VNA measurement of the helically corrugated 

waveguide. Shown is the test setup for the 4-period helical waveguide. 

 

S-parameters, phase, time-domain but it specifically the S-parameter and phase 

information that are used in this analysis. The S-parameters can be used to find the 

transmission loss in the helical waveguide and the phase can be used, with 

computational work, to find the dispersion characteristics. A typical phase output 

from the VNA can be seen in Figure 3.25 where the phase measurement is given 

between the -180 and 180 degree scale so in order to find the phase through the 

device this can be combined to give a straight phase measurement. 

 

 
Figure 3.25. Typical vector network analyser output showing phase measurements. 
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The performance of the elliptical polarisers was measured by the VNA in the 

following way. If they are aligned in the same direction (the long axis of one ellipse 

is in the same direction as the other) then the waves should have a π/2 phase 

difference, i.e. become a linearly polarised wave again. In principle the π/2 shift is 

only true for one frequency therefore it always has a useful bandwidth Therefore, 

there should be low transmission loss over a set frequency band if both of the 

polarisers are made perfectly. In Figure 3.26 the frequency range of operation for the 

elliptical polarisers can be seen to be between ~84GHz - 105GHz this is where the 

conversion to circularly polarised radiation is most true. 

 

 
Figure 3.26. Transmission measurement through elliptical polarisers in both crossed and aligned 

direction. 

 

The dispersion characteristics of the helically corrugated waveguide were measured 

by finding the phase with and without it present in the system. The difference in axial 

wavenumber was found through the equation /zk L   . The dispersion of its 

wave was measured and shown in Figure 3.27. By changing the direction of the 

elliptical polarisers with respect to the direction of the linearly polarised wave while 

keeping the two polarisers in crossed configuration a co-rotating wave can be 

generated. This radiation sees a constant radius of waveguide when it passes through 

the helical waveguide and so will give the same dispersion as a smooth-bore 

waveguide. The dispersion plot for the co-rotating mode is shown in Figure 3.28.  
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Figure 3.27. Measured dispersion of a counter-rotating wave in the 4-period helically corrugated 

waveguide with the analytical calculated helical waveguide mode. 

 

 

 
Figure 3.28. Measured dispersion of a co-rotating wave in the 4-period helically corrugated 

waveguide with the analytical calculated TE11 smooth-bore waveguide mode. 
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The measured helical waveguide transmission loss was found to be ~1dB through the 

important 84-104GHz range which was also measured and is shown in Figure 3.29.  

 
Figure 3.29. Transmission loss through the 4-period helically corrugated waveguide.  

 
Although the measured dispersion of the 4-period helical dispersion was in excellent 

agreement with calculation, the transmission loss was higher than expected for such a 

length. However, when the surface of the helical waveguide was examined through 

an optical microscope there are three obvious problems that can be seen: holes in the 

gold layer were evident (Figure 3.30a), some plastic droplets were still on the surface 

(Figure 3.30b) and scratches on the inner surface (Figure 3.30c and d). These were 

the reason behind the larger than expected transmission loss. 

 

A different manufacturing process was used when the 34-period helical waveguide 

was manufactured. It was seen that the errors in the plastic former were caused by 

the gold plating and also material choice. So the material chosen for the 34-period 

former was changed to aluminium. The transmission loss for the 34-period helical 

waveguide was much improved over the 4-period helical waveguide and is shown in 

Figure 3.31. The aluminium former was directly machined by a 4-axis CNC machine 

and now the loss was found to be ~0.6dB over the frequency range 88-100GHz. 
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Figure 3.30. Surface of the helically corrugated waveguide showing in (a) holes of the surface (b) 

plastic droplets, (c) and (d) cracks along the surface. 

 

 
Figure 3.31. Transmission loss through the 34-period helically corrugated waveguide. 
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The dispersion characteristics for this 34-period helically corrugated waveguide were 

found through the same method as described previously. The measured dispersion of 

the helical waveguide is shown in Figure 3.32. For comparison the dispersion 

calculated using analytical methods is also shown in the same figure. The dispersion 

of the co-rotating mode of the wave is shown Figure 3.33 and as expected this 

matches exactly with the smooth-bore analytically calculated dispersion. 

 
Figure 3.32. Experimentally measured 34-period helical waveguide counter-rotating wave dispersion 

with the analytical calculated helical waveguide mode. 

 

 
Figure 3.33. Experimentally measured 34-period helical waveguide co-rotating wave dispersion with 

the analytical calculated TE11 smooth-bore waveguide mode. 
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3.8 Comparison of results 

The results obtained give a good indication that the helix is machined quite 

accurately. It is important to compare all the results obtained to see the difference in 

the methods employed in analytical calculation, numerical simulation and 

experimental measurement. Comparison between the results achieved using the 

MAGIC simulation and CST Microwave Studio simulation, analytical calculation 

and VNA measurement can be seen in Figure 3.34. 
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Figure 3.34. Dispersion characteristics measured through various methods including: numerical 

simulation using both MAGIC and CST Microwave Studio, analytical calculation and experimental 

measurement. 

 

The results obtained show that the measured dispersion agreed with both analytical 

calculation and numerical simulation. At lower frequency analytical data had some 

discrepancies. The reason might be that the elliptical polarisers were not optimised at 

lower frequencies. 

 

3.9 Discussion 

In this chapter the helically corrugated waveguide, used as the interaction region in 
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the gyro-BWO, was investigated. The parameters of the corrugation were first found 

through analysis of the dispersion profile. The analytical calculation used some 

approximations in the dispersion equations so verification of the dispersion profile 

was performed through numerical modelling the helical waveguide in CST 

microwave studio. The results of this agreed with analytical theory to a good degree 

although deviations exist. The helically corrugated waveguide was constructed and 

the method of construction was optimised with an acceptable waveguide successfully 

fabricated. The phase evolution through the helical waveguide was measured using a 

VNA and the converted to give the dispersion profile. The transmission loss of 

~0.6dB through the helically corrugated waveguide was a very positive result as the 

waveguide was relatively long in length. The comparison between the different 

methods of dispersion measurement showed excellent agreement between the 

constructed and calculated waveguide dispersions. The methods employed in this 

chapter allow one to be very confident that the constructed helically corrugated 

waveguide will perform as expected in the gyro-BWO experiment. 

 

3.10 Summary 

In this chapter the topic and theory of waveguides with a helical corrugation of the 

inner surface was introduced. The theory behind the waveguide dispersion and beam-

wave coupling was described. The dispersion profile of this waveguide type was 

analytically calculated in order to produce coupling in the W-band frequency range. 

The parameters of waveguide corrugation were chose in order to produce coupling at 

a centre frequency of 94GHz and it was found that this gave a 15% tuning range. 

Numerical simulations confirmed the analytical calculated waveguide dispersion and 

allowed commission of the construction of the waveguide. The constructed 

waveguide was originally 4-periods which was measured to produce the desired 

dispersion profile. The final 34-period waveguide measured to produce a dispersion 

profile that had excellent agreement to theory and simulation with a low transmission 

loss. The main result of this chapter was to make an interaction region suitable for 

beam-wave interaction in the gyro-BWO. 
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Chapter 4. 

Generation of Electron Beams
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4.1 Introduction 

In vacuum electronic devices, there are three important parts that define the 

performance of the tube i.e. magnetic field, the interaction region and the electron 

beam. The interaction region provides the waveguide modes that the electron beam 

can couple to, and its geometry defines a cut-off frequency, which in turn limits what 

frequency can be produced within it. The magnetic field is used to constrain the 

motion of the electrons through the interaction region and change how fast they 

gyrate, thus allowing tunability of the output frequency in gyro-devices. The electron 

beam transfers kinetic energy to the microwave energy. The many properties of the 

electron beam define the power, efficiency and frequency of the output. This chapter 

introduces the properties of the electron beam that define the quality of the beam and 

discusses the various electron guns that produce these beams, with an emphasis on 

the novel cusp electron gun employed in the gyro-BWO.  

 

4.2 Electron beam parameters 

There are many different parameters of the electron beam that are important in 

theoretical calculations. This section will explain some of these parameters. 

 

Larmor radius, guiding centre and cyclotron frequency: Charged particles 

travelling in the presence of a magnetic field will be constrained by the magnetic 

field which is described by the Lorenz force equation with the electric field 

component removed. 

  vq F B  (4.1) 

Where v  is the velocity of the particle and q  is the charge of the particle. 

 

The force on the particle is perpendicular to the velocity so the modulus of the 

velocity is constant and so the mass, m , is constant too. 

 v v const   (4.2) 

 m const  (4.3) 
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The constant mass means that equation (4.1) can simplify to equation (3.13) for the 

motion of the electron. This equation leads to the rotational motion in a magnetic 

field, called the cyclotron frequency g  and is given by equation (3.14). 

  d q

dt m
 

v
v B  (4.4) 

 g

q B
B

m




   (4.5) 

Where   is the electron charge-to-mass ratio. 

 

The circle the electron orbits around is called the Larmor circle, the radius of this is 

the Larmor radius given through equation (4.6), the centre of the Larmor orbit is 

called the guiding centre. 

 
v

L

m
r

q B
  (4.6) 

 

Magnetic compression: When a particle is emitted from the cathode surface the 

radius is generally very much larger than the final radius of the beam and the method 

used to reduce the radius is through magnetic compression, which usually takes place 

in a diode with an anode aperture. The anode aperture leads to beam divergence as 

the anode aperture acts as a divergent lens. The compression method is magnetic 

compression where the magnetic field constrains the motion of the electron beam. 

When the magnetic field increases the electron beam will reduce in Larmor radius at 

the same rate as shown in equation (4.6). This allows for a large amount of beam 

compression which is described by the radius of the initial emitted electron beam 

against the radius of the electron beam at the maximum magnetic field. This is called 

the magnetic compression ratio. 

 

4.3 Production of electron beams 

Through different methods, electrons are produced by a cathode and through an 

applied magnetic field they then are turned into a beam, solid or pencil, and by the 

action of an electron field they accelerate and radiate and are used in many different 

applications. Of particular interest here is an electron beam which interacts with 
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electromagnetic modes that exist within waveguides. Various properties are useful 

for these beams such as: high-power, high-brightness and high-current density. The 

method for producing electron beams with one or more of these properties are 

through the different cathode types and emission regimes.  

 

4.3.1 Electron emission regimes 

In order to produce an electron beam, the electrons on the cathode surface must gain 

enough energy to escape the potential barrier of the surface. This barrier is dependant 

on the work function, w , of the material. To produce a beam, a large amount of 

electrons must escape the cathode surface. Various methods of emission include 

space-charge limited, temperature limited and field dominated. The difference 

between these regimes is what governs the resulting beam, for instance in the 

temperature limited regime the current is determined by the heat applied to the 

cathode surface, in the space-charge limited regime this is where the space-charge of 

the electron beam can stop the flow of current and so determines the output current.  

 

Electron emission in the space-charge limited regime is commonplace in microwave 

tubes. When a voltage is applied to a cathode surface, and the anode is grounded, the 

potential difference between the two creates an electric field. When electrons are 

emitted with a large current, they can form a negatively charged cloud in front of the 

cathode, as there is not enough accelerating potential to remove the current quickly 

enough. This depresses the potential at the cathode, when compared to an electron-

beam free condition. When the emitted current to applied voltage ratio is large 

enough, the potential will reduce to zero or negative where the electrons would cease 

to be emitted or reflect back to the cathode respectively. The current of this emission 

is described by the Child-Langmuir equation 
3

2I PV  where V  is the potential 

difference between cathode and anode and P  is the perveance of the diode. The 

perveance is a factor used to describe how much space charge affects the electron 

beam. 
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4.3.2 Thermionic cathode 

Electrons can escape the surface of the cathode at temperatures above absolute zero, 

since the kinetic energy of particles is temperature dependant. As the ambient 

temperature increases, the electrons kinetic energy increases and can be higher than 

the potential barrier of the surface. This type of emission is called thermionic 

emission, called such from the term thermal. To produce this emission, a heating coil 

is wrapped around the emission material which delivers the required thermal energy. 

The current density produced through this method is described by the Schottky 

equation. 

 
0.5

2 139 11600
exp T w

T

E
J A T

T

 
  

 
 (4.7) 

Where TA  is a characteristic constant of the material, T is the cathode temperature in 

degrees Kelvin and TE  is the electric field normal to the surface in kilovolts per 

centimetre. 

 

High currents can be produced through a low work function of the emission material 

with a high cathode temperature. Cathode materials can have an artificially lowered 

work function through doping the cathode with a different material - for instance 

using a tungsten cathode doped with barium. However, care must be taken to reduce 

the contact between this cathode and another material as the barium can migrate 

away from it. Also, high current densities reduce the lifetime of the cathode. 

 

4.3.3 Photo cathode 

It was realised in the early 1900’s that when photons are incident on a surface, they 

can transfer enough energy to the electrons to eject them from this surface. Firstly 

described by Einstein in 1903, then more comprehensively by Spicer in 1958, this 

effect is used in photomultipliers. The frequency of the photon required to release the 

electron can be described by equation (4.8). This shows that to assist this process the 

work function of the cathode material should be low and frequency of the incident 

photons,  , should be high. 
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maxw kh E    (4.8) 

Where h is Plank’s constant and 
maxkE  is the kinetic energy of the ejected electrons. 

 

The cathode is negatively charged and coated with a photo-sensitive material, 

typically an alkali metal with very low work function. The current produced is 

described by equation (4.9). 
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 (4.9) 

Where  0I h  is the incident energy of light of photon energy h ,  R h  is the 

light reflectivity from the surface of the solid and  c h  is the absorption 

coefficient of the solid,  PE h   represents the part of the absorption where 

electrons are excited above the vacuum and have a possibility to escape,  EP h  is 

the probability of escape of electrons reaching the surface with sufficient energy to 

escape and  L h  is the escape or scattering length of the electron. 

 

4.3.4 Pseudospark based electron beam source 

Many applications require a high brightness, high current density electron beam 

source and one such solution is utilization of a Pseudospark discharge. The 

Pseudospark is an axially symmetric self-sustained intense current gas discharge. 

This discharge has a high current density 104A/cm2 at a di/dt of 1012A/s over 20ns. 

The name occurs from the comparable properties of the hollow cathode discharge to 

a high pressure spark. A hollow cathode discharge can be observed under a low 

pressure of 50-500mTorr and in a special cathode geometry that has a hollow 

structure such as a cylindrical or slit shaped hole. When operating at a certain 

pressure then there can be a negative glow inside the hollow structure (slit or hole) of 

the cathode. A hollow cathode discharge occurs from the hollow-cathode effect. The 

current of this glow is found to be orders of magnitude larger than a similar plane 

cathode. The geometry consists of two or more plane-parallel electrodes with a 

circular central hole. During the hollow cathode discharge many electrons are 
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accelerated by the applied high voltage and the high electric field across the electrode 

gap. A high brightness, high current density electron beam can be extracted from this 

discharge with application of an applied voltage. This can produce a low energy very 

high intensity electron beam source useful for pulsed power application150. There is 

no requirement of an external applied guide magnetic field.  

 

This source has been operated at the University of Strathclyde previously by H. Yin 

et al.151,152. Recently153 this source was used for millimetre wave generation using a 

three-gap Pseudospark beam able to produce an electron beam of up to 680 A with a 

brightness as high as 1012Am-2rad-2. No guide magnetic field was used and a beam 

transport of 10% was observed. These tests provided the highest simultaneous 

electron beam current density (10kAcm-2) and brightness (1011-1012Am-2rad-2) 

compared to all other sources. The operation of this source at W-band frequencies 

has produced microwaves. Further experiments are planned operating in the sub-

millimetre range up to 200GHz and 390GHz using a reflex klystron and BWO 

respectively. 

 

4.4 Electron guns 

There are many different ways of generating electron beams. Some electron guns 

create a solid electron beam, while others create a pencil beam whose trajectory can 

be kicked into a helical path. These electron guns have been extensively studied so 

only an outline of operation is described here. A new electron gun is also introduced 

in this chapter, the novel cusp electron gun, which is the main topic of interest in this 

thesis. The electron gun aims to solve a problem of how to selectively interact with 

harmonic waveguide modes.  

 

4.4.1 Magnetron Injection Gun 

The Magnetron Injection Gun (more commonly denoted as the MIG) is most 

commonly used in gyrotrons and produces an annular electron beam where the 

electrons have small cyclotron orbits. The electrons are produced from an annular 

emitting ring, which is heated to obtain emission. The axially symmetric magnetic 
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Figure 4.1. Schematic diagram of the electron beams produced from (a) Magnetron Injection Gun (b) 

Pierce gun with kicker and (c) cusp electron gun. 

 

field focuses the electron beam into the interaction region. A schematic diagram of 

the electron beam generated through a MIG can be seen in Figure 4.1a. This electron 

gun is operated in the temperature limited regime to reduce the velocity spread on the 

beam. The output electron beam can be seen in Figure 4.1a. A typical configuration 

of a MIG gun can be seen in Figure 4.2. 
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Figure 4.2. Schematic diagram of a Magnetron Injection Gun in a typical gyrotron type microwave 

source. 

 

4.4.2 Pierce gun 

The electron gun used in almost all linear-beam (O-type) devices is called the Pierce 

Gun named after J.R. Pierce. A circular thermionic emitting surface is used, in 

conjunction with focusing electrons, known as Pierce electrodes and designed 

through a method set out by J.R. Pierce154. The electrodes are used to shape the equi-

potentials that are distorted by the presence of the electron beam for focusing the 
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beam. Without the beam present, these equi-potentials would be straight and equally 

spaced. When the electron beam is emitted, the electrons repel each other and cause 

the beam to diverge outwards changing the equi-potentials. If the electrodes are 

shaped such that the equi-potentials stayed straight with the beam present, then the 

beam would no longer diverge and a high quality beam could be obtained. The 

electrodes can be rotated towards the anode which straightens the equi-potentials 

when there is a beam. The angle between the electrode and the beam edge can be 

adjusted. When that angle reaches 67.5 degrees, this straightens the equi-potentials 

for a space-charge limited beam. Electrodes operated at this angle are called Pierce 

electrodes.  

 

4.4.3 Cusp electron gun 

While the previous electron guns described are the most common type used in 

microwave sources, these are not the ideal choice for a CW gyro-device operating at 

harmonics. In order to couple to harmonic waveguide modes, conventional electron 

guns cannot be used, as they produce beams that couple strongly to other waveguide 

modes, discussed further in Section 4.9. In order to produce the desired coupling, an 

axis-encircling electron beam must be used. A Pierce gun can produce an axis-

encircling electron beam when a magnetic kicker is used. While the kicker usually 

operates in pulsed mode operation using this gun for continuous wave is hard to do 

due to the difficulty in producing the CW kicker magnet. A novel cusp electron gun 

can be used to create an annular axis-encircling electron beam, shown in Figure 4.1c. 

An axis-encircling beam is ideal for harmonic operating, as the mode-selectivity 

nature of such a beam requires that the harmonic number is equal to the azimuthal 

index of a waveguide mode for effective beam-wave coupling155, leading to a 

reduced possibility of parasitic oscillations. Furthermore, due to the high power of 

the spent electron beam, an annular-shaped electron beam is desirable for: beam 

energy recovery using a depressed collector and reducing the energy density on an 

electron dump. The different types of microwave sources require different electron 

beams to drive the beam-wave interaction. Some of these include: a Magnetron 

Injection Gun or Pierce gun. However, sources have recently been invented to 

produce very high frequencies in the W-band and THz region, due to the many 
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desirable applications in this field. To operate at these high frequencies, many 

devices find it advantageous to operate at harmonics and conventional electron guns 

cannot effectively drive this interaction as they can couple to parasitic lower order 

modes. This electron gun uses a non-adiabatic magnetic field reversal to create an 

axis-encircling annular electron beam. This beam will have good mode selectivity, be 

ideal for energy recovery and continuous wave operation. Also, due to the relative 

simplicity of design it would be ideal to use at W-band (75-110GHz) frequencies, 

where the dimensions are of millimetre scale.  

 

Initially, transport of an electron beam through opposing magnetic fields (so called 

‘magnetic cusp’) was investigated in the 1960’s156,157 for plasma heating 

applications. Schmidt described a threshold for magnetic mirroring and the effects on 

the electrons after they have passed the cusp region, namely azimuthal rotation 

around the central axis of symmetry, due to conservation of the electrons canonical 

momentum. Ever since then, continuous efforts and progress have been made 

through both theoretical analysis and experimental study in the generation of the 

cusp-based electron beam sources158,159. Despite these theoretical and experimental 

studies over the decades, it was not until 1983 that a cusp electron gun was first used 

in microwave sources, specifically in a magnetron160. Recently, gyro-devices have 

begun to adopt cusp guns as their electron beam sources notably in lower frequency 

harmonic gyro-devices161. 

 

4.5 Electron beam dump 

In microwave sources there is never perfect conversion of the electron kinetic energy 

to the growing wave. As a result, this can leave a significant amount of kinetic 

energy within the spent electron beam after the beam-wave interaction. The problem 

arises of how to effectively dispose of this spent beam. The choice is either an 

electron beam dump before the window or a depressed collector. The former simply 

captures the spent beam directly, while the latter extracts the energy from the beam, 

in order to increase the overall efficiency of the source. This requires two things: first 

the trajectories of the electrons must be managed, so that they do not interfere with 

the maximum extraction of R.F. energy; and secondly the beam can not impact the 
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walls of the collector with a very large current density, otherwise, the collector may 

not be able to adequately remove the heat. In such a case, the surface can vaporise, 

which will contaminate the vacuum. Another issue is that the spent electrons create 

X-rays through Bremsstrahlung, so safety becomes a concern. Lastly, there is a 

possibility of creating secondary electrons that can travel back through the beam 

tube, potentially damaging the cathode or anode. 

 

4.6 Energy recovery 

Microwave sources at the higher end of the frequency scale suffer from poor 

interaction efficiency. However, through a sophisticated design of the collector, 

energy can be recovered from the electron beam, increasing the overall efficiency of 

the source.  

 

The effect of this can be quite dramatic and a study found162 that for a gyro-BWO 

using a helically corrugated waveguide interaction region the efficiency can improve 

from ~15% to ~42% with a depressed collector energy recovery system.  

 

4.7 Space-charge forces 

In order to understand and predict the trajectories of electron beams the effect of 

electric and magnetic fields on the electrons must be known. When two of more 

electrons are in close proximity they exert a force on each other. An electron beam is 

a situation where a very large number of electrons are transported along a path and 

each electron will have a complex force exerted on it from the adjacent electrons. 

One of the main points to note is that the focusing force of the applied magnetic field 

can almost cancel the repulsive electric force. This allows electron beam 

transportation even relativistic beams at high currents. Another point to note is that it 

is through the field of the beam that there is a limitation on the current one can 

transport along a beam tube, known as the space-charge limit. This occurs from the 

axial electric field of a beam and can stop propagation of a high-current beam as the 

space-charge decelerates the electron beam when it becomes comparable to the 

kinetic energy of the beam. 
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This discussion considers an ideal cylindrical beam with azimuthal symmetry and an 

infinite extend in the direction of propagation. The beam has a uniform density 0n  

which drops to zero at 0r , the edge of the beam. The beam-generated field varies 

linearly with radius due to the uniform density in the beam. The radial magnetic 

force is vzq B  and has a magnitude equal to 2  times the electrical forces at all 

radii, where v / c   is the ratio of particle velocity to c. The radial electric field can 

be derived163 to be equation (4.10) while the magnetic field is can be derived to be 

given in equation (4.11) which come from . 

 0

02r

qn
E r
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However, a more realistic condition is with a variable density through the beam. The 

following set of equations described the various forces for an electron beam with a 

varying density in the radial direction, n(r). The electric field is described from 

equation (4.12), the magnetic field in y direction from equation (4.13), the magnetic 

field in   direction is from equation (4.14) and the radial magnetic field force is 

from (4.15). 
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 2( ) ( )r rF magnetic F electric   (4.15) 

 

4.8 Electron beam transport through a cusped magnetic field 

In this section, two models are described. The first is the ideal cusp model, which 

explains an ideal magnetic field transition - one that switches from one direction to 

the other in a step function. However, this is not the most accurate representation of a 
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magnetic cusp as this cannot be achieved in experiment. This falls to the non-ideal 

cusp model, which described the magnetic reversal as a smoother transition. 

 

Some assumptions need to be taken into account before the theory can be explained: 

 The cathode is circular, and is centred on an axis of symmetry. 

 The emitted electron beam is hollow and accelerated in the cathode-anode 

region. 

 

4.8.1 Particle motion in cusped geometries 

The derivation of these equations is performed in cylindrical coordinate system 

 , ,r z  and the magnetic field is assumed to have no azimuthal component, 

i.e. 0B  . This field can be formed from the vector potential,  0, ,0AA . The 

motion of a particle moving through this field is described by the Hamiltonian, H , 

of a particle moving in the r z  plane given in equation (4.16). The field is also 

axially symmetric, so, / / 0V V        . 

 
22 2 1

2 2 2
r z P qrAP P

H qV
m m m r

      
 

 (4.16) 

Where V  is the scalar potential, rP , zP  and P  are canonical momentum in the r, z 

and θ directions, respectively. 

 

The Hamiltonian can be re-written due to axial symmetry, / / 0A V        , in 

terms of the effective potential  , ,r z t . 
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Where   
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In a static field, with no scalar potential, V , at any z  the effective potential,  , is 

only a function of r (as the field does not change with time). Also, as 0r   and 

   for a non-singular field distribution. Only “trapped” or “confined” particles 



92 
 

are considered here, as these will rotate around the potential well, whereas the 

particles that escape this potential well are not considered. In order for these particles 

to become trapped, there must be a minimum of the effective potential for there to be 

a potential well. Therefore, the derivative of the potential  r  must be zero so that 

there is a turning point. 
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 (4.19) 

There are two conditions that can satisfy equation (4.19), which are shown in 

equation (4.20) and (4.21). 
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The angular momentum is described through equation (4.22). When comparing the 

momentum to the conditions above, it can be seen particles that meet equation (4.20) 

are not axis-encircling as, v 0  .  

 vP qrA m r     (4.22) 

Particles must meet this condition before and after the cusp. Through the cusp region 

the magnetic field flux, given in equation (4.23), changes amplitude. 

    , 2 , constz R RA z R    (4.23) 

Where   is magnetic flux and R  is the radius of the circle of motion, shown in 
Figure 4.3. 
 
It is shown from these equations that a particle travelling off-axis in one region can 

then encircle the axis in another region. The value of A  is related to magnetic flux 

through equation (4.23) and so when passing through the magnetic field reversal 

condition (4.22) is no longer satisfied. When the magnetic field changes polarity (or 

direction) then    0A r A r   and    0B r B r  , where the suffix 0 represents the 

uniform magnetic field region at z  . The off-axis particle that meets equation 

(4.20), with a velocity described in equation (4.22), must have v 0  . When passing 

through the cusped magnetic field the potential, A , will change sign. As there is a 
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conservation of canonical angular momentum, when the particle passes through this 

region equation (4.22) must always be satisfied. The only way this can be met is that 

m , q , r  or v  must change sign; however, since m , q  and r  must be always 

positive quantities, only the latter parameter, v , must change from zero to some 

value requiring electron motion around the axis of symmetry. This shows why 

passing through the cusped magnetic field region gives the particles rotational 

velocity. It should be noted that canonical angular momentum is given as equation 

(4.24). 

 canonicalP P qA   (4.24) 

 

The difference between the off-axis and the axis-encircling electron beam can be 

seen in Figure 4.3 (a) and (b) respectively taken from Ref. 156. 

 

r2r1 r2r1(a) (b)

Z = Z0
Z = Z0

r r

 

R

 
Figure 4.3. Motion of particles in both the (a) "off-axis" particles and (b) "axis-encircling" particles 

cases. 

 

The smallest radius the particle can approach the cusp region at is 0r  and is found 

through equation (4.25). 
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 (4.25) 

At the uniform field region at z  , with a particle injected at a radius of injr , the 

particle will move axially, with a canonical momentum P  given by equation (4.26). 
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 2
0 0

1

2
P q A q B     (4.26) 

The particle velocity in this region is v const , and so, 0r  is then obtained from 

(4.25) and (4.26) with substituting   21/ 2 vE m  to give 
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Where cyr  is the cyclotron radius. 

 

The energy of particles encircling the axis cannot be less than equation (4.28) where 

(4.21) is satisfied at r R . 
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The axial magnetic field is 
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So by combining equations (4.21), (4.28) and (4.29), the minimum energy of the 

particles can be shown to be 
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min 2
zq R B

m
   (4.30) 

The maximum distance the electrons can travel before being either reflected back 

(due to a magnetic mirror effect) or trapped (gain azimuthal rotation as stated before) 

is tz  - the maximum distance for any electron for the constants of motion. This is 

found from equation (4.28). 

  v ,t

P
m qA z R

R
   (4.31) 

Where  R z  is found from equation (4.21) for a given  ,A r z . 

 

The minimum velocity of a particle injected into a magnetic field, 0B  is given by 

equation (4.32), which is obtained from equation (4.31). 
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Figure 4.4. Particle motion in a cusped magnetic field. 

 

4.8.2 Derivation of alpha value 

The value of alpha can be found through calculation by equation (4.33) when the 

magnetic field at the cathode cathB , the cavity cavB  and the radius of the cathode cathr  

are known.  
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In an axis-encircling electron beam, 0 0 0/ /caveB m V r      , therefore it can be 

shown that alpha can be found from 
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 (4.34) 

The radius of the electrons at the cavity magnetic field region can be calculated by 

using equation (4.35). 
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4.8.3 Transfer of energy, coherent off-centering and beam 

envelope 

The transfer from axial to azimuthal velocity in the cusped magnetic field is 

described in a paper by Rhee and Destler158. The derivation of the Lagrangian in an 

electromagnetic field starts from the theory of special relativity. The general form for 

the non-relativistic Lagrangian is given in equation (4.36). When a particle travels 

through an external electromagnetic field it is affected by the potential, Φ, and 

therefore the potential energy of the electron is given by equation (4.36). 

 L T V   (4.36) 

Where T is kinetic energy and V e  is Potential energy. 

 

It is important at this point to define the magnetic field step used in the calculations, 

which can take the form of either an “ideal” cusp or a “non-ideal” cusp. The “ideal” 

cusp is a step function, which transfers from one direction to the other with an 

infinitely small cusp transition, while the “non-ideal” cusp uses a more realistic 

approximation, where there is a smooth rise in magnetic field. The magnetic field as 

a function of axial position is therefore given in equation (4.37) with the 

corresponding potential in equation (4.38). 

  
0

1 2z zB B u z     (4.37) 

  0 1 2
2

zrB
A u z      (4.38) 

Where u is the Heaviside unit step function, 
0zB  is cavity magnetic field 

 

While some are able to use this as an approximation to the experimentally produced 

field when the cusp transition is very small, the magnetic field profile is obviously 

not a very realistic one to achieve, and so a more realistic approach is the non-ideal 

cusp model. The magnetic field for this is more of a smooth rise and as such the 

magnetic field is described by equation (4.39) with corresponding potential in 

equation (4.40). 

  
0zB B f z  (4.39) 
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  0zrB
A f z

z   (4.40) 

Where  f z  is an arbitrary function with the property that  lim 1
z

f x


  . 

 

The ideal cusp case, whereby the transition between directions of magnetic field is 

approximated by a step function, is considered here. The initial conditions used are 

that all the electrons come from the same point, the radius of the cathode, and there is 

no radial electric field at the cathode. The Lagrangian equation is solved for the theta 

component and then, by using the initial conditions, this is simplified to an equation 

for the z component (4.41) where  z  is the Dirac delta function. 
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2 2
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        (4.41) 

Finally, to transform this equation to give velocity, it must be integrated using the 

condition in equation (4.42). Also, it should be noted that the integral of the Dirac 

delta function is 1. 

 vz

d d

dt dz
  (4.42) 

This gives the equation which states that the velocity after the cusp, 2vz , is equal to 

the velocity before the cusp minus the imparted azimuthal velocity given to the 

electron beam. Noticeable here is that the velocity is not dependant on the radial 

position of the electron as it passes through the cusp region. 

 2 2 2 2
2 1 0v vz z cr    (4.43) 

This equation shows that there must be a threshold velocity for the electrons for 

which they have to exceed or are reflected through the magnetic mirroring. 

 0vzth cr  (4.44) 

The “non-ideal” cusp model is the more realistic model, which can describe some 

undesired effects that occur when the electron beam passes through the cusp region. 

In this model, the magnetic field now takes the form of equation (4.45) with the 

resultant potential given in equation (4.46). 

  
0zB B f z  (4.45) 
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  0zrB
A f z

z   (4.46) 

Where  f z  is an arbitrary function with the property that  lim 1
z

f z


  . 

 

There are assumptions made here that 0r r  (investigating the central ray only) and 

0/ 1cr r  . The Largrange equations can be described as equations (4.47)-(4.49). 
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The axial velocity as a function of distance, z, is 
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Where 0 0v / cr   and 1q f  . 

 

Then substituting equation (4.50) into (4.49), and using  / v /zd dt d dz , produces 

a description of the radial velocity gained through the cusp transition. 
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The function  f z  is given through equation (4.52) which requires knowledge of 

the actual experimentally found magnetic field to find scale , a scaling factor used to 

fit the experimental and theoretical magnetic fields. 

 tanh
scale

f



   (4.52) 

After the cusp transition, it is found that the all the particles suffer an off-centering of 

the guiding orbits once they pass the cusp transition region as shown in Figure 4.5 

and described by equation (4.53). 
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Figure 4.5. Electron beam position before (solid line) and after (dashed line) the cusp transition 

highlighting the off-centering of the guiding centre caused by the cusped magnetic field.  

 

The electrons which have an off-centering of the particle orbits would also have then 

a beam envelope as shown in Figure 4.6 where the period of the envelope,  , is 
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Figure 4.6. Beam envelope at the cavity side of the cusp transition showing an electron beam with a 

very low velocity spread but large mismatch in solenoid position. 

 

4.9 Mode selectivity of axis-encircling electron beams 

In order to preserve mode purity, it is imperative to have either a very mode selective 
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electron beam or another way of suppressing parasitic modes. When operating at 

harmonics, it is a concern that the electron beam can couple strongly to other 

waveguide modes, and this is true for electron beams generating through the MIG 

gun. An axis-encircling electron is able to be mode selective and can be designed to 

couple strongest to the second harmonic waveguide mode. The reasons for this are 

explained further through a descriptive means and then proved analytically. 

 

The electron beam from a MIG can couple to any mode, as the electrons rotate 

around their own orbits and to couple to a mode they only need to change their 

phase. In an axis-encircling beam, the bunches form at one point in the cross section 

of the beam, for a TE11 mode, then travels around the beam. The fundamental mode 

in the circular waveguide is the TE11, and thus has a lower frequency than the TE21 

mode. When coupling to the TE21 node this has two dipoles, so the electron beam 

splits into two bunches which rotate relatively faster than one bunch. The electron 

beam splits into two bunches, due to the mode pattern of the TE21 mode, this is 

shown in Figure 4.7. These two electron bunches, for a large-orbit beam, act the 

same as a beam with double cyclotron frequency and thus will couple to only the 

second harmonic of the cyclotron mode. This means that the cusp gun has good 

mode selectivity, since once it couples to a mode, it will stay with that mode and not 

deviate.  

 

Electron beams can have an infinite number of modes available to them for coupling, 

and the beam has a preference to which mode this will couple to. First, considering 

the mode TE01
164, a coupling coefficient Hs can be defined as the energy-transfer rate 

of the microwave interaction and is a measure of interaction strength. 

      2 2,s n g n L S n g s n LH k r k r J k r J k r  (4.55) 

Where /n nk x a , xn is the nth nonzero root of  1 0J x   and sJ  a Bessel function 

of order s  the harmonic number. 

 

This equation can be plotted as a function of n gk r  and c Lk r  for s = 1 to 4 and is 

shown in Figure 4.8. This graph shows that in the limit of 0Lr   when compared to  
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Figure 4.7. Effect of the electric field on an electron beam in the presence of the (a) TE11 mode and 

(b) TE21 mode. The left hand side shows the initial state of the electron beam and the right hand side 

shows the bunched electron beam. The dashed line represented the poles of the electric field. 

 

the cavity radius, the coupling coefficient vanishes in all harmonics except 1s  . 

This shows that harmonic fields ( 1s   where 1s   is the fundamental mode) occur 

due to a finite Larmor radius. Furthermore, it can be seen that if one wishes to couple 

to harmonic modes the electron beam should have a larger Larmor radius as when Lr  

increases the coupling coefficient for 1s   decreases while the other harmonics 

increase. The radial periodicity of the electric field is the reason for the periodic 

dependence of the coupling coefficient on n gk r  as seen in all harmonic graphs. 

 

When considering modes of the form TEmn the generalized couple coefficient 

equation165 is 

       2 2,sm mn g mn L s m mn g s mn LH k r k r J k r J k r   (4.56) 

In analysing this equation it can be seen that in operation at harmonic waveguide 

modes it would be advantageous to use a beam with 0gr  , an axis-encircling  
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Figure 4.8. Coupling coefficient for (a) 1s   (b) 2s   (c) 3s   (d) 4s  . 

 

electron beam. This beam had very good mode selective properties as it requires that 

the harmonic number, s , equal the azimuthal index, m , otherwise the coupling 

coefficient vanishes. Furthermore, when operating at m s  the strongest interaction 

occurs when 0gr  . This can be seen from the plot of the Bessel functions. 

Therefore, using an axis-encircling electron beam can allow harmonic modes to be 

selectively coupled without parasitic modes being stimulated. 

 

4.10 Summary 

This chapter introduced the physics of electron beams from the production to 

transportation through a magnetic field reversal. The various methods employed to 

produce electron beams of differing properties were described. This chapter 

concluded with discussion of the cusp electron gun and explained why the electron 

beam produced through this gun is important for interaction in a helical waveguide 

operating at the 2nd harmonic waveguide mode.  
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Chapter 5. 

Numerical Modelling of the Cusp 

Electron Gun
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5.1 Introduction 

The design of an electron gun capable of generating an electron beam which could 

drive the gyro-BWO is a complicated and lengthy process. This chapter discusses the 

numerical and analytical analysis of the cathode. The electron beam produced by a 

cathode is difficult to predict without accurate numerical modelling, due to the many 

interactions between the emitted electrons and the complicated space-charge effects. 

More than one code was used, in order to provide a validation of the cathode design. 

Also, the optimisation of this design is introduced and the final optimised geometry 

with corresponding electron beam properties are given. 

 

5.2 Cusp electron gun simulations 

While cusp electron guns have been simulated previously161,166,167,168,169 - and in a 

few cases constructed170 and tested171,172,173 - this work expands on this research area 

to create a cusp electron gun for a millimetre-wave microwave source. The 

complications of the design arise through the requirement of a large magnetic field at 

the interaction region. Design considerations include the average diameter of the coil, 

which must be big enough to accommodate cooling channels through the layers, and 

the large magnetic field tuning range. The electron beam has to travel through the 

beam tube while maintaining an acceptable amount of axial velocity and alpha 

spreads over the full magnetic field range of 1.65T – 2.1T. Therefore, a long, 

gradually tapered tube must be employed, at the diode side of the beam tube, to 

ensure complete beam transport at the lowest magnetic field.  

  

This section introduces the design and simulation of the diode, with later chapters 

discussing diode construction and experimental results. While the design of the 

cathode produces an electron beam of good quality to drive the gyro-BWO 

interaction, it should be noted that this source has an inherent insensitivity to axial 

velocity spread due to the dispersion properties of the helically corrugated 

waveguide. Therefore, the requirement to produce an axial velocity spread lower 

than 10% is less important in this device compared to conventional gyro-BWO’s. 
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5.2.1 Diode design 

There are two primary goals of the design of the cusp electron gun: a) to produce a 

beam of suitable quality to drive the gyro-BWO over the required magnetic field 

range; and b) to produce a design simple enough that this could be manufactured 

with less complication than usual electron guns. Consideration of the construction of 

the diode plays an important role in the design process, as the cathode will be small 

radially and thus sensitive to manufacturing tolerances. The aim is that a good 

quality electron beam would be produced even with some imperfections in cathode 

shape. The gyro-BWO was previously numerically analysed174 to calculate the 

predicted output in order to find the beam properties the cusp electron gun would 

have to produce. Through those calculations it was found the microwave output was 

~10kW (CW) at ~16% efficiency when the interaction was driven by a 40kV, 1.5A 

beam of 1.65 alpha. The targeted performances of the electron gun and gyro-BWO 

are given in Table 5.1. The gyro-BWO parameters as-well-as electron beam power, 

voltage, current and alpha were found through beam-wave interaction simulation of 

the interaction region and analytical calculations of the dispersion profile. The axial 

velocity spread target of approximately less than 15% was chosen from previous 

investigation on the effect of velocity spread in helical waveguide gyro-devices145 

where the velocity spread from 0% to 15% had little effect on the device but above 

this value had a significant detrimental effect. 

 

Beam parameter targets Gyro-BWO parameters 

Beam power 60kW Max power (CW) 10kW 

Accelerating voltage 40kV Efficiency ~16% 

Beam current 1.5A Frequency band W-band 

Alpha ~1.65 B-field range 1.65 – 2.1T 

Axial velocity spread <15% Tuning range 85 – 105GHz 
 

Table 5.1. Performance targets for the cusp electron gun and gyro-BWO. 

 

Electron guns consist of a cathode, to supply the electrons, focusing electrodes and a 

grounded anode, to distort the electric field lines and therefore change the path of the 

electrons. The distortion of these lines at the anode aperture defocuses the electron 
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beam through a negative lens effect. The effect on the cathode electric field is small 

when the anode aperture radius, ra, is small compared to the distance between the 

cathode and the anode, dac. 

 a acr d  (5.1) 

The effect on the electric field lines is large when the condition in equation (5.2) is 

met. If this is true, the cathode geometry must be adjusted to compensate for the 

effect.  

 a acr d  (5.2) 

Perveance is a parameter that describes the effect of space-charge effects on a beam 

and is given by the unit perv (Amp/volt3/2). It is therefore important to investigate the 

perveance of the diode when the design at the initial stage of development as this can 

have a large effect on the beam. The perveance is only an important factor for 

circular diodes with apertures. In a cylindrical electron gun, perveance can be 

calculated163 through 
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Where acV  is the accelerating voltage, cA  is the area of the cathode and   is the 

electron charge-to-mass ratio. 

 

If the condition in equation (5.1) is applied to this equation, then it is found the effect 

of the perveance is low when 
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e m

    (5.4) 

The effect of the perveance shows how strong the negative lens effect will be. When 

the perveance is much smaller than 1µperv (~0.01µperv) the distortion of the 

equipotential is very small and this negative lens effect can be ignored. In a so-called 

medium perveance gun, where the perveance is closer to 1 µperv (~0.1µperv), the 

negative lens effect has to be taken into consideration. High perveance guns are those 

in which the perveance exceeds or is close to 1µperv, where the negative lens effect 

is strong and the design has to be changed to compensate for the effect. The cusp 
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electron gun is found to have a perveance of 0.1875µperv putting it into the medium 

perveance end.  

 

The beginning of the design process focused on the emitting strip design and from 

this the focus electrodes and anode can be shaped around it. A schematic diagram of 

the general cathode geometry can be seen in Figure 5.1, with some dimensions 

highlighted that are used in this discussion. The dimensions of the emitter required 

are: radial thickness of the strip, the average radius and the inclination of the surface. 

When a very narrow strip is chosen, a high quality beam can be produced, as the 

magnetic field variation – one of the leading causes of velocity and alpha spread – 

across the emission surface can be reduced at the expense of current density. 

Excessive current density, > 10A/cm2, can lead to a vastly reduced cathode lifetime; 

therefore, the thickness of the strip is chosen to produce a current density less than 

this limit. In this initial design stage this value can be chosen to be approximately 

8A/cm2. 

 

 
Figure 5.1. Schematic diagram of the cusp electron gun showing (i) the basic geometry of the cathode 

and electrodes outlining the position of the inner and our radius of the emitting strip, (ii) Close up of 

the emitting surface showing the dimensions needed for the area correction factor. 

 

The emitting strip is inclined at an angle, as shown in Figure 5.1 this leads to an area 

bigger than just the difference between the inner, 1eR , and outer radii, 2eR . This can 
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be found from an area correction factor CFA . 

 
2 2 1

cosCF

y z x
A

y y 


    (5.5) 

Where dimensions x, y, z and   are shown in Figure 5.1. 

 

Therefore, the area of the emitter can be found through 

  2 2
2 1e CF e eA A R R   (5.6) 

The average radius of the emitter can be chosen through the desired alpha value 

required. This is given through 
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Where 0/ca ceB m   and 0 0 0/eB m   are the cyclotron frequency in the cathode 

and cavity magnetic field regions respectively. cB  and 0B  are the magnetic fields in 

the cathode and cavity magnetic field regions. 

 

Through this method, the angle of the emitter was chose to be ~35° (actual value in 

simulation is 33.74°) and the average radius of the cathode set at ~6mm. This gives 

the inner and outer radii as 5.78mm and 6.3mm respectively. The final design has the 

values of Re1=5.79mm, Re2=6.29mm, ACF=1.2, Ae=0.227cm2 and emission current 

density Jc=6A/cm2.  

 

To design the diode, a generalised shape was produced from Pierce principles154 and 

from this and previous designs used at the University of Strathclyde, a new design 

that was better suited to the desired electron beam was produced. While another cusp 

electron gun has been produced at the University of Strathclyde, simply scaling this 

to produce an electron beam suitable for driving a higher frequency interaction 

would not be possible, as the space-charge effects are significantly different for this 

electron beam. A schematic diagram of the cathode geometry can be seen in Figure 

5.2 where some dimensions changed during the design process are noted. 
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Figure 5.2. Schematic diagram of the diode highlighting dimensions used in the design. 

 

In this design, the size of the average radius of the emitting strip is found through the 

equation for alpha, defined in Chapter 4 as equation (4.34). A table of the final 

parameters of the diode design can be seen in Table 5.2. 

 

dac 4.48mm 

Emitter strip width (Re2 – Re1) 0.5mm 

Angle of emitter face to horizontal 56.6o 

Re1 5.79mm 

Re2 6.29mm 

Cathode stock radius (Re2 + b) 17.38mm 

Anode aperture radius (2f) 14.6mm 

Cut-off section aperture (2j) 1.67mm 
 

Table 5.2. Final parameters of the diode design. 

 

5.2.2 MAGIC simulation 

To model the emission of a charged particle beam with 3D geometry and the 

complicated space-charge effects through a purely analytical method would be very 

time-consuming and difficult. Numerical codes provide a fast and accurate way of 

modelling electron emission, transport and are especially useful in electron gun 

design, where many parameters have to be adjusted until an electron beam of 

sufficient quality is generated. The particle-in-cell (PiC) code MAGIC175,176. 

(MAGnetic Insulation Code) by Mission Research Libratory has been used for many 
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years to simulate electromagnetics, charged particle emission and beam-wave 

interactions. At the University of Strathclyde, MAGIC was previously used to model 

a cusp electron gun used to drive an X-band gyro-TWA. The simulated electron 

beam results agreed very well to experimental results giving a validation of the 

numerical code. The MAGIC script used in this thesis is a derivative of the pervious 

successful numerical code. 

 

Originating in 1978, this program was originally designed to model magnetic 

insulation177. Later, a new three-dimensional version was created to model 

electromagnetic pulse effects on satellites, called SOS (Self-Optimized Sector)178.  

This program was then used to model pulsed power applications179. This program 

solves Maxwell’s time-dependant equations directly and by using the Yee cell 

algorithm180 shown in Figure 5.3 taken from reference 180, can time-step these 

equations to show what the electric and magnetic fields will be at some point later in 

time. This is called the particle-in-cell (PiC) approach and differs to the Finite-

Difference approach of other modellers such as Opera-3D.  

 
Figure 5.3. Yee cell from the Yee Algorithm. 

 

5.2.2.1 Emission model  

The code MAGIC allows different ways of emitting particles from a surface, for 

instance thermionic and explosive emission. As the cusp electron gun will use a 
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thermionic cathode, a thermionic emission process was used. In the code this can be 

accurately modelled using the Richardson-Dushman equation (5.8). 

 2
w

B ck T
e e cJ A T e



  (5.8) 

Where cT  is the temperature of the emission surface and Bk  is the Boltzmann 

constant. 

 

In the MAGIC script the work function is chosen to be 1.5eV –   the value found for 

previous cathodes using a tungsten cathode impregnated with barium.  

 

5.2.2.2 Simulation parameters 

The design of the diode is constructed on a gridded system so this can lead to slight 

inaccuracies in the modelling when the mesh is not dense enough; however, if the 

system is meshed properly the results should be very accurate. The cathode can be 

seen in both 2D in Figure 5.4a and the full 3D version in Figure 5.4b.  
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Figure 5.4. Geometry of the cusp electron gun (a) 2D image with magnetic field profile overlaid and 

(b) 3D image. 
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It should be noted that although the simulation is 3D, to decrease the run-time the 

electron beam was only emitted from 4 points around the 360 degree axis. This still 

yields accurate results, as the geometry is fully symmetric around the axis of 

symmetry, and so the results should not differ. In this figure, the magnetic field is 

overlaid showing the position of the cusp point in relation to the geometry of the 

cathode and anode. Also, the length of the tapered section down to the backstop filter 

can be seen here, as well as the geometry of the anode. 

 
In Figure 5.5 a more detailed view of the focusing electrodes, anode and cathode can 

be seen, showing the meshing effect of MAGIC and the sizes and distance between 

the anode and inner electrode. It should be noted that at the cathode there are two 

small gaps above and below the emitting surface (coloured brown). These gaps are to 

stop contact between the cathode and the focus electrodes, so that the barium in the 

cathode does not migrate into the focusing electrodes. Such migration could cause 

the electrodes to emit particles and also to further reduce the conduction of thermal 

energy to the focus electrodes. 
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Figure 5.5. A close-up view of the diode as drawn by MAGIC. 

 

5.2.2.3 Simulated B-field profile of magnetic coils 

The magnetic coils defined in MAGIC are an approximation of a single line of coils 
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at an average radius. The program defines one coil position, and then through a do-

loop defines each subsequent coil position for a given number of the turns. The 

current is defined as the current for the coil multiplied by the number of layers in the 

coil. The magnetic field profile is very important to the operation of a cusp electron 

gun as it guides the electrons along the beam tube, determines the position of the 

cusp and in-turn has a large effect on the quality of the electron beam. When the 

solenoids are designed to produce a smooth cusped magnetic field profile it was 

calculated that there would be a large amount of heat. In order to reduce the overall 

length of the coil, as well as the heat produced by the wires, two extra coils, so-called 

“shim coils”, were added to the cavity solenoid. The shim coils sharpen the magnetic 

field profile and allow the total length of the solenoid to be reduced allowing a total 

number of turns to be reduced. The parameters used in the code to produce the 

required magnetic field profile can be seen in Table 5.3. 

 

 Reverse coil Cavity coil 1st Shim coil 2nd Shim coil 

Start position -6cm 12.3cm 12.3cm 31.6cm 

Average radius 8cm 2.84cm 4.92cm 4.92cm 

Wire width 2.2mm 2.2mm 2.2mm 2.2mm 

Number of turns 10 103 15 15 

Coil current 713.28A 3257.8A 465.4A 465.4A 
 

Table 5.3. Properties of the solenoids defined in MAGIC simulation code. 

 

It is important to note that while the current of the revserse coil is equal to 713.28A 

in practical terms, this would be 4 layers of coil with 178.32A per layer. Similarly, 

for the cavity coil 3257.8A is equal to 14 layers of 232.7A per layer. The shim coils 

are driven by the same wire as the cavity coil, and so have the same current but with 

only two layers, resulting in a total current of 465.4A. The shim coils reduce the 

length of the solenoid and it was decided that only 2 layers of 15 turns per layer were 

required. However, different configurations were also examined. The effect of 

adding different ammounts of shim coil layers can be seen in Figure 5.6. 
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Figure 5.6.  Simulated magnetic field profile using different amounts of extra layers at each end. The 

sharper magnetic field as the number of extra layers is evident.  

 

These coils are described approximitly in MAGIC so a comparison with an analytical 

calculation of the magnetics would be prudent. The magnetic field that MAGIC 

produces can be seen in Figure 5.7. This is the magnetic field along the central axis 

of symetry and shows the smooth rise from a slightly negative magnetic field to the 

full field. 
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Figure 5.7. Axial magnetic field (Bmax = 1.82 T) along axis of symmetry as calculated by MAGIC. 

 

This magnetic field is a combination of the two solenoids. The region of the flat top 

has to be at least 10.75cm, to match the length of the helically corrugated waveguide. 

The full magnetic field profile of the solenoid is shown in Figure 5.8. 
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Figure 5.8. Simulated magnetic field profile of the gyro-BWO at Bmax = 1.82 T. 

 

The magnetic field at the cusp region, the combination of both the reverse coil and 

the cavity solenoid, is one adjustable factor that determins the alpha value of the 

electron beam at the beam-wave interaction region. The spread of magnetic field 

over the emission surface is one of the biggest factors that contributes to velocity 

spread in the electron beam. The magnetic field vector at the cusp region is shown in 

Figure 5.9. This shows the direction and amplitude of the magnetic field that the 

electrons travel through when they pass from the cathode through the anode 

appeture. It also shows the position of the cusp point, in this case, at 4.3mm from the 

middle point of the front face of the emitter. 
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Figure 5.9. Magnetic field distribution in the cusp region. 
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5.2.2.4 Design optimisation 

The design of the diode requires extensive optimisation of the geometries to produce 

a high quality electron beam. There are 0.1mm gaps above and below the emission 

surface increasing the difficulty of optimising the design as these are hard to adjust 

for. There are many dimensions of the cathode that can be adjusted in order to 

optimise the geometries, which are outlined in Figure 5.10. The first step is to settle 

upon the average radius and width, in addition to the slope of the cathode. After this, 

dimensions a, b, c, d, e, f, g, h, i and j, as shown in Figure 5.10, are adjusted to shape 

the equipotentials in order to stop the electron beam diverging. Along with the 

geometry of the diode, the driving current, average radius, and start and end positions 

of the solenoids can be adjusted to optimise the cusp position.  
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Figure 5.10. Schematic diagram of the diode geometry showing the parameters that were changed 

during optimization of the design. 

 

The range of optimisation and final optimised values are given in Table 5.4. Local 

optimisation of each dimension can be shown by adjusting each parameter by 

±0.1mm and comparing against the optimised value this can be seen for some 

selected parameters in Table 5.5.  
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Dimension denotation Optimised value (mm) Range of optimisation (mm) 
a 0.30 0.00-0.60 
b 5.44 5.30-6.00 
c 0.27 0.10-0.45 
d 0.25 0.10-0.45 
e 0.60 0.40-0.80 
f 1.01 0.70-1.30 
g 4.48 2.50-5.00 
h 3.23 2.00-4.00 
i 4.13 3.50-5.10 
j 4.80 4.00-5.20 

Table 5.4. Cusp electron gun optimised values and optimisation ranges. 

 

Dimension Deviation from 

optimised value 

Axial velocity 

spread 

Alpha spread 

a + 0.1mm 9.40% 11.85% 
 - 0.1mm 8.21% 10.88% 
b + 0.1mm 8.37% 10.83% 
 - 0.1mm 9.42% 11.97% 
c + 0.1mm 15.03% 20.56% 
 - 0.1mm 10.14% 13.33% 
e + 0.1mm 8.62% 11.01% 
 - 0.1mm 8.57% 10.77% 

Table 5.5. Optimisation of the dimensions of the diode. 

 

An incorrect position of the solenoids will increase the thickness of the electron 

beam with a large envelope ripple. In order to reduce the difference of magnetic field 

over the emission surface, it is important to make sure the reverse coil has a larger 

radius than the cavity solenoid. 

 

The addition of a 0.1mm gap above and below the cathode provides some additonal 

difficulty in generating a good quality beam. These gaps distort the equipotentials at 

the cathode. Additionally, the removal of the focusing electrode geometry in 

immediate contact with the cathode causes the edges of the electron beam to diverge, 

resulting in a large spread in alpha and velocity. To reduce this, the cathode is moved 

by 0.1 mm from the focusing electrodes, leaving part of the focusing electrode 
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geometry at these gaps, in order to “push” the electrons into the main electron beam 

and prevent them from diverging. 

 

5.2.2.5 Equipotential surfaces and electric field enhancement 

The electron beam is focused in relation with the shape of the equipotentials in the 

diode region. The equipotentials are changed through the shape of the focusing 

electrodes and the anode. The equipotential in the diode region show us how the 

electrons are focused by the shape of the anode and cathode surface.  

 

The shape of the equipotentials is acting to focus the electron beam down through the 

anode aperture. Looking at the potentials at the emission surface, clearly shown in 

Figure 5.12, the equipotentials at the emission surface are almost parallel with the 

surface in order to reduce the velocity spread. The inner and outer focusing 

electrodes are used in order to produce this equipoential profile. 

 

The electrons would stray off course without the focusing. The electrons would 

diverge due to the repulsive space-charge forces in the beam. The correct shape of 

the focusing electrodes reduces the velocity spread in the beam. 
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Figure 5.11. Equipotential profile in the diode region with the electron beam present. 
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Figure 5.12. Equipotentials at the cathode surface. 

 

The magnetude of the electric field at the cathode and anode gap is a concern for 

electron gun design due to the possibility of electric field breakdown. If there are 

sharp corners in the geometry field enhancement would increase the electric field 

possibly causing field emission. The electric field at the cathode surface is required 

to be lower than breakdown threshold in vacuum in order to ensure the cathode does 

not get damaged during operation. The axial electric field (Ez) when the accelerating 

voltage is at its maximum 40kV and the electron beam has fully passed through the 

tube was recorded and is shown in Figure 5.13.  
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Figure 5.13. Axial electric field in the diode region. 
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The field shows an area around the anode tip that is larger than the recommended 

10MV/cm in vacuum however this area of high electric field is most likely due to the 

flatness of the anode tip during the simulation. When the cathode was constructed 

care was taken to round and smooth the anode tip as much as possible so that there 

was less chance of breakdown. Areas where the electric field should be at a 

maximum are at the sharpe edge above the emitting surface and at the outer radius of 

the outer cathode. These two areas and the anode tip are highlighted in Figure 5.14. 

The outer electrode previously had shown a very large electric field at the outer 

radius as this was close to the anode in both z and r directions. This was reduced by 

beveling this surface, so that it had a large radius. The area just above the emitting 

surface shows a slight increase in electric field, but this is another area where the 

electric field would reduce during construction. 

 

 
Figure 5.14. Continued on the next page. 
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Figure 5.14. Electric field at areas of importance (a) anode tip, (b) cathode surface and (c) outer 

electrode. 

 

5.2.2.6 Simulated electron trajectories 

The electron trajectories after emission from the cathode are one of the most 

important diagnostic tools as these show if the electrons pass through the beam tube, 

where possible collisions occur, the thickness of the electron beam at the plateau 

magnetic field region and if the electron beam can pass through the backstop filter 

(the smallest diameter area of the tube). The electron trajectories through the diode 

up to downstream uniform B-field region are shown in Figure 5.15. These pictures 

show that the electrons pass through the waveguide geometry and form an axis-

encircling beam, a view of which is clear to see in Figure 5.15b. There is an 

unproportional amount of reflected electrons shown in this trajectory plot. These 

electrons amount for less than 1mA, compared to the electron current of ~1.5A. At 

the end of the beam tube the thickness of the electrons can be calculated from their 

trajectories at the point of maximum magnetic field, shown in Figure 5.16. 

 

 

 

 

 



122 
 

200150100500
Z (mm)(a)

0 2 4-2-4(b)

-1

0

1

Z (mm)
 

Figure 5.15.  MAGIC simulated electron trajectories at 1.82T cavity field showing (a) the beam in the 

r-z plane with the full geometry and (b) cross-sectional shape at the downstream region. 

 

 
Figure 5.16. Trajectories of the electron beam at the plateau magnetic field region (Bz = 1.82T). 

 

The exact properties of this beam can be seen in Table 5.6. This shows that this beam 

has a thickness of ~0.2mm corresponding to a spread of 60%. This spread is larger 

than targeted. 
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Minimum radius 0.229mm 

Maximum radius 0.421mm 

Average radius 0.325mm 

Radius spread ( /r r ) 59.2% 

Envelope ripple 15% 

 

Table 5.6. Properties of the electron trajectories at magnetic field plateau region, Bz = 1.82T. 

 

5.2.2.7 Electron beam current and voltage 

The design of the waveguide interaction region sets the value of the electron beam 

current and voltage that should be generated by the cathode. Measurement of how 

much of these two properties are transported along the waveguide allows one to 

measure the beam power produced by the electron gun and compare that value to the 

target set for the electron gun. 

 

In this MAGIC script an accelerating voltage pulse was applied to the cathode and 

focusing electrodes, as shown in Figure 5.17. This graph shows the voltage pulse 

rises to 40kV after ~1ns and stays steady after that time. The slow rise of the voltage 

is important in the MAGIC simulations to avoid effects associated with a sharp 

application of voltage. 
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Figure 5.17. The 40kV accelerating voltage pulse produced using MAGIC. 
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Another diagnostic was used to measure the current emitted from the cathode, with a 

plot of this as a function of time shown in Figure 5.18. This current is shown for two 

cases, one with a gap between the emitting surface and the focusing electrodes and 

one without this gap. This shows how much current was emitted from the emitting 

surface and from inside the gap. The cathode surface emitted 1.5A after ~0.6ns, 

while this rises to 1.57A with the inclusion of gaps at the emitting surface, showing 

0.07A is emitted inside the surface, due to electric field penetration inside the gaps. 

 

The electron beam current at the downstream uniform magnetic field is a vital 

diagnostic as this allows calculation of the transported electron beam current to show 

what percentage of the electron beam is reflected or transmitted. This can be seen in 

Figure 5.19 as a function of time, showing after 10ns the transported current is 1.56A 

corresponding to 99.9% of the current transmitted through the tube which meets the 

target for the electron gun design. 
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Figure 5.18. Emitted electron beam currents with and without gaps at the emission surface showing 

an emitted current of 1.57A and without gaps showing an emitted current of 1.5A. 

 

As the accelerating voltage is slowly increased over 1ns, the electrons emitted over 

this time will have a much lower energy than designed and will thus suffer from 

magnetic mirroring. This causes reflection of the electron beam and an effect that 

does not fully stop until almost the end of the simulation time. It is worth noting that 

the transported current shows a larger current at an emission time of ~3.4ns and then 
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stays larger until near the end of the simulation time. This can be explained by the 

low energy electrons at the beginning of the simulation, which are slowed down, and 

so travel to the end of the waveguide with other electrons which have since caught 

up, causing a surge of electrons to impact on the diagnostic area. 
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Figure 5.19. Transported current through the beam tube as a function of time showing electron 

current transport of 99.9% after a few ns’s. 

 

The low energy electrons emitted at during the rise-time of the applied voltage reflect 

due to a magnetic mirroring effect and impact on various parts of the diode, this 

current must be measured in order that this is not significantly high. A large reflected 

electron current would result in heating of the beam tube and possibly contamination 

of the vacuum. This measurement can be shown in Figure 5.20 with a measured 

current at the anode, anode cone and waveguide. The biggest current is at the anode 

cone which registers at 47mA; however, it is evident that these recorded currents are 

over a very small time period and so are not thought to be an area of concern for 

manufacture of the electron gun. 

 

5.2.2.8 Pitch angle and axial velocity spread 

The two parameters of the electron beam that determine the eventual interaction 

strength and efficiency of the gyro-BWO are the spreads in velocity ratio,  , and 

axial velocity. The alpha value of the electron beam is a measure of the ratio of  
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Figure 5.20. Collected electron current at various parts of the electron gun showing the low reflected 

current of a few tens of mA’s ~5ns after the voltage is applied. 

 

perpendicular to parallel velocity v / v    . Since it is only the transverse velocity. 

that participates in the interaction, this is a measure of the amount of the electron 

beam energy that is available for the interaction. The axial velocity spread will result 

in Doppler shift of the electron cyclotron frequency therefore larger axial velocity 

spread will give rise to low beam-wave interaction efficiency. 

 

The alpha value sought is designed at ~1.65 determined through the dispersion for 

the gyro-BWO and numerical simulations previously performed for high power 

output. The alpha value as a function of the z-axis was observed in the simulation 

and is shown in Figure 5.21. Clearly shown here is the rise in the alpha value along 

the waveguide tube due to the rise in magnetic field. There are two stray beam lines 

shown here with a very large alpha value. These are emitted from inside the cathode 

gap and for the purpose of these calculations are not taken into consideration when 

measuring the alpha value, average value and spread. The alpha value at the end of 

the beam tube where the magnetic field strength is 1.82T is shown in Figure 5.22. 
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Figure 5.21. Simulated velocity ratio (alpha) of the electron beam as a function of axial position. 

Measured with a magnetic field at the uniform downstream region of Bz=1.82T. 

 

 
Figure 5.22. Velocity ratio,  , at the plateau magnetic field region Bz = 1.82T. 

 

At this point the magnetic field is at the uniform end of the solenoid so the alpha 

value is also used for beam-wave interaction. This measurement was taken at a 

magnetic field of 1.82T and the results can be seen in Table 5.7.  

 

Minimum alpha value 1.56 

Maximum alpha value 1.74 

Average alpha value 1.65 

Alpha spread ( /  ) 10.7% 

 

Table 5.7. Simulated velocity ratio alpha, α, values at Bz = 1.82T. 
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The average alpha and alpha spreads were in-line with the targeted values. The alpha 

spread at 10.7% is much lower than comparable electron guns which produced alpha 

spreads ~30%. 

  

The axial momentum of the electrons along the axial position is shown in  

Figure 5.23. This shows the two electron beamlets trajectories with a much lower 

axial momentum than the rest of the electron beam, with these coming from inside 

the gap at the emitter. If it is assumed that there is a negligible difference in electron 

mass from the lower and upper values of the momentum then the axial velocity 

spread can be found from 

 
, , ,

v v

v v
z z z

z av z av z av

m P

m P

  
   (5.9) 

Where zP  is axial momentum, ,z avP  is average axial momentum, vz  is axial velocity 

and ,vz av  is average axial velocity.  

 

 
Figure 5.23. Simulated axial momentum of the electron beam as a function of axial position. 

 

The axial momentum at the downstream uniform magnetic field region at 1.82T is 

shown in Figure 5.24. Analysis of this axial momentum allows calculation of the 

axial velocity spread and the values obtained are given in Table 5.8. The axial 

velocity spread is within the design target. 

 



129 
 

 
Figure 5.24. Axial momentum at the plateau magnetic field region Bz = 1.82T. 

 

Minimum axial momentum value 59.7 x106 ms-1 

Maximum axial momentum value 64.7 x106 ms-1 

Average axial momentum value 62.2 x106 ms-1 

Axial velocity spread ( v / vz z ) 8.1% 

 

Table 5.8. Values of axial momentum and corresponding axial velocity spread at the plateau magnetic 

field region, Bz = 1.82T. 

 

5.2.2.9 Variation of magnetic field and different combinations 

of electron beam properties 

The interaction frequency can be tuned through adjusting parameters of the electron 

beam such as accelerating voltage, alpha as well as the cavity magnetic field 

strength.. In order to change the alpha values of the electron beam, the magnetic field 

at the cathode can be changed. The alpha value as a function of magnetic field at the 

cathode is shown in Figure 5.25 at a fixed cavity magnetic field of 1.82T.  The effect 

of varying the alpha value changes the electron beam dispersion line so different 

interaction frequencies can be achieved, this is shown in Figure 5.26. 
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Figure 5.25. Alpha value as a function of magnetic field at the cathode surface. The cavity magnetic 

field is kept constant at Bz=1.82T. 
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Figure 5.26. Helically corrugated waveguide with electron beam dispersion with different values of 

velocity ratio alpha from 1 to 3 at a fixed cavity field of 1.82T. The analytically calculated values of 

the circular TE11and TE21 waveguide modes are also shown. 

 

While the cathode magnetic field is swept in order to change the value of alpha over 

the range of 1 to 3, the electron beam qualities (alpha and axial velocity spreads) will 

be affected. This can be seen in Figure 5.27 where the plateau of the electron beam 

qualities is at the desired interaction parameter of -4.97mT corresponding to an alpha 

of 1.65. 
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Figure 5.27. Simulated values of axial velocity and alpha spreads as a function of cathode magnetic 

field strength. 

 

The designed beam voltage is 40kV but the gyro-BWO is tuneable in frequency 

when the voltage changes so the electron gun had to pass through the beam tube with 

an acceptable beam quality over a range of voltages. It was found that when the 

beam voltage varied from 35-45kV the large orbit beam was still fully transported to 

the downstream cavity region. However, with a constant magnetic field configuration 

the beam alpha would be different and so some adjustment in the reverse coil 

strength would have to be made through the range of voltages. The alpha value was 

2.46 and 1.35 for 35kV and 45kV respectively. 

 

The effect of changing the beam voltage on the electron beam dispersion line can be 

seen in Figure 5.28. As the voltage changes from 35kV to 45kV the interaction 

frequency is tuned from 92GHz to 98GHz respectively. The electron beam quality 

also varies over this voltage range, as shown in Figure 5.29. The plateau of the 

electron beam quality curve is centred on the designed voltage of 40kV showing the 

optimised electron gun design. Throughout the range of voltages the electron beam 

maintained an acceptable quality, defined as the axial velocity and alpha spreads. 
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Figure 5.28. Helically corrugated waveguide dispersion against different values of the electron beam 

dispersion line with an acceleration voltage of 35, 40 and 45kV at a fixed magnetic configuration. The 

analytically calculated values of the circular TE21 and TE11 waveguide modes are also shown. 
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Figure 5.29. Simulated axial velocity and alpha spreads as a function of the beam voltage. The 

average alpha and cavity magnetic field is kept constant at 1.65 and 1.82T respectively. 

 

If the constant alpha value is required when the voltage is changed the cathode 

magnetic field, and so reverse coil current, would have to be adjusted for each value 

of accelerating voltage. The range of cathode magnetic field that kept alpha at 1.65 

with a cavity magnetic field of 1.82T is shown in in Figure 5.30. 
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Figure 5.30. Variation in cathode magnetic field required to keep a constant alpha (=1.65) as the 

applied voltage is swept from 35kV to 45kV. 

 

Changing the cavity magnetic field strength allows the frequency of interaction to be 

changed to any desired frequency over the full range of the gyro-BWO interaction, 

85-105GHz. This has a stronger effect on the electron beam line than any other 

method of frequency adjustment. The dispersion for different values of cavity 

magnetic field strength can be seen in Figure 5.31. In this dispersion diagram, it is 

clear to see that the maximum achievable magnetic field strength is 2.1T as a higher 

magnetic field would result in stimulation of the parasitic TE21 mode. 
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Figure 5.31. Helically corrugated waveguide dispersion against electron beam dispersion with a 

cavity magnetic field of 1.65T, 1.82T and 2.1T. 
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The axial velocity and alpha spreads were simulated in the operating cavity magnetic 

field region and is shown in Figure 5.32. Since the geometry of the cusp electron gun 

was optimised for the centre frequency of 94GHz i.e. at a magnetic field of 1.82T. 

The simulation at a different magnetic field would be an un-optimised setup so by 

changing some of the variables such as reverse coil position, cavity coil position and 

applied voltage these results can be improved. 
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Figure 5.32. Alpha and axial velocity spreads as the cavity magnetic field is swept from 1.65T to 

2.1T. The magnetic field at the cathode is adjusted in order to keep the alpha constant at 1.65. 

 

To obtain a constant value of alpha in the gyro-BWO operating regime which 

required a cavity magnetic field of 1.65T – 2.1T the cathode magnetic field must be 

changed in accordance with the change in the cavity magnetic field. The value of the 

magnetic field at the cathode as a function of the cavity magnetic field required to 

generate an alpha value of 1.65 is shown in Figure 5.33. 

 

5.2.3 Opera-3D simulation 

To verify the simulation results from MAGIC another code, Opera-3D, was used. 

The electromagnetic code produced by Vector Fields called Opera-3D (OPerating 

environment for Electromagnetic Research and Analysis) is a program that can be 

used to solve many different problems and is a widely recognised accurate electron 

gun code. This code includes many different elements: TOSCA, ELEKTRA SCALA,  
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Figure 5.33. Values of the magnetic field at the cathode required to keep a constant alpha (= 1.65) as 

the cavity magnetic field strength is changed. 

 

CARMEN, SOPRANO, DEMAG, QUENCH and TEMPO. The programs used 

within this work are TOSCA and SCALA, which are used to measure magnetic field 

and particle trajectories, respectively. SCALA is able to analyse charged particle 

beams, modelling the emission through different processes of the users choice, and 

the space charge effects caused by these beams. TOSCA is able to solve for 

magnetostatic or electrostatic fields181 in three dimensions. This is achieved by 

breaking the model down into total and reduced scalar potentials, which are then, 

solved using finite elements. 

 

The program can create complex models by creating solid objects, and then 

performing different types of Boolean operations on them, for example adding 

shapes together or intersecting them. The program uses a finite element mesh of first 

and/or second order tetrahedral shapes,  the size of which are controlled by the user. 

This allows for perfect straight lines and well defined curves.  

 

5.2.3.1 Simulation parameters 

The Opera-3D simulation replicates the geometry that was constructed in MAGIC in 

order to validate those results. This is constructed in 3D using solid objects and then 

Boolean operations are performed to produce the desired shape. The 3D geometry 

can be seen in Figure 5.34. Since this geometry is fully axially symmetric a  
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10 degree segment, also shown in Figure 5.34, is simulated as if it were fully 360 

degrees through symmetrical boundary conditions. This saves simulation run-time 

while still producing accurate results. Also, this allows for a higher meshing density 

as meshing the full structure with a small mesh would become a very large problem 

for computational solvers. 

 

 

 
Figure 5.34. Diode geometry as represented in Opera-3D. The top view is a 10 degree segment of the 

360 degree structure. The bottom view is the full electron gun with the anode and beam tube shown in 

half for clarity. 

 

The emitter can be seen in Figure 5.35 with the anode (dark blue) focusing electrodes 

(light blue) and cathode (green) shown.  

 

The solenoids are also displayed in Opera-3D while in other simulation programs 

they are hidden and the magnetic field profile is simulated by those programs only. 

These solenoids are build up through defining the geometry of the solenoid wires as 

a bulk mass, and then giving the current density through the mass. The solenoid 

designed in the MAGIC simulations took into consideration water channels however 

in Opera-3D these water channels must be ignored and the wires are assumed to be 

pressed against each other with no spaces between them. The geometry of the 

solenoids can be seen in Figure 5.36. 



137 
 

 
Figure 5.35. A detailed view of the cathode emitter with top and bottom electrodes in  

Opera-3D. 

 

 
Figure 5.36. Position of solenoids in Opera-3D shown against size of the cusp electron gun. 

 

The data used to produce these solenoids is given in Table 5.9, which comes from the 

solenoid simulated in MAGIC. The outer and inner radii of the coils are found 

throught the design for the constructed solenoid, see Chapter 6 for more details. 

 

5.2.3.2 Simulated electron trajectories and comparision to 

MAGIC results 

The electrons are emitted from a 10 degree segment but Opera-3D projects the 

electron beam around the full 360 degree axis as shown in Figure 5.37. Uniform 

emission is observed in this area, since the magnetic field is negative in this area, 
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before changing to positive. The electrons rotate after passing the cusp but the effect 

does not become apparent until later in the beam tube. 

 

 
 

Reverse 
coil 

Cavity 
solenoid 

1st Shim 
coil 

2nd Shim 
coil 

Start position (mm) -60 123 123 316.6 

Inner radius (mm) 75.6 14.1 47 47 

Outer radius (mm) 84.4 44.6 51.4 51.4 

Axial length (mm) 22 226.6 33 33 

Current density (A/cm2) 44.4 48.7 48.7 48.7 
 

Table 5.9. Properties of the solenoids defined in Opera-3D simulation code. 

 

 

Figure 5.37. Simulated electron trajectories between the cathode and anode. 

 

The beam trajectories at the downstream region are shown in Figure 5.38. This 

shows the thickness of the electron beam. The electron trajectories from only one 

segment of the cusp gun are shown in Figure 5.38b, which clearly shows an axis-

encircling behaviour. As the magnetic field increases the electrons gyrate faster due 

to larger cyclotron frequency and with smaller Larmor step due to smaller axial 

velocity.  
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(a)  

(b)  

Figure 5.38. Trajectories of the electrons from the cusp electron gun as simulated in Opera-3D. 

 
The electron beam transport through the beam tube can be found in Opera-3D by 

creating a circular diagnostics at the end of the beam tube and in front of the cathode 

Through integrating the number of electrons impacting both diagnostics, a 

measurement of the electron beam transport can be made. No electrons are found to 

be lost within the beam tube in the simulation using Opera-3D.  

 

The properties of the electron beam at a cavity magnetic field of 1.82T and alpha of 

1.65 are shown in Table 5.10. These results show that the electron beam had similar 

trajectories to the MAGIC simulation predictions. The average radius and radius 

spreads were almost the same which gives confidence in the both the Opera-3D and 

MAGIC simulations. 
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Beam properties Opera-3D MAGIC 
Inner radius of beam (mm) 0.22 0.23 
Outer radius of beam (mm) 0.41 0.42 
Average radius of beam  0.315 0.325 
Spread in beam radius (%) 60.3 59.2 

 

Table 5.10. Simulated properties of the electron beam trajectory. 

 

5.2.3.3 Axial velocity and pitch angle spread and comparision 

to MAGIC results 

The axial velocity of the cusp electron beam was measured along the axial position 

and is shown in Figure 5.39. The change in axial velocity over the entire length of 

the beam tube shows a similar profile to that of the MAGIC simulations (Figure 

5.23).  

 

 
Figure 5.39. Simulated axial velocity of the cusp electron beam using Opera-3D. 

 

In order to make a quantitative measurement of the axial velocity spread in these 

simulations the electron beam velocities at the uniform downstream magnetic field 

region has to be investigated further and this is shown in Figure 5.40. 

 

 



141 
 

 
Figure 5.40. Simulated axial velocity and its spread in value using Opera-3D. 

 

Viewing the measurement of axial velocity at the downstream region one can see that 

there is a very dense region of electron beam energies in-between the values of 

55x106 ms-1 and 62x106 ms-1. Out with this region are velocities for some stray 

electrons. One can take the dense electron beam, highlighted in this figure, as being 

the values used in determination of the axial velocity spread. The electron beam 

trajectories out with the main beam account for an insignificant percentage of the 

beam and can thus be ignored otherwise they artificially significantly affect electron 

quality values. In such measurement the axial velocity spread was calculated as 

11.2% through the values given in Table 5.11. The comparative MAGIC values are 

given also in this table and a good agreement in the results is shown. 

 

Beam properties Opera-3D MAGIC 

Minimum axial velocity value 55 x106 ms-1 59.7 x106 ms-1 

Maximum axial velocity value 61.5 x106 ms-1 64.7 x106 ms-1 

Average axial velocity value 58.3 x106 ms-1 62.2 x106 ms-1 

Axial velocity spread ( v / vz z ) 11.2% 8.1% 

Table 5.11. Velocity ratio alpha values for the cusp electron gun at Bz=1.82T. 

 

The simulated alpha values along the axial position of the cusp electron gun can also 

be measured in Opera-3D and is shown in Figure 5.41. This graph is very similar in 

profile to the MAGIC simulated values; (Figure 5.21). The alpha spread at the 
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uniform downstream magnetic field region was ascertained by measuring the alpha 

spread as a function of axial position as shown in Figure 5.42. 

 

 
Figure 5.41. Velocity ratio alpha along the axis of symmetry of the cusp electron gun. 
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Figure 5.42. Velocity ratio alpha spread at zB  = 1.82T. 

 

The values of alpha show a very dense region, highlighted in the figure, between the 

alpha values of 1.55 and 1.79. Out with this region are some stray electron beam 

lines which account for a few 10’s of electron beam trajectories when the total 

amount of electron trajectory values shown is ~1750. So one can see that the stray 

electrons account for <1% of the total beam so they can be ignored in determination 

of the alpha spread. The simulated alpha spread is 14.4% at an average alpha of 1.67, 
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calculated using values given in Table 5.12. This agrees well to the MAGIC values 

of 10.7%. The current weighted alpha value is 1.66 showing that there was more 

electrons with a slightly lower alpha value explaining that the current weighted alpha 

spread would be lower than 14.4%.  

 

Beam properties Opera-3D MAGIC 

Minimum alpha value 1.55 1.56 

Maximum alpha value 1.79 1.74 

Average alpha value 1.67 1.65 

Alpha spread ( /  ) 14.4% 10.7% 

Current weighted average alpha 1.66 N/A 

 

Table 5.12. Axial velocity values for cusp electron gun showing the axial velocity spread. 

 

5.2.4 Comparison between MAGIC and Opera-3D 

Two particle software packages were used to verify the diode design and the electron 

beam generated from the cusp electron gun. The results showed a good agreement; 

however, differences between their results exist and a comparison between the two 

programs is necessary. 

 

Beam properties Opera-3D MAGIC 

Average alpha 1.67 1.65 

Alpha spread (%) 14.4 10.7 

Axial velocity spread (%) 11.1 8.1 

Average radius at maximum B-field (mm) 0.315 0.324 

Inner radius (mm) 0.23 0.22 

Outer radius (mm) 0.42 0.41 

Magnetic field at cathode (mT) -5.02 -4.97 

Electron beam transport (%) 100 99.9 
 

Table 5.13. Simulated electron beam properties using Opera-3D and MAGIC so the programs can be 

compared. 

 

The difference in electron beam transport between MAGIC and Opera-3D allows one 
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validation of the earlier statement that in MAGIC, the lower electron beam transport 

and reflected electrons is caused by an inherent effect within the code, and is not a 

physical effect. This results due to the slow ramp of the voltage pulse. As Opera-3D 

does not require this slow ramp, the electron beam transport is simulated to be the 

full 100%. 

 

The two electron beam codes have been compared in past work by D. Rowlands182 

who investigated a cusp electron gun for an X-band gyro-TWT. The alpha values 

from MAGIC and Opera-3D were in good agreement with that of another code 

SURETraj. All three codes gave almost the same alpha value i.e.   = 1.17 which 

was very close to the designed value of 1.2. However, as the alpha increases and 

decreases away from the designed value the difference between the codes increases. 

A similar phenomena was found for the W-band design of the cusp electron beam. 
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Figure 5.43. Measurement of the alpha produced by varying magnetic field at the cathode. 

 
The magnetic field profile calculated by Opera-3D and MAGIC is shown in Figure 

5.44. It is noticeable that while these profiles are in good agreement, there are some 

differences, particularly in the ramp up region. The discrepancies are largely caused 

by minor differences between the methods employed by the two programs to 

describe solenoids. MAGIC defines the solenoid as a series of coils separated by a 

certain distance while each coil is considered as a circular line of current. Therefore, 
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if the solenoids based in the MAGIC script were recreated in Opera, the result would 

not match exactly.  
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Figure 5.44. Magnetic field profile simulated by Opera-3D and MAGIC along the axis of symmetry. 

 

Overall the two programs give very similar results although the results do not agree 

exactly. Each program defines geometries and other parts of the simulation in very 

different ways, so to recreate one program in the other is a rather hard task and minor 

differences will always occur. For example MAGIC simulates the experiment with 

the Yee cell meshing and Opera-3D uses finite element meshing. This results in the 

geometries being not exactly the same, resulting in differences in particle trajectories. 

 

The main points of the simulation are shared between the programs. An axis-

encircling electron beam of 1.5A and 40kV is generated through each program, with 

beam transport of 99.9 to 100% obtained. Additionally, the electron beam quality of 

alpha spread and axial velocity spread are comparable. These similarities allow one 

to be confident in the design of the electron gun and for construction to be 

undertaken, in order to confirm the simulation results. Chapter 6 will discuss the 

details of the construction of the gyro-BWO device; in Chapter 7 the experiment 

results will be presented. 

 

5.3 Discussion 

In this chapter the design and optimisation of the cusp electron gun was investigated 
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using the 3D PiC code MAGIC, then verified using the finite element software 

package Opera-3D. The simulation results of the cusp electron beam were in good 

agreement between both simulation methods. While the results produced in Opera-

3D agreed with the MAGIC simulations over the majority of beam parameters 

differences existed also. The reasoning for the discrepancies between the two results 

stems from differences in the codes and the method used in the meshing of the 

geometry.  

 

5.4 Summary 

In this chapter the cusp electron gun was designed, simulated and optimised to 

produce an axis-encircling annular beam of 40kV, 1.5A with alpha of 1.65. The 

design was originally simulated in the 3D PiC code MAGIC and optimised through 

changing the diode geometry. The optimised design produced an electron beam with 

low axial velocity and alpha spreads at the centre magnetic field strength with 

acceptable quality over the full magnetic field tuning range. Other factors were 

investigated for instance the alpha tuning range of 1 to 2 and applied voltage tuning 

ranges. In each case the electron beam passed through the beam tube without 

scraping or mirroring and had an acceptable amount of axial velocity and alpha 

spreads. The optimised electron gun design produced an electron beam of high 

enough quality in order to drive beam-wave interaction within the gyro-BWO.  
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Chapter 6. 

Gyrotron Backward Wave 

Oscillator Experimental Setup
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6.1 Introduction 

The gyrotron backward wave oscillator design is complicated due to the quantity of 

parts that were produced along with the required precision of the machining. The 

many different components that were required and constructed include: two 

solenoids, a water cooling system for the solenoids, 3-axis mounting system, electron 

gun, heater coil for the cathode, interaction region, microwave window, vacuum 

system and power supply system. The full setup of the gyrotron backward wave 

oscillator can be seen in Figure 6.1 drawing attention to the cathode, reverse coil, 

cavity solenoid, interaction region and the microwave window. These components 

are designed in conjunction with the electron beam generated and the frequency of 

interaction. Presented within this chapter is the individual design of each of the 

components of the gyro-BWO system, referring to the main parameters that are set 

from research found in previous chapters. The magnitude of the magnetic field 

provided by the solenoids and the magnetic wire configuration is decided by results 

from electron beam simulations. The cathode geometry is designed through electron 

beam simulation, the interaction region geometry is designed through analytical and 

numerical calculation and the microwave window is constrained by the frequency of 

operation. 

Electron gun
Cathode

Reverse coil
Vacuum 
system 

connection

Interaction 
region

Cavity 
solenoid

Tapered 
waveguide

Microwave
window

Anode

 
Figure 6.1. The gyro-BWO setup illustrating the main components of the device. 

 

6.2 Cusp electron gun geometry and manufacture 

Electron guns are generally very expensive to manufacture and require a lot of time 



149 
 

and testing to make sure they can perform as well as required. To reduce some of the 

cost the cusp electron gun was manufactured by modifying a previous MIG electron 

gun.  A new cathode and anode were manufactured for this application. The design 

of the electron gun can be seen in Figure 6.2a. As the applied voltage is designed to 

be 40kV, in order to produce the required microwave output power, ceramic 

insulators are used to stop the possibility of electric breakdown over the surface.  

 

6.2.1 Cathode 

The cathode can be seen in Figure 6.2b and is comprised of three parts: inner 

electrode, emitter and outer electrode. This was designed so the focusing electrodes 

can be changed for multiple reasons: in order that other microwave sources can use 

this electron gun, to provide a way to fix any possible manufacturing errors and to 

replace the electrodes in case of damage. Furthermore, as the cathode has a finite 

lifetime it is useful to be able to replace the emitter without having to remanufacture 

the whole cathode. 

Ceramic

Heating coil
connection Cathode

(a)

Electrical
connection

284 mm

 

 

Figure 6.2. Electron gun geometry as produced by Autodesk Inventor illustrating (a) the full electron 

gun and (b) a cross sectional view of the cathode. 

 

The temperature of the cathode will rise to ~1000°C during operation. A few layers 

of molybdenum were used to fully enclose the emitter to reduce heat radiation. These 

heat shields are 0.1mm thick, with dimples on the surface to reduce the contact 

between them and hence reduce thermal conduction. The weight of the cathode is 
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reduced where possible in this design as an overly heavy cathode can lead to 

misalignment and non-concentricity of the emitting surface with the electron gun and 

anode. To reduce the weight of the cathode three blocks that contain threaded screw 

holes to connect the cathode to the electron gun were designed so that the space in-

between radially and behind them can be hollow, detailed in Figure 6.3b, reducing 

the weight of this focusing electrode. There are a further three blocks used which 

contain matching holes for location pins. Within each of these holes are small holes 

drilled from the outside of the focusing shield, visible in Figure 6.3a, which are used 

to evacuate the thread. Molybdenum was used for the components due to attractive 

properties such as low density, low thermal conduction and low thermal expansion 

rate. 

 

(a)  (b)  (c)  

Figure 6.3. Focusing electrodes for the cusp electron gun (a) and (b) the constructed outer electrode, 

(c) the inner electrode.  

 

The heating coil is wound in a bi-filar method in order to reduce the stray magnetic 

field produced by itself. If the coil is not wound in this way but rather as a few turns 

of wire wound like a traditional coil, then there would be a considerable magnetic 

field produced at a position close to the cathode. Through the bi-filar configuration 

the magnetic field can be reduced to an amnount that will not greatly affect the 

electron trajectories.  

 

The magnetic field strength of the heating coil configuration was simulated using 

CST microwave studio183 assuming a heating coil current of 1A. This was then 

optimised so that the coil would produce the lowest magnetic field and was found to 
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Figure 6.4. Magnetic field produced by the bi-filer configuration of the heater coil at 1A current. 

 

be ~10-4T at the cathode surface. This field is markedly lower than the field at the 

cathode, used to produce the electron beam, of ~10-3T. The stray field can be 

compensated for by adjusting the reverse coil field. The wire configuration can be 

seen in Figure 6.5. The input voltage connection labled as +V connects to the heating 

coil wire that is along the central axis of the electron gun while the output voltage 0 

connects to the outside of the cathode enclosure. 

 

 
Figure 6.5. Bi-filar heating coil configuration. 

 

The inner and outer electrodes were constructed from molybdenum. The cathode was 

tested under controlled conditions in order to find out what heating power was 



152 
 

required to increase the heating temperature to ~1000°C. The cathode during these 

tests can be seen in Figure 6.6, the emitter is shown glowing red hot. Also noticeable 

in this picture is a molybdenum heat shield directly in front of the emitter. The small 

dimples on the surface of the shield are used in order to reduce contact with the 

focusing electrodes to reduce heat conduction. Not shown in this image are the other 

two heat shields: one behind and one on top of the cathode. 

 

 
Figure 6.6. Photo of the cathode in a vacuum chamber with the emitting surface glowing red hot. 

 

The cathode was constructed in a clean enviroment where the moisture levels are 

much lower than normal. The constructed electron gun can be seen in Figure 6.7 with 

the anode removed for clarity. The largest copper ring in this picture is for an 

intermediate anode, which was not used in this electron gun. The large hole in the 

copper just before the cathode is for access to the heater wire so the joint between the 

electron gun and cathode heater wires can be made. The anode is joined together 

with the large stainless steel flange.  

 

Prior to the cathode being used in the experiment it had to be “activated” which is a 

process that involves heating the cathode to a very high temperature in order to 

convert the surface from having carbonates to oxides producing an oxide-coated 

cathode. The oxide-coated cathode is preferable due to a low work-function and low 

operating temperature. 
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Figure 6.7. Photo of the constructed cusp electron gun. 

 

6.2.2 Anode 

The design of the anode can be seen in Figure 6.8. The anode was machined from 

stainless steel (grade 316) and is connected to the electron gun through eight M8 

bolts equally spaced around the large Conflat Flange(TM) with the vacuum sealed by 

using copper gaskets. This piece was machined using a CNC machine to ensure the 

highest accuracy of the nose cone as this will ultimately decide the qualities of the 

electron beam. The design of the anode was to make the nose cone, shown in Figure 

6.8b, changeable so alterations can be made if necessary.  

 
Figure 6.8. Anode as constructed in Autodesk Inventor illustrating (a) the anode with a section 

removed for clarity and (b) the anode cone. 
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When the rest of the beam tube is connected onto the anode the anode cone was 

firmly and tightly attached to the anode. This means that the anode cone cannot move 

away from the anode. This was made as a rounded cone with a taper at the top and at 

the bottom as shown in Figure 6.8b and then this sits inside the outer anode walls 

shown in Figure 6.8a.  

 

6.3 Solenoid system 

In the cusp electron gun the magnetic field profile is of primary importance as it is 

through this that the final beam properties: velocity ratio alpha, axial velocity and 

radius, of the electron beam are decided. The generation of the magnetic field is one 

of the more challenging aspects of the construction of this gyro-BWO system due to 

the very large DC currents required. The final design of both solenoids have to take 

into consideration cooling of the wires by reducing the output power through the 

addition of shim coils in the cavity coil and allow a large volume of water to pass 

through the wires in both coil. This is required due to the large amount of heat 

produced in a small volume. The design of the solenoids has to overcome the forces 

produced between two magnetic coils and the heat produced by the ~270A currents 

required to produce the maximum magnetic field. In the previous simulation of the 

electron gun it was stated that the solenoid wire was 2.2mm by 2.2mm square copper 

wire that has insulating varnish coating on the surface so that no breakdown will 

occur between the layers of the coils. 

 

6.3.1 Design of cavity solenoid 

In order to design the solenoids it is important to determine what problems have to be 

overcome in order to be able to operate the solenoid. First it is important to set out 

the parameters of the solenoid being built. These are given in Table 6.1. The primary 

problem is the heat produced by the wires. The current the wire operates at is ~260A, 

to give a 2.1T magnetic field, which through a wire of small cross-sectional area will 

give rise to large heat output and require enough water cooling especially when these 

wires are closely packed. In order to deduce how much heat is generated by the 
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Magnetic field range 1.65T - 2.1T 

Layers 14 

Turns/layer 103 

Average diameter 5.68cm 

Wire size 2.2mm x 2.2mm 

Length of wire required 285.25m 

 
Table 6.1. Properties of the cavity solenoid important for initial design consideration. 
 

solenoid the resistance of the wire is first calculated. This has to be done through a 

calculation of the length of the wire. A MatLab script was written to calculate the 

length of solenoid wire from the average radius of each turn and total number of 

turns. The radius of each turn takes into account the thickness of the wire and the 

water channel between layers. The length of the wire, L, is found to be 285m. After 

this the resistance of the wire was found through 

 
L

R
A


  (6.1) 

Where   is electrical resistivity of the conductor and A is the cross-sectional area of 

the wire. 

 

The current required to produce the B-field for the solenoid can then be found from 

Amperes law.  

 
0

B
I

N
  (6.2) 

Where N is the turn density. 

 

The voltage required can be found from Ohms law. 

 V IR  (6.3) 

Then from the current and resistance the power is calculated. 

 2P I R  (6.4) 

The results of these calculations is shown in Table 6.2 where 0B  is the maximum 

magnetic field strength at the cavity region. This shows that the electrical power of 

the solenoid required to produce a magnetic field of 2.1T is 62.3kW thus high 
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pressure water is required to cool the solenoid. Simulation of the cooling of the 

solenoid showed that with a channel of 0.4mm and 4 Bar water pressure, using 

Comsol Multiphysics184 package the temperature rise of water is about 25°C at 2.1T. 

  

 B0=1.65T B0=1.82T B0=2.1T 

Resistance (Ω) 0.99 0.99 0.99 

Current (A) 211.4 228.84 262.60 

Voltage (V) 209 226 260 

Power (kW) 44.3 51.9 68.3 

 
Table 6.2. Properties of the cavity solenoid calculated for consideration in the design process. 
 

The second problem that the solenoids suffer from is strong attraction forces between 

the cavity solenoid and reverse coil. Through a rough calculation using the program 

Beam Boy185 it was calculated that this force will be of the order 800N. Apart from 

this force, each turn inside the solenoid experiences an electromagnetic force due to 

the magnetic field it is in. To combat these forces the cavity solenoid former was 

machined from a solid piece of stainless steel so that the deformation and weakening 

of welding could be avoided. Also, the mounting structure was designed and made to 

withstand heavy weights as well as the magnetic force. 

 

The coil winding configuration, as shown in Figure 6.9, is very important in the 

design of the solenoid as this decides how much cooling reaches each wire, the 

dimensions of the solenoid and therefore the magnetic field produced by the current. 

There is a former and on top of this the wire is wound tightly so that there is no space 

between turns. Inbetween these layers is a water channel of 0.4mm thickness so that 

the coil can be adequately cooled. The wires are kept apart through 0.5mm nylon 

wire along the length of the solenoid. Purposely thicker wire than the required 

spacing was chosen as it was found the nylon will be compressed ~0.1mm under the 

pressure of the tight solenoid windings. The reverse coil was configured the same 

way although it was much shorter in overall length. 
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Figure 6.9. Winding configuration used in both the cavity solenoid and reverse coil. 

 

Effective cooling of a solenoid requires: high water flow rate, large area of copper 

for the water to contact and low initial temperature of the water. In order to give the 

largest copper wire filling factor square wire was chosen over the more conventional 

circular wire. Using squared wire will increase the cross-sectional area of the wire 

hence reduce the total resistance which is essential to keep the electric power down. 

It was shown through simulation of the electron gun that a solenoid with small 

average radius produces an electron beam with the highest quality using a wire of 

small cross-sectional area allows the smallest average radius. However, as the cross-

sectional area of the wire decreases the required electrical voltage increases and 

cooling the wire with pressurised water becomes more difficult. The good wire size 

when these factors are taken into consideration was found to be (2.2x2.2) mm2 

varnished square wire. Water channels of 0.4mm are placed between each layer of 

the copper wire and these channels are kept from closing through high strength nylon 

wire that is tied along the gaps axially. The number of nylon wires required increases 

as the diameter increases but the distance between each wire is kept to be around 

10mm in order to keep a uniform cooling channel around the circumference of the 

solenoid. The simulations show that the cavity coil requires 14 layers of 2.2mm wire, 

103 turns is required to provide the desired magnetic field profile. Also, a shim coil 

is added to each end of the solenoid of 2 layers and 15 turns per layer in order to 

increase the length of the flat-top region of the magnetic field so that the length of 
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the solenoid can be reduced hence lowering the overall electrical power. To insulate 

the wire from the metal former a 4mm thick polycarbonate mesh was used at both 

ends of the solenoid and channels were formed for water passing through the mesh.  

 

 
Part list: (1) Water pipe connections; (2) Outer tube; (3) Nylon insulator; (4) Electrical connections;  

(5) Former; (6) Clevis pins; (7) Polycarbonate Mesh; (8) Solenoid wire; (9) Nylon Insulator 

Figure 6.10. Cavity solenoid as illustrated in Autodesk Inventor showing (a) full solenoid and (b) the 

outer flange removed for clarity. 

 

The nylon wire was then secured to this polycarbonate mesh. The polycarbonate 

mesh was kept in place by being secured to clevis pins, pins with a hole at the end, 

that are attached to the solenoid former. 

 

6.3.2 Design of the reverse coil 

The solenoid used at the cathode side to produce the negative B-field required for the 

cusp electron gun operation is called the reverse coil. From simulation the reverse 

coil required 4 layers with 10 turns per layer, markedly different from the cavity 

solenoid and hence why this is given the term coil to note the small number of turns. 

The maximum magnetic field produced is only ~68mT with 2.8kW of heat produced 

so the cooling requirements are much less of an issue compared to the cavity 

solenoid. 

 

As the heat produced by the reverse solenoid is much less than the cavity solenoid 

the water flow can be reduced through use of a 1/4inch BSP input pipe. From the 



159 
 

simulation, to achieve an  of 1.65, the driving current and consumed power of the 

reverse coil is tabulated in Table 6.4. 

 

Layers 4 

Turns 40 

Average diameter 16cm 

Wire size 2.2 x 2.2mm 

Length of wire required 20.1m 

 

Table 6.3. Properties of the reverse coil important for the design. 

 

 B0=1.65T B0=1.82T B0=2.1T 

Magnetic field (mT) 50.8 61.8 67.9 

Magnetic field at cathode (mT) -5.47 -4.92 -3.69 

Resistance (Ω) 0.07 0.07 0.07 

Current (A) 169.8 180.8 198.9 

Voltage (V) 11.9 12.2 13.9 

Power (kW) 2.0 2.3 2.8 

 

Table 6.4. Magnetic and electrical properties of the reverse coil. 

 

The structure used for the reverse coil is shown in Figure 6.11. The winding 

configuration is similar to the cavity solenoid, Figure 6.9. Highlighted here is the 

water jacket that encloses the wires and the nylon ring that acts to force the water to 

travel through the small water channels between the layers of the copper wires. The 

reverse coil is connected to a 3-axis mounting system by use of two threaded holes 

welded to the water jacket, part 5 in the figure. This mounting system allows one to 

adjust the position of the reverse coil by small increments to ensure that the electron 

beam can travel through the smallest diameter part of the beam tube, the backstop 

filter, and to keep the reverse coil concentric with the electron gun so the magnetic 

 field profile at the cathode surface will be comparable to the simulated magnetic 

field profile. 
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Part list: (1) Electrical connections; (2) Nylon insulator; (3) Outer Flange; (4) Water pipe connections;  

(5) Connection to 3-axis mounting system; (6) Former; (7) Solenoid wire; (8)  Clevis pins 

Figure 6.11. Reverse coil as illustrated in Autodesk Inventor showing (a) full solenoid as constructed 

and (b) the outer flange removed for clarity. 

 

6.3.3 Manufacture of the solenoid system 

The cavity solenoid is calculated to have a maximum electric power consumption of 

62kW. The heat power is cooled through a pressurised water circulating system. It is 

calculated that with 4 Bar of water pressure into the solenoid and 3 litres of water per 

second the solenoid should be cooled. This means that the design of the solenoid has 

to take into consideration the high pressure water going into it, the channels between 

each layer of the wire cannot close up or be blocked. The solenoid has to be insulated 

electrically from the metal former. These are considerations taken during 

manufacture of the solenoid. The design produced in Autodesk Inventor can be seen 

in Figure 6.12. Firstly the inner tube used as a former was constructed, machined 

from a solid for strength without any welding to avoid the deformation associated 

with it. Then clevis pins were used as these have a hole at one end into which 0.5mm 

diameter nylon wire could be threaded into to form small channels of correct spacing 



161 
 

      
Figure 6.12. Photo of the solenoid during winding process showing the varnished copper wire and the 

nylon wire used to form water channels. 

 

between copper wire layers. There was a polycarbonate mesh placed between the 

clevis pins and the copper wire in order to insulation and protection from the metal 

pins and former. Two ends of the wire were then connected into two copper electrical 

connections situated inside a nylon insulator. A main concern here is making sure the 

water can only flow through the layers of copper and not over the top of them so an 

insulator labelled 11 in the Figure 6.10 was used to stem the water flow between the 

top layer and the tube. It is essential in this design to ensure a tight fit between the 

coil and surrounding metal case. The constructed solenoid can be seen in Figure 6.13 

with both the water hose and power cables connected.  

 

 
Figure 6.13. Photo of the constructed solenoids with water hoses, power connections and 3-axis 

mounting system. 
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6.3.4 Solenoid cooling system 

The solenoids require a relatively sophisticated cooling system to ensure normal 

operation without excessive build-up of heat. A schematic drawing of the cooling 

system is shown in Figure 6.14 and Figure 6.15. It should be noted that the water 

flows into the system through 2-inch pipe then changes to 1 inch pipe at the input of 

each of these drawings. Unless stated all connections here are 1 inch, designed for 

simplicity, and so no pressure is lost through changing pipe dimensions. 
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Figure 6.14. Schematic representation of the water cooling system flowing into the solenoids. 

 

Firstly, water flows into this system from a recirculating source which is driven by a 

pump to ensure a large flow rate at a pressure of 4 Bar. As the gap between the layers 

is only 0.4mm the possibility of objects blocking the layer is of concern so two water 

filters are used. These are connected in parallel to ensure there is enough water flow 

rate through the filters. In order to split the cavity solenoid and the reverse solenoid a 

gate valve is used to limit the water flow into the reverse coil as this requires much 

less flow than the cavity solenoid. Pressure gauges are used here to measure the 

pressure going into both coils independently. The two ball valves are used for the 

draining system. One ball valve is used so that the reverse coil and cavity solenoid 

can be bled independently and the other ball valve is used to allow flow to a hose that 



163 
 

the system can be drained with. The input water system here is aiming to provide 

diagnostics and filters so that the perfect flow into the solenoids can be achieved. 
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Figure 6.15. Schematic representation of the water cooling system flowing out of the solenoids. 

 

The water that comes out of the solenoids would have a rise in temperature due to the 

heat generated by the coils. Therefore, two immersed temperature probes were used 

to measure temperature and this was read by a power interlock box. The box 

provided two functions: (1) displaying the temperature of the water in real time for 

both the reverse coil and cavity solenoid, (2) provide an interlock signal to turn off 

the power supply system if the temperature of the water rises above a set limit or the 

water pressure undergoes a set change. The ball valves are used for the same purpose 

as before to allow a way of draining the system.  

 

6.3.5 Measurement of the magnetic field profile 

The measurement of the magnetic field profile allows verification of how well the 

constructed solenoid matches the simulated solenoid. This was carried out using a 

Gaussmeter with an axial Hall probe, shown in. A Gaussmeter employs the Hall 

effect in order to measure the strength of an applied magnetic field. This probe was 
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kept in the middle of each solenoid and moved by small increments along the 

solenoid’s axis of symmetry. 

 

 
Figure 6.16. Axial hall probe used to measure the cavity and reverse coil’s magnetic field profile. 

 

The reverse coil requires 180A for a mid magnetic field operating range and so the 

magnetic field profile was measured at a driving current of 100A. The profile 

obtained is shown in Figure 6.17. This shows an excellent agreement between 

numerically simulated profile and the experimentally measured one. One issue arose 

during testing was a discrepancy between the driving currents used in measurement 

and simulation. The current into the solenoid was 100A while the MAGIC simulation 

that agrees exactly with this profile is at a current of 92A. This is caused by the 

incorrect display of the power supply. 
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Figure 6.17. Magnetic profile of the reverse solenoid simulated in MAGIC at 100A compared against 

the experimentally measured magnetic field profile at ~92A. 
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The B-field profile of the cavity solenoid was performed through the same 

methodology. A profile at a driving current of 70A is shown in Figure 6.18. The 

maximum B-field at 70A was ~0.54T resulting in no significant rise in water 

temperature. 

 

It was found through this measurement that the experimental profile did not match 

the theoretical profile. The reason for this is when the solenoid was constructed the 

last layer of the shim coil at the beam dump end of the solenoid was wound in the 

wrong direction and thus this cancels out the effect of the shim coil. Therefore the 

theoretical profile with only one shim coil is shown here (black line) and this shows 

very good agreement to experimental results. Importantly the experimentally 

measured profile at the cusp region (left hand side of the profile) has a good 

agreement to theoretical values. The length of the flat-top region (+/- 1% of the 

maximum value) is ~10cm while the interaction region requires 10.5cm so this 

should not significantly reduce the output microwave power.  
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Figure 6.18. Measured and simulated magnetic field profile for the cavity solenoid at 70A. 

 

These measurements allow one to measure where the position of the coil is inside the 

solenoid and from this the position of the solenoids can be adjusted to achieve the 

designed cusp field. In the reverse coil it was found that there was a difference of 

0.7mm between the position of the wires in the real and simulated cases. For the 
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cavity solenoid it was found there was a difference of 2.5mm between the real and 

the simulated cases. The larger difference in the width of the cavity solenoid profile 

is most likely due to slight errors in the measurement of the Hall probe position 

inside the solenoid. 

 

The magnetic field profile used by the cusp gun and gyro-BWO experiment was 

constructed from the measured driving currents for the reversed coil and cavity 

solenoid and the distance between the two coils. Each experimental magnetic field 

profile must first be scaled up to the real magnetic field strength from the calibration 

value described in the previous section. In the optimal simulation conditions the 

reverse coil has a current of 181.24A producing a maximum field of 61.8mT. While 

the cavity coil has 232.7A producing a maximum field of 1.82T. The two profiles are 

then combined to produce the experimentally measured cusp magnetic field. The 

calculated field produced by MAGIC is compared against this measured profile in 

Figure 6.19. Excellent agreement between the experimental and simulated cusp 

magnetic field profiled is observed. 
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Figure 6.19. Measured and simulated cusp magnetic field profile. 

 

6.4 Microwave window design, manufacture and measurement 

A thin sapphire window, shown in Figure 6.20, was used to separate the vacuum of 

the interaction and the outside atmosphere. The design of this has to allow a broad 
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range of frequencies through the window with little transmission loss. The window is  

15.44mm diameter and 1.6mm thick. Also, a gyro-BWO is relatively insensitive to 

window reflection as this would help the wave to grow associated with the absolute 

instability of the gyro-BWO.  

 

 
Figure 6.20. Photo of the microwave window used in the W-band gyrotron backward wave oscillator 

system. 

 

This window was also used to measure beam image described later in this chapter. 

So transmission of visible light is useful as shown in Figure 6.21. 

UV grade
Regular grade

 
Figure 6.21. Sapphire window transmission profile over a wavelength range as provided by the 

manufacturer. 
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The microwave window is connected onto the tube through a microwave horn, the 

dimensions and shape of which is detailed in Figure 6.22. This horn is used to slowly 

increase the radius of the waveguide from 2.6mm up until the size of the microwave 

window 15.44mm. The length of the tapered horn is 80mm. 

  

 
Figure 6.22. Output waveguide horn as used in the gyro-BWO. 

 

The window is a single layer of sapphire and the thickness is known to be 1.6mm 

through measurement. The microwave window has discrete transmission bands due 

to Fabry-Pérot resonance. To design a broadband window the dielectric constant of 

the window material needs to be measured. Once this is known a multi-disc window 

for broadband operation can be designed. The transmission band is dependent on the 

dielectric constant of the window. To measure the dielectric constant and 

transmission frequency of the sapphire window a setup as shown in Figure 6.23 is 

used.  

 

 
Figure 6.23. Components used during the VNA measurement of the sapphire microwave window 
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The microwave components listed in Figure 6.23 were used in the measurement of 

the microwave window using a vector network analyser. The window is separated 

from the tapered waveguides with two straight waveguides. The measurement uses 

time domain technique in order to locate and analyse microwave properties of the 

window. The two straight lossless waveguides connected to the window were used to 

make the window reflection in the time domain a clean measurement. Using time 

domain the location of the window can be found and then just after and before the 

window (i.e. two straight waveguide pieces) a gate can be set that makes the analyser 

measure the microwave properties just between the two locations. As the window is 

within these locations the reflection S11 measurement will provide the S11 profile of 

the window only. The S11 reflection measurement with time gating on is shown in 

Figure 6.23. This graph shows the location of one resonance at 78.3GHz. This 

resonance should, in theory, have another resonance at 106GHz. This does not 

appear in the measurement however at the end of the frequency scale near 110GHz 

the S11 parameter starts to drop showing the location of the second resonance. 

 

The location of this resonance allows the determination of the dielectric constant of 

the microwave window. The dielectric constant is calculated to be 12.8. Therefore 

the gyro-BWO experiment should aim for an output close to this transmission peak 

when the single sapphire window is used. Furthermore, a multi-disc window can be 

designed through the addition of more layers of quartz with adjustable spacing to 

provide full band transmission for the gyro-BWO. 
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Figure 6.24. Measured S11 parameter of the sapphire window using a VNA 
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6.5 Power supply system 

The gyrotron backward wave oscillator is designed to be run CW however it is 

initially operated in pulsed mode in order to be able to do proof-of-principal 

experiments and to be able to run electron beam diagnosis. The power supply 

therefore had to provide a pulsed output voltage of 40kV with little deviation from 

pulse to pulse. The supply used was a double Blumlien pulse generator186. 

  

6.5.1 Pulse forming line and single cable Blumlein 

In order to understand the double cable Blumlien it is important to describe the single 

cable Blumlien and a cable pulse forming line (PFL). The PFL is a relatively simple 

concept and can be seen in the effective circuit shown in Figure 6.25. This system is 

charged through an input DC voltage, V, through a current limiting resister Rlim when 

the switch is in the open state. Then when the switch is closed the charge cable will 

discharge with an output of Vout to the load which has an impedance of ZL.  

 

 

 
Figure 6.25. Schematic of a pulse forming line. 

 

It is obvious therefore that the pulse length   is a function of the cable length, cabl , 

and the speed of the wave through this cable vc  as the longer the cable the longer it 

takes to discharge the voltage as given in equation (6.5). The voltage of the output is 

given in equation (6.6). 

 2
v
cab

c

l   (6.5) 
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This system operates with one disadvantage that the output voltage cannot exceed the 

input voltage so in order to gain a large output voltage there can be excessive cost 

and more complication in having to operate at high voltage at the input power side of 

the experiment. The solution is to use the Blumlein cable pulser. The circuit diagram 

of the Blumlein pulser can be seen in Figure 6.26.  

 

 

Figure 6.26: Schematic of a single Blumlein cable pulse generator. 

 

This shows two cables of the same length with an applied DC voltage V and these 

can discharge to the load resister ZL when the switch S is closed. This is a similar 

setup as the PFL except now it is possible to get almost twice the output power 

compared to the input power if 1 2,LZ Z Z . This can be seen in the equation for 

voltage given in equation (6.7) and the pulse width of this is given in equation (6.5). 

 
1 2

2 L
out

L

VZ
V

Z Z Z


 
 (6.7) 

Although this system gives an increase in the output voltage it suffers from a 

connection between the 2nd transmission line and the earth that gives the impedance 

ZS and this reduces the efficiency of the system, reducing the output voltage.  

 

6.5.2 Double cable Blumlein 

The next arrangement possible is the double cable Blumlein which introduces a third 

cable to the single Blumlein setup to produce two cable Blumleins that can now be 

charged in series and discharged in parallel. This allows an output of four times the 
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input power. The circuit for this can be seen in Figure 6.27. While it was explained 

that for a single Blumlein a voltage of 2V can be outputted in the double Blumlein 

this value can be produced between points b-c and e-d. 

 

 
Figure 6.27. Schematic of a diagram of a double-Blumlein pulse generator. 

 

The Blumlein can have two types of output the inverting double-Blumlein and the 

non-inverting double-Blumlein. The difference between these is deciding the point of 

earth and output. The inverted Blumlein has an earthing point at b and output at d 

while the non-inverting has earth at d and output at b. The inverting and non-

inverting Blumlein can generate -4V and +4V respectively. 

 

In this experiment an inverting double cable Blumlein was built and used. A 

schematic diagram of the pulsed power unit is shown in Figure 6.28. 

 

 
Figure 6.28. Schematic diagram of the double cable Blumlein. 
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6.5.3 Voltage divider 

The use of high voltage signals is necessary in microwave sources but this cannot be 

measured directly as the voltage is too high for any measuring instrument therefore it 

is necessary to take a small portion of this signal to measure it. This retains the same 

characteristics as the original signal but has smaller amplitude. This is done through 

a voltage divider. The main component of this is a resister which has an inductive 

component Ls (self inductance) in series with itself and a capacitive element (self 

capacitance) Cs in parallel with itself. Also a self inductance due to the magnetic 

field generated through the flowing current. As an electric field is generated by the 

resister there is a self-capacitance. Knowing this information an equivalent circuit for  

the resistive voltage divider can be seen in Figure 6.29.  

 

 
Figure 6.29. Circuit diagram of a voltage divider. 

 

The work considers a resistive divider where the values of the resistance will decide 

the output voltage. The circuit diagram for this voltage divider can be seen in Figure 

6.30. This shows that the output voltage, V2, will be a function of the input voltage V 

and the resistance ratio. 

 2
2

1 2

R
V V

R R



 (6.8) 
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The voltage divider used in this experiment has a R1 of 2.73k  and a R2 of 2.72k  

with an input voltage of 40kV and gives an output of 39.8V allowing the 

measurement of the voltage pulse by an oscilloscope, when using an attenuator. 

 

 
Figure 6.30. Circuit diagram of a voltage divider. 

 

The equivalent circuit of the divider is shown in Figure 6.31(a) while a photo of the 

divider and the cable Blumlein are shown in Figure 6.31(b). 

 

 
Figure 6.31. Construction of the voltage divider showing (a) a schematic diagram of the electrical 

circuit and (b) the constructed voltage divider. 

 

6.5.4 Spark gap switch 

The spark gap switch is a relatively simple concept yet an effective form of close 
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switch that gives rise to a high power voltage pulse. The basic concept is: a high 

voltage trigger pulse is applied to a trigger electrode which initiates an arc between 

electrodes. There are some different configurations of the spark gap which create the 

discharge. The type employed here was the mid plane spark-gap which consists of 

two domed electrodes, one grounded and one charged, with a trigger pin in between 

them. The distance between the two electrodes and the pin was set. The gas inside 

the spark-gap can be changed in order to change the point of break-down and 

common gasses include: air, SF6, argon and oxygen or a mixture of those. In a few 

cases liquid or solid filled spark gaps are used. The solid-filled spark-gap would be 

preferable when dealing with extremely high powers, ~10TW, but this would operate 

for a single shot as the solid is destroyed. 

 

The circuit diagram of a mid-plane spark gap can be seen in Figure 6.32. The voltage 

between the gaps was adjusted through changing the resister values of Rb1 and Rb2. 

The trigger pulse causes a discharge between the two electrodes. However, it can be 

operated in self-breakdown mode when no trigger pulse is used. The constructed 

spark gap can be seen in Figure 6.33 which had resistance values of Rb1=250 MΩ  

and Rb2=200 MΩ . This was operated without a trigger pulse instead operating at self-

break down. The trigger system was not necessary here as the solenoids and heating 

power are permanently on so the only thing requiring to be triggered was the spark 

gap and we could get a repetitive pulse from it operating in self-breakdown mode. 

 

 
Figure 6.32. Circuit diagram for typical mid-plane spark gap. 
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Figure 6.33. Photo of the spark gap switch used as closing switch in the double Blumlein circuit. 

 

6.5.5 Power supply systems 

The power supply system used to generate the voltage pulse for the gyro-BWO can 

be seen in Figure 6.34. The power supply for this experiment is a 100kV, 40mA 

Glassman DC high voltage power supply. This charges the cable Blumlein when the 

spark gap is open. By adjusting the resistive value of the two resisters in parallel with 

the spark gap, a desired charging voltage can be reached. Once the desired voltage is 

reached the spark gap would close due to voltage breakdown so that the double 

Blumlein would output a voltage pulse.  

 

2.
73

kΩ
2.

72
Ω

Diode

Double 
Blumlein

pulse
generatorDC Power supply

70kV, 20mA

To oscilloscope

Resistive 
voltage divider

2MΩ

Spark gap

2
50

M
Ω

20
0

M
Ω

 
Figure 6.34. Power supply design used for the diode. 

 

The cathode has a heater coil that requires enough current to provide enough heater 

power to increase the cathode temperature to ~1050oC. This requires the heater to be 
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operated at 10V and 10A DC, not AC as this would result in a changing magnetic 

field at the cathode. The electronic circuit of the heater power unit can be seen in 

Figure 6.35.  

 

 
Figure 6.35. Power supply used for the cathode heater. 

 

The construction of the power supply can be seen more visually in Figure 6.36. The 

size of the relative components along with their position in the setup is visible in this 

figure. 

 

6.6 Safety interlock system 

The generation of electron beams, microwaves and the use of high voltage power 

supplies requires careful consideration of the safety requirements for the experiment 

in the laboratory. Most of these safety systems were linked through one interlock 

box. 

 

The power supplies including high current supplies and high voltage supplies are all 

centrally interlocked for safety. A schematic diagram of the interlock system is 

shown in Figure 6.37. The high current power supplies i.e. NADA, Farnell, were 

interlocked through temperature and pressure monitors. If the water flow-rate drops 

below a set level or temperature changes above a level then the monitor stops 

outputting a voltage to the interlock, which then switches off the high current and 

high voltage power supplies. In the experimental bay there is a box which links the 

earth line of every electrical component in the system to the earth line of the 

experiment bay. This box was a pneumatic interlock. When every safety check  
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Figure 6.36. Full power supply system shown in relation to the gyro-BWO. 

 

was passed then the earth box will lift an electrical contact and un-ground the 

experiment. If any one of the checks is not ok then there is an air leak stopping the 

pressuring of the box and automatically grounding the experiment. This also 

provides the function of automatically grounding the components used in the 

experiment when the door is open. 

  

The area in which the gyro-BWO is enclosed is surrounded by lead in the roof, walls, 

ground and a movable door for X-ray shielding. The door has a pneumatical sensor at 

the top to ensure that the high voltage can only applied when the door is closed.  
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Figure 6.37. The safety interlock system. Each item has to be “true” before the main interlock will 

allow power on the high voltage power supplies. 

 

6.7 Electron beam tube 

The beam tube in the gyro-BWO experiment has many different features which are 

critical for generating the microwaves. The beam tube is detailed in Figure 6.38  with 

the magnetic field profile shown below. When the electrons are emitted from the 

cathode they travel through the anode aperture and during the electron beam 

compression region there is a tapered waveguide that leads to a backstop filter. When 

this was constructed the stainless steel tube that houses the main waveguide 

components is welded to the anode and tapered waveguide. The main waveguide 

components are then inserted into the stainless steel tube with a tight fit and pressed 

in place by the microwave horn component. The backstop filter is 10mm in length 

with a diameter of 1.67mm in order to avoid the electrons in the cathode region being 

disturbed by the reflected microwave. The reflected microwaves propagate back 

along the beam tube for extraction through the microwave horn. The position of the 

backstop on the magnetic field profile is detailed in Figure 6.38 and it can be seen 

that this field is at 1.56T - 1.7T, which is lower than the full magnetic field of the 

interaction. The field is required to be low so no microwaves are produced at this 
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Figure 6.38. Beam tube used in the gyro-BWO experiment with the simulated magnetic field profile. 
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region. The long smooth waveguide after the backstop filter is used so that the 

helically corrugated waveguide can be situated in the middle of the maximum 

magnetic field region. After this there is another long smooth-bore waveguide which 

acts as a beam dump as the magnetic field slowly reduces in strength. 

 

6.8 Electron beam diagnostics 

The various electron beam properties of interest are velocity ratio alpha, velocity 

spread, the cross-sectional shape of the electron beam and current. These can all be 

measured through well known techniques. 

 

6.8.1 Scintillator 

The measurement of the size, shape and profile of the electron beam is most 

commonly performed through a witness plate technique. A thin sheet of material is 

placed in the beam tube perpendicular to the path of an electron beam. When the 

beam hits the plate this will change the appearance of it, for instance colour, or 

produce detectable effects such as visible or X-ray radiation. These thin sheets come 

in the form of Mylar sheets, films or scintillators.  

C
am
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Figure 6.39. Schematic of the scintillator experimental setup. 

 

A scintillator is a very simple concept of taking a transparent material and covering 
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the surface of this with a very thin coating of a scintillator powder, a phosphor, and 

in front of this is a thin metal sheet. The metal sheet is used for reducing the electron 

energy to a low ~kV level as otherwise the scintillator powder would be blasted 

away by the electrons. This was mounted on a tube and kept in place with another 

tight tube as seen in Figure 6.40.  

 

 
Figure 6.40. Scintillator disc, held inside a plastic ring, and a stainless steel holder for the scintillator 

disc and molybdenum foil. 

 
The scintillator is then placed far into the beam tube so that it is in the region of high 

magnetic field so the correct beam parameters could be obtained. The light pattern is 

then recorded by a high resolution camera in a long-exposure mode. This allows the 

determination of the inner and outer radius of the electron beam thus allowing the 

determination of the alpha value, which can be compared with simulated values and 

also analytical means.  This also shows the thickness of the electron beam showing 

how well the solenoids are positioned as incorrect placement of the solenoids results 

in a large electron beam ring. Therefore, this is a very useful diagnostic technique for 

adjusting parameters until the correct alpha and beam thickness are obtained. 

 

6.8.2 Faraday cup 

A Faraday cup is a metal cup or cylinder with a small orifice used to measure current 

of electrons or ions. The impacting electrons or ions hit the wall transferring the 
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current into a voltage signal through a resistor which can then be transferred to a 

measuring unit, such as oscilloscope. The design was relatively simple and a 

schematic of a Faraday cup can be seen in Figure 6.41. The design had to be careful 

to try and reduce the number of secondary electrons emitted which can increase 

errors in the measurement of current. When this is used to measure ions the 

secondary’s can be reduced by coating the cup with carbon. Another way of reducing 

these is to specially shape the cup.  

 

 
Figure 6.41. Schematic diagram of the Faraday cup experimental setup. 

 

Due to the current induced in the Faraday cup this has to be separated from the other 

parts of the experiment with an insulator or insulation to avoid damaging other 

equipment. There are two 100Ω resistors in parallel that connect the Faraday cup to 

the beam tube of the experiment which is grounded.  

 

 
Figure 6.42. Photo of the Faraday cup connected to a ceramic insulator which has two 100Ω resistors 

connecting the two sides of the ceramic insulator. 
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Any current measured by the Faraday cup will then pass through these to the earth 

line, while the oscilloscope is connected to the resistors to measure the voltage across 

the resistor. 

 

6.8.3 Rogowski coil 

A useful diagnostic tool is a Rogowski coil which is able to measure pulsed currents 

or alternating current as current produces magnetic fields and this coil can pick-up 

that magnetic field. Where this is most useful is to perform an in-situ measurement of 

the current produced by the cathode to compare against the applied voltage and 

output microwave power. A Faraday cup can perform this measurement but this cup 

will not be in-situ when microwaves are generated so the methodology used is to first 

measure the current with both the Faraday cup at the end of the beam tube and the 

Rogowski coil near the cathode. If these measurements show the same current then 

there is 100% current transport through the tube. This means that the output of the 

Rogowski coil can be assumed to be the current produced from the cathode. If these 

two diagnostics do not show the same current then there is less than 100% transport 

and so the output from the Rogowski coil should be then modified to show the 

current that transports to the end of the tube. The reason the coil is able to measure 

the current is that it is a solenoid wrapped in a torus which encircles the current to be 

measured, shown in Figure 6.43. 

Current flow

Conductor

 
Figure 6.43. Schematic diagram of a Rogowski coil.  
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The changing current induces an electromotive force /d dt  in the coil. The 

voltage is proportional to the rate of change of the current and so this is connected to 

an integrator circuit that produces a steady signal that can be measured and this is 

proportional to the current to be measured. 

 

If a coil of uniform cross sectional area, A, is considered with a constant turns per 

unit length n the flux can be measured by first assuming that the magnetic field 

changes little over one turn spacing so that the following condition is met 

 /B B n   (6.9) 

Then the total flux linkage by the coil can then by found through an integral rather 

than a sum over the individual turns 

 B
l A

n d A dl     (6.10) 

Where dl is the line element along the solenoid. 

 

Then the order of this integration can be changed so that Amperes law given in 

equation  can be substituted in. 

 B
l

dl I   (6.11) 

So this now means the flux can be found through 

 nA I   (6.12) 

Therefore, the voltage out of the Rogowski coil can now be found through 

 V nA I     (6.13) 

This signal is then normally integrated so that the voltage is proportional to the 

current and this can be measured by an oscilloscope. 

 

The Rogowski coil is used in the experiment as an in-situ measurement of diode 

current which allows electron beam current to be inferred. This has to first be 

calibrated with a known current then the Rogowski coil can used to allow a constant 

measurement of the diode current. The position of the Rogowski coil can be seen in 

Figure 6.44. This is connected on the earth line of the experiment so that any electron 

beam emitted will have to travel back along the earth line through the Rogowski coil. 



186 
 

 

Rogowski 
coil

Ceramic 
insulator

Active ion 
gauge

Earth line

Vacuum 
pumping port 
to gyro-BWO

BNC 
connection to 
oscilliscope

Ion pump

Turbo 
molecular 

pump

 
Figure 6.44. Position of the Rogowski coil on the gyro-BWO system. 

 

6.9 Vacuum system 

The vacuum system in this experiment is comprised of an ion pump, turbo molecular 

pump and scroll rough pump operating together. The electron beam requires a 

suitably evacuated tube in order to travel without many collisions with heaver 

particles that would inhibit flow. Also, the cathode requires an ultra-high vacuum to 

reduce the possibility of contamination. The system is evacuated from the diode 

chamber while the rest of the system is kept sealed using ConFlat flanges with 

copper gaskets. 

 

A scroll rough pump is used first to remove the bulk mass of particles from the 

vacuum chamber and obtain a pressure of ~ 31 10 mBar. This pressure is low 
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enough to operate a turbo molecular pump that can reduce the pressure down to the 

required 91 10 mbar range. The turbo molecular pump is sensitive to voltage surges 

and is liable to stop operating in which case the diode chamber would loose vacuum 

due to leaks, in the seals, especially in the low vacuum region. This is the reason that 

an Ion pump is used to maintain the pressure as this is much more reliable. 

 

 
Figure 6.45. Vacuum system used for the gyro-BWO. 

 

6.10 Overview of experiment 

In this chapter the various elements that make-up the gyro-BWO have been detailed 

in-depth and this section presents a brief overview of the whole system. The gyro-

BWO system was designed in order to produce microwave radiation at 84-104GHz 

in the TE11 electromagnetic mode. The experiment was run as “proof-of-principle” 

tests with an aim to later expand the research to measure broadband frequencies. The 

setup is shown in Figure 6.46 consists of 8 main areas: 1. Electron beam source, 2. 

Pulsed power system, 3. Beam transport, 4. Gyro-BWO interaction region and 

microwave launcher, 5. Magnetic field formation system, 6. Electron 

beam/microwave diagnostic system, 7. Vacuum system, 8. Environmental protection 
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system. The constructed setup is shown in photographic form in Figure 6.47 and 

Figure 6.48. 

 

1. Electron beam source: The electron beam was produced by the thermionic 

cathode operated at a high temperature. The diode was driven by a pulsed signal 

generated by a double-Blumlein closed by a spark-gap switch in order to produce a 

pulse of 400ns range. (Chapters 5 and 6) 

 

2. Pulsed power system: A double Blumlein with a spark-gap switch was used in 

order to produce the power for the diode. The pulsed power system was charged 

using a 100kV, 40mA DC power supply (Glassman). The designed output pulse was 

~400ns with a rise time of 40ns. (Chapters 6 and 7) 

 

3. Beam transport: The beam was transported from diode through the anode 

aperture by the combined magnetic field of a reverse coil and cavity solenoid. 

Further transport from the anode to the interaction region and finally to the collector 

was through the cavity solenoid magnetic field. Rotational velocity was imparted to 

the beam at the cathode-anode region due to the magnetic field reversal caused by 

the aforementioned reverse and cavity solenoids. Furthermore, axial velocity was 

converted to azimuthal velocity due to magnetic compression. (Chapters 5 and 6) 

 

4. Gyro-BWO interaction region, microwave horn: The gyro-BWO interaction, 

based on the electron cyclotron maser instability, takes place in the helically 

corrugated waveguide (1.3mm average radius, 0.24mm corrugation amplitude, 

3.75mm corrugation period and 12.75mm overall length). In the waveguide the 

rotating electron beam, with a significant ratio of transverse velocity to axial 

velocity, interacts with the eigenmode that is a combination of the TE11 and TE21 

mode. The backward travelling waves are then reflected along the waveguide in the 

forward direction due to the step-reflector. Microwaves generated through this 

process are launched by a tapered output horn through a sapphire microwave 

window. (Chapters 3, 6 and 7) 
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5. Magnetic field formation system: There are two magnetic coils used in this 

system: reverse coil and the cavity solenoid. The former produces a negative 

magnetic field just behind the location of the cavity and the latter produces a strong 

positive magnetic field at the location of the interaction region. The driving power 

for the cavity solenoid was a 300A, 70V DC power supply (NADA) that consisted of 

5 power supplies operating in parallel to produce the maximum 300A’s. The driving 

power for the reverse solenoid was a more modest 250A, 50V (Farnell) power 

supply. Both solenoids were wound with square copper wire of 2.2mm side length in 

order to assist cooling. The cooling system was from pressurised re-circulating water 

supply. (Chapter 6) 

 

6. Electron beam/microwave diagnostic system: The electron beam measurement 

system included the diode/beam voltage (measured using a resistive voltage divider), 

transported beam current (measured using an in-situ Faraday cup), diode current 

(measured using a Rogowski coil connected at the earth path of the electron beam 

tube), electron beam cross section profile (scintillator witness plate technique). The 

microwave diagnostics include wave frequency (measured using a oscilloscope), 

power. (Chapters 6 and 7) 

 

7. Vacuum system: The vacuum system used was three pumps working in tandem: a 

scroll pump, turbo molecular pump and an ion pump. The pumping path was at the 

diode region of the gyro-BWO through a 1 inch pipe at the anode can. A vacuum seal 

was kept at the interaction region through the microwave window at the end of the 

microwave horn. The vacuum obtained was in the 10-9 mBar range. (Chapter 6) 

 

8. Environmental protection system: The gyro-BWO was constructed and operated 

in a place sealed in all sides with 7mm lead walls or 44cm thick high density 

concrete walls. This system provides enough protection against X-rays generated by 

the 40kV, 1.5A electron beam. (Chapter 6) 

 

 



190 
 

1 MΩ

+       -

 
Figure 6.46. Schematic of the gyro-BWO experimental setup. 
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Figure 6.47. Photo of the gyro-BWO system as a whole. Included are the power supply system, water 

cooling and gyro-BWO. 

 
 

 
 
Figure 6.48. Photo of the gyro-BWO and microwave detector. 

 

6.11 Summary 

This chapter has introduced the various elements that are used for the gyro-BWO 

experiment. The cusp electron gun manufacturing process was described and shown. 
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A main point of this chapter was to show the solenoids from inital model to the final 

construction state. There were many parts of these solenoids which were introduced 

from the wire configuration to the cooling system and calculation of the heat output 

to the measured magnetic field profiles. Electron beam diagnostics were introduced 

and shown here as well from the Faraday cup to the scintillator disc which were 

critical for gyro-BWO experiments. The chapter concluded with the full gyro-BWO 

experimental setup. 
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7.1 Introduction 

In this chapter the experimental results of the gyrotron backward wave oscillator 

experiments are given. The first section describes the output voltage pulse from the 

pulsed power system. From this, the current produced by the cathode was 

investigated. The magnetic field was then applied, with the transported beam current 

measurement taken. A scintillator disc, placed inside the beam tube, recorded the 

cross-sectional shape of the electron beam. The form, diameter and alpha value of the 

electron beam was then deduced from the beam profile. Finally, microwave radiation 

generated by the gyro-BWO was observed and recorded. The results presented 

within this chapter confirmed the generation of an axis-encircling electron beam 

from the cusp electron gun and microwave generation from the gyro-BWO. 

 

7.2 Beam voltage measurements 

The cusp electron gun, which was previously designed and simulated (see  

Chapter 5), was used to drive the gyro-BWO. In order to achieve the highest 

electronic efficiency of beam-wave interaction and hence the microwave power, it is 

necessary to minimize the spreads in beam energy, axial velocity and alpha. The 

axial velocity and alpha spreads are dependent on: the diode geometry, emission 

process, emission locations, B-field profile and energy spread of the beam. Therefore 

the first task was to improve the pulse shape of the accelerating voltage as this would 

additionally affect the beam transport along the tube. A poor quality voltage pulse – 

e.g. one that has a slow rise-time and a varying voltage over the pulse length - will 

generate an electron beam of similar varying energy. This could lead to mirroring of 

electrons, an increase in axial velocity and alpha spreads, and resonance at more than 

one microwave frequency. Therefore it was important to optimise the voltage pulse 

before cusp electron gun experiment in order to replicate the simulated pulse used 

within MAGIC simulations of the diode. The optimisation aimed to reduce the rise 

and fall times and produce a stable voltage during the pulse. 

  

The voltage pulse was produced by a double cable Blumlein charged by a 100kV, 

40mA Glassman DC power supply. This was discharged through a closing spark gap 
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switch operating at self-breakdown mode. The breakdown voltage of the spark gap 

could be adjusted by changing the resistive dividing ratio between the first and the 

second gap to produce a pulse of differing magnitudes. The resulting voltage pulse 

was then measured using a digitized oscilloscope. The voltage pulse produced is 

shown in Figure 7.1. The rise-time of this pulse is ~40ns with an average voltage of 

~40kV. 
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Figure 7.1. Voltage pulse used to accelerate the electron beam. The ~40kV pulse lasts for ~400ns. 

 

The length of the pulse is ~400ns chosen to be relatively long in order to study the 

microwave generation over the hundreds of nanosecond time scale. Since the gyro-

BWO was designed and built CW-ready, there are no inherent problems in running 

long pulses. The fluctuation of the voltage amplitude in the flat-top region is ~5% 

from the average voltage. This pulse was of good enough quality to drive the gyro-

BWO and cusp electron gun. 

 

7.3 Diode current measurements 

It is imperative to measure the diode current in the gyro-BWO, in order to know the 

amount of emitted beam current and to observe how the cathode is performing. Later, 

the transported beam current can then be compared and calibrated due to the fact that 

there was no in-situ diagnostic of the beam current in the device. The current 

produced by the diode allows one to determine the emission regime of the cathode. 
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The normal operating regimes for the cathode are either thermionic or space-charge 

limited. The diode current varies depending on either the temperature of the cathode, 

in the thermionic regime, or the applied voltage, in the space-charge limited regime. 

The experimental setup used in diode current measurements was discussed in 

Chapter 6 and requires a Rogowski coil encircling the earth line of the device (i.e. 

anode and beam tube). Any electron that impacts on the beam tube will be returned 

along the earth line and thus be measured by the Rogowski coil. The diode current 

produced by the aforementioned voltage pulse is shown in Figure 7.2.  

 

The plot displayed the current with and without the heater current power on. When 

there was no heater current the cathode was cold with no electrons emitted so the 

recorded signal was a fictional displacement current. When the heater current was 

sufficiently high enough for electron emission from the cathode surface (~1000oC) 

the recorded diode current would be different to the background. The difference 

between these two signals is the value of the real emitted current and this can be 

observed in Figure 7.3. The displacement current is reproducible so the real value of 

the diode current could always be found. 

 
Figure 7.2. Rogowski coil measurement of the diode with no heater current (background noise) and 

with heater current. 
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Two peaks, that are much larger than the rest of the signal, are recorded at the rise 

and fall time of the voltage pulse. These arise from a fictional current known as the 

displacement current. This occurs in all diodes and is due to the application of the 

pulsed voltage which creates the electric field across the cathode-anode gap. The 

diode has a capacitance, Cd, held between the cathode, negative potential, and anode, 

grounded. The capacitance and time-varying voltage give rise to a displacement 

current, Id, calculated through equation (7.1). This displacement current was 

predicted through, and derived from, Maxwell’s equations187. 

 d d

dV
I C

dt
  (7.1) 

This displacement current does not correspond to actual diode current so in order to 

view the real diode current the current in-between the two peaks should be used to 

calculate the average value. This displacement current is the same in both cases 

where the heater current is off (no electrons emitted) and on (an electron beam 

emitted). The current produced from the diode in this typical result had an average 

current of ~5A over duration of ~400ns. 

 

 
Figure 7.3. Rogowski coil measurement of the diode current. 

 

The cathode is designed to be operated in the temperature limited regime so by 

adjusting the heater power one can change the cathode emitting current. The 
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measured diode current as a function of the heater current is shown in Figure 7.4. It 

is obvious that the cusp gun operates in the temperature limited regime. When 

operating a cathode in the temperature limited regime it is important to know the 

relation between the diode current vs. T, see equation (4.7). 

 

 
Figure 7.4. Values of emitted diode current against heater coil power. 

 

7.4 Beam current measurements 

The transported electron beam current – that which passed from the diode through 

the interaction region – allows one to know how much electron beam current is 

available for microwave interaction and to measure the electronic efficiency of the 

gyro-BWO. If the transported current was very low then this could be problematic 

for the operation of the cathode as the cathode would be required to output a larger 

current to compensate, reducing lifetime and increasing the risk of parasitic electron 

emission. 

 

The electron beam current was measured by a Faraday cup, see Chapter 6 for full 

experimental details, situated at the output of the interaction region. The Faraday cup 

was inserted from the collector end of the beam tube and the length was set so that 

the cup is at the maximum magnetic field region. Calculations predict that the 



199 
 

diameter of the electron beam would be ~0.8mm at this region so the cup diameter of 

4mm would capture all the electrons. A typical measured electron beam current 

waveform, at 1.5A, is shown in Figure 7.5. 

 

 

Figure 7.5. Measured transported electron beam current pulse of ~1.5A. 

 

The electron beam current has an average current of ~1.5A with a peak current of 

1.55A in this particular operation condition. The variation in beam current is  

+/- 3.33% comparable to the change in the applied voltage pulse of +/- 5%. For 

clarity the superposition of the electron beam current and accelerating voltage can be 

seen in Figure 7.6. It is apparent that the current pulse displays the same profile as 

the accelerating voltage pulse. When the diode current was adjusted from 1.5A to 

~8A the observed transported electron beam current showed a limiting value of 

~1.5A as shown in Figure 7.7. The measured data in Figure 7.7 suggests that the 

cathode was operating in the temperature limited regime up to a diode current of 

~2A. When the cathode temperature was raised the electrons start to emit from the 

cathode-focus electrode gap giving rise to diode current but not beam current. This 

effect was not simulated in the MAGIC or Opera-3D simulations. 
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Figure 7.6. Electron beam pulse compared against the accelerating voltage pulse. 

 

 
Figure 7.7. Variation of transported beam current with the diode current. 

 

To study if the reverse coil has effect on the transmitted beam current, one should 

study the effect of varying values of alpha on the beam transport. As the radius of the 

beam is dependent on alpha, as shown in Figure 7.8, when the reverse coil magnetic 

field strength is increased this would cause more of the electron beam to impact on 

the beam tube. Increasing the reverse coil magnetic field strength would eventually 

stop beam transport through the beam tube. In this case the maximum beam transport 

was recorded to be 96% at a reverse current of 144.5A, diode current of ~1.8A. The 

reverse coil was 155.5A reducing the transported beam current to ~70% at a diode 
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current of ~2.4A. As shown in the figure the radius of the electron beam increases by 

a small amount with a reverse coil increase of this amount, just over 0.1mm. This 

means that loss of beam transport current would be mostly attributed to a change in 

diode current as the diode current does not stay at a stable value from shot-to-shot 

when the electrons start filling the gaps between emitter and focusing electrodes. 

 
Figure 7.8. Electron beam average beam diameter compared against average alpha value as the 

reverse coil current changes. 

 

7.5 Beam cross-section shape and velocity alpha measurement 

The most important diagnostic for the cusp electron gun is measurement of the 

electron beam cross-sectional shape. The beam profile can allow one to see, clearly, 

if the transported electron beam is an axis-encircling or solid beam. If one can 

observe an electron beam ring on the scintillator disc then this proves successful 

generation of an axis-encircling electron beam. The setup for this experiment has 

been detailed in Chapter 6 Section 6.8.1. The scintillator disc was coated with a 

phosphor which emits photons when electrons impact on the surface. This disc was 

inserted 11cm inside the magnetic field so that the disc was almost at the maximum 

B-field, at 10% less than maximum value. A typical observed photo can be seen in 

Figure 7.9. While this shows a large blue ring surrounding a small white circle the 

image is less clear than one would expect. The red segmented circle surrounding the 

image was the light from the cathode passing through the gap between beam tube 

and the scintillator holder. 
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Figure 7.9. Photo of scintillator taken with a long exposure camera. The left picture shows the full 

recorded image and the right image shows the enlarged beam image. 

 

The phosphor emitted blue light so through the use of photo editing tools the area of 

pure white light was reduced. The white area contained differing amounts of red, 

green and blue. It was seen that in areas around the blue ring where the light 

appeared white it was actually mostly blue with small amounts of red and green. The 

software used a colour filter to highlight areas with greater blue light intensity and 

reduce areas without blue light. The result was a much clearer image of the electron 

beam, shown in Figure 7.10, with the high intensity ring of the beam surrounded by a 

cloud of much lower intensity light.  

 

 
 

Figure 7.10. Position and the shape of the electrons on the scintillator. 
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One obvious problem that occurred with the measurement of these results was a high 

intensity white spot in the centre of the images that occurred throughout the 

measurement process. This light was not expected so it was anticipated that the 

molybdenum foil that was in front of the scintillator could have been damaged. 

Therefore, after the measurements were taken the molybdenum foil was taken out 

and viewed under an optical microscope. Small burn holes can be seen of the order 

of 0.15-0.2mm that arise from the large current density electron beam repeatedly 

impacting the molybdenum foil without sufficient thermal path to conduct the heat 

giving rise to extreme temperatures in the foil. While this is a problem and would 

eventually stop measurement using the scintillator this was not thought to impact the 

validity of the result gained as these holes are at least half the size of the white light 

observed. Furthermore the white light does not obscure the observation of the blue 

wavelength phosphor emission. This is evident in some recorded images where the 

beam circle enters into the space occupied by the white light. 

 

 
Figure 7.11. Damaged areas in the molybdenum foil used in the scintillator experiments. 
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7.5.1 Estimation of beam diameter and velocity ratio 

The electron beam profile picture gained through these experiments not only allows 

one to describe the nature of the electron beam – axis-encircling or solid beam – but 

allows one to calculate the diameter of the beam and from this the velocity ratio of 

the electron beam at the scintillator position. Through this knowledge one can 

compare the results obtained to the MAGIC simulations which assists further 

experimental work. It is possible the cathode is not in the designed position so 

knowing the exact magnetic field at the cathode surface is difficult. Therefore, 

measurement of the alpha value produced by a value of the reverse coil current 

would allow one to know what reverse coil currents to use in the gyro-BWO 

experiment in order to achieve a set alpha value. The outer and inner diameter of the 

beam on the scintillator image was very visible however this may not be so visible in 

a printed format so to assist this has been overlaid on the image in Figure 7.12. The 

scaling factor of these images was calculated as the outer ring of light visible in 

Figure 7.9 corresponds to the outer ring of the scintillator holder which is 6.2mm. 

Therefore the average radius of this ring can be seen to be 0.36mm. 

 

In order to find the alpha value of the beam one must first calculate the relativistic 

Lorentz factor, γ. This is dependent on the accelerating voltage, V, and could be 

calculated from equation (7.2). With the 40kV accelerating voltage the relativistic 

Lorentz factor is 1.078   showing a weakly relativistic electron beam. 
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Then the perpendicular electron velocity is derived from the average radius of the 

electron beam, r. 
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In the case where the cavity coil was 195A, the reverse coil was 161A, the average 

radius was calculated to be 0.36mm. The magnetic field at the position of the 

scintillator disc which was 0.9B where B is the magnetic field of the flat top region 

as the scintillator was located after the flat top of the magnetic field. The 

perpendicular velocity in this case was 8.08x107 ms-1. The parallel velocity could be 
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calculated from equations (7.4) and (7.5). In this case the parallel velocity was 

7.81x107ms-1. The velocity ratio can then be calculated from equation (7.6) to be 

1.03   at the scintillator position. This means that at the flat top region of the 

magnetic field the electron beam velocity ratio could be calculated to be 1.14  . 
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The picture of the electron beam has two defined circles, albeit with scattered 

electrons around the circles, and from this many different properties can be 

calculated including: average radius, velocity and alpha. The image is shown in 

Figure 7.12 where the outer radius and inner radius of the beam are highlighted along 

with the centre of this beam. This picture shows the inside diameter is 0.65mm and 

the outside diameter 0.79mm corresponding to an average radius of 0.72mm.  

 

 
Figure 7.12. Cross sectional size of the axis-encircling electron beam produced by the cusp electron 

gun. 

 
The electron beam was recorded at different values of reverse coil current and so 

different alpha values, shown in Figure 7.13. When the alpha value was low the 

beam had a small thickness, the first image. When the alpha value increases the 

thickness increases, the second image. Noticeable here is the beam cloud around the 
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electron beam ring is not uniform and in some areas does not appear to be as 

prominent as others. This indicates that the beam suffers from some degree of beam 

scraping. 

 

 

  

Reverse coil current 156.4A 161A 

Cavity solenoid current 195A 195A 

Average diameter 0.62mm 0.72mm 

Alpha at scintillator 0.80 1.03 

Alpha at maximum B-field 0.88 1.14 

Figure 7.13. Electron beam profiles at different values of reverse magnetic field. 

 

Through analysis of the electron beam images the alpha value can be measured and 

is shown in Figure 7.14. This shows the alpha value increasing as the negative 

magnetic field at the cathode surface is increased as one would expect. The 

measured, simulated and analytically calculated results are shown on this graph for 

two locations along the beam tube, Z1 and Z2. These positions represent a maximum 

magnetic field, Z1, and a point where the magnetic field tailed off to 90% of the 

value, Z2. The measured result was taken at point Z2 and compares very well to the 

analytically calculated value and reasonably well to the MAGIC simulated values. At 

the highest alpha values the difference from the prediction to the measurement is 

increased which could be explained by increased beam scraping of the electron 

beam. 
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α

 
Figure 7.14. Variation of simulated, calculated and measured alpha values at two positions along the 

beam tube. Positions Z1 and Z2 correspond to a maximum and 90% of the magnetic field strength.  

 

7.6 Comparison of experimental results with MAGIC 

simulations 

The experimental results gained in this chapter are very encouraging however a 

comparison with the MAGIC simulated results is prudent in order to see if what is 

produced has a good agreement to what was simulated and created the high quality 

electron beam. Although the electron gun was simulated in two codes the comparison 

between MAGIC and the experimental results is focused on the MAGIC results as 

this program was used most extensively for calculating the electron beam parameters 

and the electron gun was designed with this program. 

  

7.6.1 Accelerating voltage pulse and electron beam current 

In the simulated case the voltage pulse, shown in Chapter 5 Figure 5.17, has a very 

fast rise time, less than 1ns, and stays very stable at 40 kV after this. The timescale of 

the pulse was chosen for a short simulation time. It is extremely difficult to replicate 
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that voltage pulse in the experimental situation. The rise time is dependent on many 

elements that make up the pulsed power system and a 1ns rise time would not be 

possible. In comparison the experimentally produced voltage pulse, shown in Figure 

7.1, has a much longer rise and fall time of 40ns with a voltage that varies around +/- 

5%. The variation of this voltage pulse is quite standard for experimental work and 

the pulse here is as close to the simulations as allowed by the experimental setup. 

The electron beam created by this voltage pulse should be able to effectively drive 

the gyro-BWO and produce an electron beam similar to the MAGIC simulations. 

  

The emitted electron beam predicted by MAGIC, discussed in Chapter 5 and shown 

in Figure 5.18, shows a stable beam of 1.57A (1.5A emitted from the emission 

surface and 0.7A from the gap between cathode and focus electrode). The 

transported electron beam current was close to 100% while the reflected electrons are 

thought to be an effect caused by the simulation setup rather than a design flaw. The 

emitted current observed through experimental work, shown in Figure 7.6, shows a 

relatively stable pulse once the noise in the measurement and displacement current 

are removed from the pulse. 

 

The transported electron beam current is one area where comparison between 

simulation and experiment should, if the setup is operating correctly, agree to a large 

degree. Both the MAGIC and experimental case show diodes operating in the 

temperature limited regime. In the simulated case the transported electron beam 

current was ~100% in the experimental results this value changed as the reverse coil 

was changed but peaked at 96%. This gives a very good indication of the successful 

operation of the cusp gun and a result that matches the simulated case almost exactly. 

The difference between the 96% transported beam current and the lower values can 

be explained by parasitic electron beam emission and electron beam scraping.  

 

In both experiment and simulation a 40kV, 1.5A annular shaped axis-encircling 

electron beam is generated.  

 

When the cathode was operated in the temperature limited regime adjustable diode 
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current of up to 1.5A was measured. This beam was fully transported to the 

downstream uniform region.  

 

7.6.2 Electron beam diameter and velocity ratio 

The electron beam diameter measurement from the experiment is shown in Figure 

7.12 and is estimated to be 0.72mm. This electron beam image was taken at a 

position just after the maximum magnetic field and under those experimental 

conditions the magnetic field at the scintillator would be 1.37T. In MAGIC 

simulations analysing the electron beam under the same conditions the average 

diameter would be 0.71mm. The agreement between the experiment and MAGIC 

simulations allows one to be confident with the successful operation of the cusp 

electron gun. 

 

7.7 Performance of electron gun 

While the experimental results have been presented within this chapter a comparison 

of both the experimental results, simulated results and the targeted performance of 

the cusp electron gun is important. A summary of the performance targets against 

simulated and experimentally achieved values is given in Table 7.1. It is clear to see 

in this table of results that the experimentally achieved values meet the targets set out 

and the simulated values. The experimental performance of the cusp electron gun 

was excellent and compares well to the simulations. 
 

Parameter Target MAGIC  

Simulated 

value 

Opera-3D  

Simulated 

Value 

Experimentally 

achieved value 

Accelerating voltage 40kV 40kV 40kV 40kV +/- 5% 

Beam current 1.5A 1.5A 1.5A 1.5A 

Alpha 1.65 1.65 1.67 1.48* 

Transported current ratio 100% 99.97 % 100 % 96% maximum 

* Value limited due to limitation in reverse coil power supply. 

Table 7.1. Summary of the performance targets set out, MAGIC and Opera-3D design predictions and 

experimentally achieved performance. 
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It is important to compare the performance of this electron gun in terms of other 

research on cusp electron guns. While this electron gun is not that new in terms of 

discovery, the 1960’s, the application for microwave devices is a modern application, 

late 1980’s. As such the construction and successful operation of a cusp electron gun 

is not an easy task and three main groups, outside the University of Strathclyde, 

world-wide have experimentally operated a cusp electron gun. These groups are: the 

University of California-Davis in collaboration with Northrop Grumman; A 

collaboration between the universities of Seoul and Tohoku in Japan; The Institute of 

Applied Physics. These groups have operated with thermionic cathode operating 

mostly with lower frequency than used here. Although the researchers in Japan188 

have operated a gyrotron with a cusp electron gun at W-band frequencies and above 

they do so at a high harmonic. The operational range is 89.3 GHz, 112.7 GHz and 

138GHz operating in the modes TE3,11, TE4,11 and TE5,11 respectively. This requires 

that the magnetic field is significantly lower than required for such high frequency 

operation. Their magnetic field system varies from 0.97T to 1.18T. The microwave 

power archived in that work was 1.7kW max. In comparison the magnetic field range 

for this W-band gyro-BWO was 1.65T to 2.1T. This represents a significant 

magnetic field compression and opens the possibility for a large microwave power 

up to 10kW out. Furthermore, the beam power in the Japanese experiment was 52kW 

while this work is higher at 60kW. At the University of California-Davis the cusp 

electron gun that was designed was proposed for application driving a 94GHz 

gyrotron operating at the eighth-harmonic. This very high harmonic gyrotron 

required a magnetic field of 0.25T. The testing of this beam was at a reduced voltage 

of 10kV and the beam image was observed. The transmission was measured to be 

98%. While in these tests the magnetic field is 1.82T, 40kV and transmission was 

96% as well. It is obvious therefore that this electron gun sees a significant 

advancement in both power and magnetic field compared to this gun. Operating at a 

high magnetic field strength means the electron beam and beam tube reduce in size 

resulting in more difficult and complexity in experimental testing of the electron gun. 

Also, when generating an electron beam of a very small width it is much easier to use 

it in millimetre-wave applications. 
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7.8 Microwave measurement 

The microwave signal measurement was performed using a crystal detector. The 

setup of the detector is shown in Figure 7.15. The system consists of a microwave 

horn to collect the microwaves, an attenuator to reduce the strength of the signal, a 

crystal detector to record the data as a voltage signal and matched load to dispose of 

the microwave radiation. The detection system was placed a screened metal box 

connected to an oscilloscope, situated in a screened room outside the experimental 

bay, through a BNC cable. The detector was 36.5cm away from the microwave horn, 

with 0dB attenuation on the detector.  

 

 
Figure 7.15. Microwave detection system. 

 

The microwave output was observed at a cavity solenoid current of 230A to 245A 

corresponding to a cavity magnetic field of 1.79T to1.91T. The frequency of the 

microwaves can be determined, approximately, from the dispersion characteristics of 

the helically corrugated waveguide. The dispersion shows that the frequency of the 

observed microwave would be 91-100GHz. The frequency could not be directly 

measured through the use of a microwave mixer as this equipment was not available. 

The microwave signal is shown in Figure 7.16 against the voltage pulse used for the 
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cathode. The profile of the signal shows that the beam resonance is sensitive to beam 

voltage. While the voltage output from the Blumlein was lower in this experiment 

that in the previous scintillator and Faraday cup experiments. The strongest 

microwave output was observed above 35kV voltage. The microwave power level 

can be estimated from the detector sensitivity and is discussed in Section 7.9. The 

magnetic field used to produce this microwave signal is 1.93T which corresponds to 

an interaction at 96GHz. Two cut-off filters were used to verify the frequency of the 

microwave pulse. The cut-off filters had a diameter of 1.83mm and 1.79mm 

corresponding to cut-off frequencies of 96GHz and 98GHz respectively. It was 

shown that this pulse would have a frequency between 96GHz and 98GHz which is 

consistent with theoretical predictions. 

 

 
Figure 7.16. Measured microwave signal and voltage pulse. 

 

The variation of the reverse coil current will vary the alpha value of the electron 

beam. When the reverse coil current reduces the alpha value should reduce until no 

microwave output is observed. The variation of reverse coil current is shown in 

Figure 7.17. In this graph it can be seen that the microwave signal output grows in 

strength as the reverse coil increases and at 181A reverse coil current the signal is 

still increasing. This shows that either the maximum signal strength is at this value of 

or above it. However, due to a limitation of the available power supply the reverse 

coil could not be driven higher than 181A. Furthermore, since the microwave signal 
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could be observed to increase up to 181A this means that there is no significant loss 

of the electron beam current over this range. Meaning, that as the alpha value 

increases, the radius of the electron beam will increase and yet the electron beam 

does not impact on the beam tube wall. The variation of the reverse coil against 

microwave signal provides further proof of the generation of an axis-encircling 

electron beam. When the reverse coil current is changed the alpha value of the beam 

should also change. This continues to increase the microwave output power as the 

reverse coil current is increased until a point of saturation occurs (when the electron 

beam starts to hit the beam tube or the interaction is saturated).  

 

 
Figure 7.17. Variation in microwave output power from the gyro-BWO as the reverse coil current 

changes. 

 

7.9 Microwave power 

The power produced by the gyro-BWO was radiated from the output system 

consisting of a horn and a single layer sapphire window into the free space. A small 

proportion of the radiation was received by the receiving horn and measured by a 

detector. The calculation of the microwave power therefore needs to take into 

account the radiation pattern of the microwave horn. The radiation pattern by the 

circular horn is shown in Figure 7.18, taken from Ref. 189, where there is a “major 

lobe” and smaller “minor lobes”.  
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Figure 7.18. Radiation pattern from a microwave horn showing (a) radiation lobes and power 

bandwidths in an antenna pattern and (b) a linear plot of the power pattern with the associated lobes. 

 

The distance between horn and receiver as this determines if the receiver is in the far-

field or near-field region. The distance between the antenna (or horn) and detector 

allows calculation of the Rayleigh distance R, which is equal to the right hand of 

equation (7.7) and therefore the detector has to meet the condition given by equation 

(7.7) in order to be in the far-field region. Distances further than R mean the detector 

is in the far-field range and closer mean near-field range. 
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  (7.7) 

Where Rant is the separation distance between transmitter and receiver antenna, Dant 

is the diameter of the antenna and   is the wavelength of the microwave. 



215 
 

In the far-field region the radiation power varies inversely to the square of the 

distance from the antenna. In the measurement of the gyro-BWO, the detector was at 

a distance of 36.5cm from the microwave horn which was in the far-field region. The 

power density, P , in the antenna, with gain G, at a distance r away from the horn 

radiating a power of Pi is described through equation (7.8). 

 2/ (4 )P iPG r   (7.8) 

The gain of the antenna can be calculated analytically, simulated numerically or 

measured. In order to find the gain of the constructed horn a model was built in CST 

Microwave Studio that radiates the power into free space. A circularly polarised 

wave is injected from the right hand side through W-band waveguide at 96GHz. The 

3D model can be seen in Figure 7.19(a) and the maximum gain can be calculated 

directly from this program to be 21.05dB. Over the receiving antenna area this can be 

approximated to be 20dB. The polar graph can be seen in Figure 7.19(b) shows 

radiation output in the major lobe with not much in the minor lobes. 

 

The power density can be represented as a function of the received power, rP , and 

the effective area of the receiving antenna Aeff to be given in equation (7.10). The 

effective area of the antenna is slightly smaller than the actual area of the aperture 

and is described through equation (7.11). 

 r
P

eff

P

A
   (7.9) 

 0.81effA A  (7.10) 

These equations allow the output power to be expressed in terms of the received 

power as described in equation (7.12). 
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The rectangular receiving horn at W-band has an effective area of 71.28x10-6m. The 

received power is the only term unknown now and so this needs to be measured 

through a calibration of the detector. The detector was measured against the output of 

a VNA which outputs at +5dBm, equal to 3.16mW, to give a voltage of 3mV. The  
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(b)  

Figure 7.19. CST Microwave Studio simulation of output horn showing (a) a 3D view of the 

geometry and radiation pattern and (b) a polar graph of the radiation pattern. 

 

detected power had a peak value of ~140mV which can be extrapolated from the 

detectors sensitivity graph to give a power of 150mW. The microwave power 

generated in the gyro-BWO can be calculated through equation (7.11) to be 

~35.38W. For a circular polarised wave this means a power of ~70.7W. The 

microwave window measurement shown in Figure 6.24 shows that at 96GHz the 

reflection S-parameter, S11, is -0.92dB. This means that 80.9% of the power is 

reflected and only 19.1% is transmitted. Therefore 370W if microwave power was 

generated within the gyro-BWO. This power is lower than the predicted 10kW and 

possible reasons for this could be higher than expected spreads in electron beam axial 

velocity and alpha or a mis-alignment in the solenoids resulting in the electron beam 

propagation only partially through the helical waveguide and then colliding on the 

waveguide walls. 

(a) 
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7.10 Discussion 

To sum up the work achieved in the experiments a 40kV 400ns voltage pulse was 

produced with a 320ns flat top and a 40ns rise and fall time. This pulse was used to 

accelerate the electrons from a thermionic cathode at high temperature. It was found 

that the diode operated in the temperature limited regime as designed. The electron 

beam current was measured to be 1.5A with a flat profile with minimal beam 

scraping under certain conditions. A maximum transported beam current of 96% was 

measured and is a very positive result as many other cusp guns suffer from beam 

alignment issues. The profile of the electron beam was measured with a scintillator 

and from this the beam diameter as well as alpha values were measured and 

calculated respectively. This cusp gun was operated at magnetic fields up to 1.9T 

which is close to the maximum required field of 2.1T. The high DC field is higher 

than other cusp electron guns that normal operate with pulsed coils of less than 2T. 

The gyro-BWO was demonstrated to output millimetre waves over the magnetic field 

range of 1.79T to 1.91T corresponding to a millimetre wave output in the 91-

100GHz frequency range. Microwave generation over a large reverse coil range was 

also observed with a maximum measured millimetre wave power of 370W. Both the 

cusp electron gun and gyro-BWO compare well to numerical predictions and 

simulations. The cusp electron gun has an alpha value trend close to both analytical 

calculation and as predicted by numerical simulation. The gyro-BWO outputs 

millimetre waves, under one condition, at a frequency between 96GHz and 98GHz 

while the dispersion profile predicts a frequency of 96GHz. The results demonstrated 

throughout this chapter have shown for the first time that a gyro-BWO based on a 

helically corrugated waveguide and cusp electron gun can generate tuneable, 

millimetre waves. 

 

7.11 Summary 

In this chapter the results of the gyro-BWO experiment were given. Initially the 

voltage pulsed used to drive the electron gun was optimised and had a 40kV pulse 

over ~400ns with ~40ns rise time. The investigation of the cusp electron gun showed 

that the cathode operated in the temperature limited regime with a demonstrated 
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current variation up to 7A. The electron beam current was measured to be 1.5A with 

a flat profile and the transported beam current showed a limiting value of ~2A. The 

electron beam profile was captured and used to calculate the velocity ratio alpha of 

the beam as being up to 1.56. The electron beam experiment showed a good 

comparison to simulations with the alpha trend being close to analytical and 

numerical predictions. The discrepancy is possibly due to scraping of the high alpha 

beam though the tube. The gyro-BWO experiment recorded microwave pulses of 

varying strength over the magnetic field range 1.79T to 1.91T which meant the 

output frequency was tuned from 91 to 100GHz. At one operating condition it was 

approximated that the power generated was ~370W at a frequency of ~96GHz. 
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Chapter 8. 

Conclusions and Future Work
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8.1 Introduction 

The work presented in this thesis describes the theoretical, numerical and analytical 

design, simulation and experiment of a W-band gyro-BWO with helically corrugated 

waveguide and cusp electron gun. First the analytical and numerical design of the 

helically corrugated waveguide with the construction and microwave measurements 

of the waveguide was described. The was followed by the analytical and numerical 

design and simulation of the cusp electron gun. This was followed by the 

construction details of the experiment and finally the experimental results of the 

electron beam generated by a cusp diode and observation of microwave radiation in 

the W-band generated by the gyro-BWO.  

 

This chapter will combine the results and conclusions from the various chapters and 

explain the results gained and comparison, where appropriate, between the results 

achieved via theory/simulation and experiment. This chapter will also introduce the 

future work of the research which will utilize the successful novel W-band cusp 

electron gun along with the state-of-the-art helically corrugated waveguide optimized 

for 84 to 104GHz frequency range. 

 

8.2 Review of results obtained 

8.2.1 Numerical modelling and experimental analysis of the 

helically corrugated waveguide 

The helically corrugated waveguide was a critical component of the gyro-BWO. The 

initial design of the waveguide arose from analytical calculations of the dispersion 

profile. Working from the theory of perturbation both the dispersions with and 

without the electron beam present were calculated and the corrugation properties of 

the waveguide were calculated. The small signal growth rate was calculated for 

various dimensions of the helical waveguide then an optimised geometry was chosen 

for the tuning range of 84 – 104GHz. 

 

The analytical calculation of the dispersion of the helical waveguide was verified 
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with a numerical simulation using CST Microwave Studio. The model was built in 

Microwave Studio that replicated the experimental setup that would be used later on 

in the measurement. Namely an elliptical polariser was used to convert the linear 

polarised waves into circularly polarised waves. The simulation replicated the 

experiment and had successfully predicted the dispersion of the waveguide. The 

results from the simulation and experiment agreed with each other nicely. However 

the dispersion results below ~80GHz and above ~100GHz were expected to have 

certain errors because the elliptical polarisers have a limited operation band of ~80- 

~100GHz. 

 

The waveguide was constructed as a 4-period helical waveguide involving the 

manufacture process of rapid prototyping, gold plating, copper electroplating and 

acid erosion and was measured using a vector network analyser. The loss over the 4-

period length (15mm) was ~ 0.8dB which was rather high for the given length due to 

a number of flaws on the inner surface of the waveguide. An improved manufacture 

process was then identified involving the manufacture of an aluminium former that 

was directly machined using a precision CNC lathe, then copper electroplating and 

acid erosion was carried out to construct a 34-period helical waveguide. This resulted 

in ~0.6dB loss but over a much greater length of 12.75cm. This dispersion 

measurement here was again close to analytical calculation and numerical 

simulation. 

 

8.2.2 Numerical modelling of the cusp electron gun 

The numerical modelling of the cusp electron gun was carried out in two stages, first 

the design was conceptualised and modelled with the 3D PiC code MAGIC and 

secondly the results were verified with the 3D finite element simulation suite Opera-

3D. Analytical calculations of the velocity ratio alpha of the electron beam were also 

performed and the three different methods were compared. 

 

The numerical predictions of the gyro-BWO performance showed that it would 

operate over a magnetic field range of 1.65T – 2.1T and the strongest interaction 
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occurred with a 1.5A, 40kV electron beam with alpha = 1.65, As the corrugated 

interaction region lowers the effect of axial velocity and alpha spreads the electron 

beam was targeted to have an alpha spread close to 10% and axial velocity spread 

less than 10%.  

 

The initial MAGIC model was designed in order to produce an electron beam of the 

required current and energy and then optimized through adjustment of diode 

geometry and the magnetic configuration until the electron beam met targeted values. 

At 40kV, 1.82T and alpha value of 1.65 the axial velocity spread was v / vz z = 8.1% 

and alpha spread was /   = 10.7%.  

 

The optimized cusp gun design was simulated in Opera-3D in order analyse 

comparatively with the previous MAGIC simulations. The meshing in this program 

is different to MAGIC and produces a very slightly different geometry than the 

MAGIC design. The first parameter that was compared was the magnetic field 

profile. The magnetic field profile in MAGIC was produced from a more simplistic 

method than Opera-3D however the two profiles agreed almost exactly. The quality 

of the electron beam generated in the two simulations was comparable. In Opera-3D 

the beam had 11.1% axial velocity spread with 14.4% alpha spread, at central 

magnetic field strength of 1.82, compared to the 8.1% axial velocity and 10.7% alpha 

spreads calculated using MAGIC. 

 

The agreement between the codes that the electron gun design generated a high 

quality electron beam over the full magnetic field range lead to the construction of 

the cusp electron gun. 

 

8.2.3 Gyro-BWO experimental results 

The cusp electron gun was tested in four stages: the accelerating voltage pulse, used 

to drive the electron beam, was measured and optimised; the emitted current from the 

cathode was measured without a magnetic field at first and calibrated against emitted 

current at various specific configurations; the transported electron beam current was 
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measured; the electron beam cross-sectional shape recorded. The electron beam 

parameters remained the same throughout these experiments with a 40kV 

accelerating voltage and 1.5A current. 

 

In the first stage the voltage pulse was measured through a voltage divider and 

provided a very good quality pulse with a time of 400ns with a rise time of 40ns and 

a flat top region that deviated +/-5% from the medium value. The profile of the 

voltage pulse was very important as a low quality pulse could cause a detrimental 

effect to the generated electron beam. 

 

In the next stage the diode current was measured and then a real value of the current 

was deduced. This current showed an oscillatory profile with two larger peaks of 

current corresponding to the displacement current at both rising and falling edges of 

the voltage pulse. The emitted current from the cathode as a function of the heater 

power (related to cathode temperature) was measured. 

 

The third stage was to measure the transported electron beam current using a Faraday 

cup. The transported electron beam current was measured with various powers of 

heater power and 1.5A transported beam current was measured at full operating 

temperature. 

 

The fourth stage was to measure the profile of the electron beam recorded by a 

scintillator witness plate technique. The profile of the beam in some case was a spot 

beam as the alpha value was not high enough or beam transport became an issue. 

However, when the reverse coil was at a correct value the beam image was a ring as 

expected consistent with an axis-encircling electron beam. The alpha value for 

various values of cathode magnetic field was able to be measured through this 

technique. 

 

The final stage was to observe the successful operation of the gyro-BWO with the 

microwave signal measured. The microwave pulse was measured over a range of 

reverse coil current, therefore alpha, values. The frequency and power of the signal 
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were not directly measured but inferred from the dispersion and calibration tests 

respectively. Under one condition the frequency of the microwaves was determined 

though cut-off filters to be between 96GHz and 98GHz. 

 

8.3 Future work of the gyro-BWO experiment 

The future work the gyro-BWO is numerous and provides interesting research 

opportunities. The work presented in this thesis showed the successful operation of 

the cusp electron gun and showed the helically corrugated waveguide had the desired 

dispersion profile while providing a low transmission loss. There are many areas that 

could be investigated further including: a power calibration test of the interaction 

region; a broadband microwave window design and fabrication. 

 

Power calibration: The power calibration is required in order to know the output 

power of the gyro-BWO. A proposed method is to couple a known microwave signal 

into the gyro-BWO and measure the detected signal in the far field region of the 

output horn. This test signal will then be compared to the output of gyro-BWO with 

the appropriate amount of attenuation in the system so that the power output of the 

gyro-BWO could be measured by calibration of the system and all the factors that 

could give rise to the errors are eliminated. Therefore an input coupler is required. 

 

Broadband frequency measurement of the gyro-BWO (window design): The 

microwave window used within this work was a single layer sapphire window which 

has a resonant transmission at a single frequency within the W-band range. This is 

useful for proof-of-principle tests where microwave generation of any frequency 

within the band is a very successful result but time constraints dictated that 

experiments to ascertain the full operational range of the helically corrugated 

waveguide could not be completed within the time period available for the 

submission of the thesis. In order to design a broadband microwave window some 

initial studies were performed but not completed due to the time constraints of the 

PhD. It would be highly beneficial to realize the initial microwave window design 

which shows that if the microwave window has three quartz plates which can be 

moved using a micrometer scale then broadband frequency output is possible. 
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Improved solenoid design: The solenoids designed within this thesis operate at a 

very high magnetic field DC. They have been tested at 1.85T and no problems with 

cooling have been found so the design is extremely successful in this case. However, 

as discussed within Chapter 6 the construction of the solenoids was slightly flawed. 

One shim coil was not right and needs to be corrected.  

 

8.4 Other proposed research using the gyro-BWO architecture  

The gyrotron backward wave oscillator designed, constructed and operated is the 

first of its kind in the world operating in the W-band frequency range. Utilizing the 

experimental setup designed, simulated and constructed within this thesis, there are 

three on-going projects that are proposed:-  

1. 7th Harmonic gyrotron. 

2. W-band gyrotron travelling wave amplifier. 

3. W-band gyrotron backward wave oscillator with depressed collector. 

The 7th harmonic gyrotron experiment is designed and simulated by F. Li et al.190 and 

intends to use the same experimental setup as discussed before in Chapter 6 with 

modifications to the beam tube to allow a new interaction region to be placed into the 

setup. This experiment proposes to use the electron beam generated by this cusp 

electron gun to drive a 7th harmonic gyrotron interaction. The electron beam differs 

to the one here although the power (60kW) is the same the alpha value will be much 

higher at alpha = 3. Simulation of the electron gun performed183 at this alpha show 

that the cusp electron gun will still have an acceptable quality even with the very 

high alpha and higher magnetic field compression. In the future this high harmonic 

gyrotron will be constructed using most of the same architecture as described in this 

thesis and using the same cusp gun designed and constructed. The predicted output 

of this gyrotron was calculated to be 600W over 400ns pulsed output at ~390GHz in 

the TE71 waveguide mode. 

 

The W-band gyro-TWA that was proposed by W. He at al191 uses the same design 

setup as explained in Chapter 6 however with the addition of an input coupler just 

after the back stop filter with an elliptical polariser just after this in order to produce 
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circularly polarised microwaves. The helically corrugated waveguide would then 

have to be changed in order that sufficient gain would be achieved between the 

interaction of the input microwaves and the electron beam. Operating as an amplifier 

the gyro-TWA would require a lower alpha value than the gyro-BWO at ~1.2. The 

gyro-TWA has been simulated through MAGIC and is predicted to produce high 

power microwaves with 10% bandwidth of 90-100GHz. The applications for the 

amplifier would be most useful in high field Electron Spin Resonance where the 

bandwidth allows for shorter pulsed microwaves and more resolution in their 

spectroscopic measurements. 

 

The gyro-BWO with a helically corrugated waveguide has an increased electronic 

efficiency over a conventional gyro-BWO however this can be further increased 

through use of a depressed collector method, as previously discussed in Chapter 4.  

L. Zhang et al.192 have simulated the depressed collector through MAGIC and 

propose to employ a 4-stage depressed collector for the W-band gyro-BWO. The 

efficiency of the gyro-BWO is predicted to increase from ~17% to ~42% with a 

collection efficiency of 77%. This would make the gyro-BWO a truly world class 

device important for many scientific applications such as high field Electron Spin 

Resonance, high field Dynamic Nuclear Polarisation, high resolution radar and 

sensing. 
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Design and Numerical Optimization of a
Cusp-Gun-Based Electron Beam for

Millimeter-Wave Gyro-Devices
Craig R. Donaldson, Wenlong He, Adrian W. Cross, Alan D. R. Phelps, Fengping Li, Kevin Ronald,

Craig W. Robertson, Colin G. Whyte, Alan R. Young, and Liang Zhang

Abstract—A novel thermionic cusp electron gun operating
in the temperature-limited regime that produces a large-orbit
electron beam through a nonadiabatic magnetic-field reversal
was designed, analyzed, and optimized to give an electron-beam
ideal for driving gyro-devices, particularly in the millimeter-to-
submillimeter-wavelength range due to its small cross-sectional
size. The annular-shaped axis-encircling electron beam had a
beam current of 1.5 A at an acceleration potential of 40 kV, a
tunable velocity ratio α (= v⊥/vz) between one and three, an
optimized axial velocity spread Δvz/vz of ∼8%, and a relative
alpha spread Δα/α of ∼10% at an alpha value of 1.65.

Index Terms—Axis-encircling electron beam, cusp electron
gun, gyro-BWO, gyro-TWT, high-harmonic gyrotron, THz
electron-beam source, W-band.

I. INTRODUCTION

H IGH-POWER high-frequency coherent radiation sources,
particularly in the range of millimeter and submillimeter

wavelengths, have attracted significant research interest re-
cently due to their desirable applications in many areas such as
remote sensing [1], medical imaging [2], plasma heating [3],
and spectroscopy [4]. Gyro-devices [5] are promising candi-
dates to fulfil such a demand due to their inherent character-
istic fast-wave interaction. Many high-frequency gyro-devices
operate at harmonics [6]–[9] to allow for the use of a larger
cavity size and to decrease magnetic fields by a factor of s,
the harmonic number. However, operating at harmonics could
introduce undesired-mode competition, as well as parasitic
oscillations. Therefore, it is advantageous for an electron gun to
be able to generate a mode-selective beam. This paper presents
the innovative design and performance of such a beam from
a novel electron gun that is capable of driving high-power
millimeter-wave vacuum electron devices through generation
of an annular-shaped axis-encircling electron beam. An axis-
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encircling electron beam is ideal for harmonic operation of
gyro-devices as the mode-selectivity nature of such a beam re-
quires that the harmonic number is equal to the azimuthal index
of a waveguide mode for effective beam-wave coupling [10],
which leads to a reduced possibility of parasitic oscillations.
Furthermore, due to the high power of the spent electron beam,
an annular-shaped electron beam is desirable for beam-energy
recovery using a depressed collector.

Initially, transport of an electron beam through opposing
magnetic fields (the so-called “magnetic cusp”) was investi-
gated in the 1960s [11], [12] for plasma-heating applications.
Schmidt [11] described a threshold for magnetic mirroring
and the effects on the electrons after they have passed the
cusp region, namely, azimuthal rotation around the central axis
of symmetry due to conservation of the electron canonical
momentum. Building on the work of Schmidt et al., continuous
efforts and progress have been made through both theoretical
analysis and experimental study in the generation of cusp-based
electron-beam sources [13], [14]. Special concentration was
paid on the methods to produce an ideal sharp cusp shape
by using complex arrays of magnetic coils, magnetic poles,
and, possibly, magnetic material inside the cathode [15]–[18].
This culminated in a “state-of-the-art” cusp gun in 2000 by
Northrop Grumman [19], which generated an electron beam of
70-kV energy, 3.5-A current, and 1.5 velocity ratio with a small
axial velocity spread of 5% at a magnetic field of ∼0.25 T.
These studies have been based on the configuration where a
magnetic cusp was located at or after the anode where a large
cusp amplitude was required due to a fully accelerated electron
momentum. However, in this paper, an electron gun based on
a “smooth” cusp [20], formed by two simple coils without any
magnetic shaping poles, located immediately after the cathode,
is presented.

Despite these theoretical and experimental studies over the
last few decades, it was not until 1983 that a cusp electron gun
was first used in microwave sources, specifically in a magnetron
[21]. Recently, gyro-devices have begun to adopt cusp guns
as their electron beam sources, notably in lower frequency
harmonic gyro-devices [22].

A cold cusp gun was developed for an X-band gyrotron
traveling-wave amplifier (gyro-TWA) at the University of
Strathclyde in 2007 [18]. The methodology of the design was
validated through results from numerical simulations, from the
3-D particle-in-cell code MAGIC [23], agreeing well with the
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experimental results. In this paper, we present a thermionic
cusp gun that was designed and numerically optimized based
on the valid methodology for millimeter-wave gyro-devices.
It was designed for three high-frequency devices, including a
W-band gyro-BWO [24], a W-band gyro-TWA [25], and a THz
harmonic gyrotron [26]. The second-harmonic W-band gyro-
BWO uses a helically corrugated waveguide [27], [28] and is
calculated to produce 10-kW CW at 18% efficiency, with a
3-dB frequency tuning bandwidth between 85 and 105 GHz.
A W-band gyro-TWA has been designed to operate at an alpha
of 1.2 and give an output of 5-kW CW. The THz harmonic gy-
rotron that operates at the seventh harmonic has been simulated
to produce 600-W CW at 390 GHz with a TE71 output at an
α = 3. These devices operate over a wide range of frequencies
from 75 GHz to 390 GHz with an α value of one to three.

II. DIODE DESIGN

It is possible to show [18] that the velocity ratio in the down-
stream uniform magnetic-field (B0) region can be described ap-
proximately by the equation α =

√
(−r2

cωcω0/v2
0 + r2

cωcω0).
Here, rc is the average radius of the cathode; v0 is the total
electron velocity; ω = eB/γme is the electron cyclotron fre-
quency, where γ is the Lorentz factor of the electrons at the
downstream region and e and me are the charge and the rest
mass of the electron, respectively; and subscripts “c” and “0”
denote the cathode and the downstream uniform magnetic-field
region, respectively.

The parameters of the electron beam were chosen to be as
follows: beam energy E = 40 keV and current of ∼1.5 A, with
α = 1−3 and B0 = 1.7−2.1 T for high-frequency gyro-device
experiments. Assuming the cathode operation with a current
density of 6 A/cm2 in the temperature-limited regime [29],
a cathode with rc = 6.0 mm and Δrc = 0.5 mm was chosen.
Therefore, a magnetic-field amplitude of ∼50 G at the cathode
is required to achieve an alpha value of 1.65, at B0 = 1.82 T,
which corresponds to a magnetic compression ratio of ∼360
and a radial compression of ∼19 for the electron beam. It is
important that a small value of Δrc/rc was chosen because
the smaller it is, the smaller the alpha spread in the electron
beam. The thermal loading of the gun was estimated to be
∼100 W at an operating temperature of ∼1000 ◦C. To reduce
the stray magnetic field, the heating coil should be wired in a
bifilar format. A stray magnetic field of ∼10−4 T was simulated
by using CST Microwave Studio at a driving current of the
heating coil of 10 A. It is of primary importance that the stray
magnetic field from the heating coil is significantly lower than
the magnetic field at the cathode to achieve a stable alpha and
axial velocity of the electron beam.

The geometry of the cusp gun is shown in Fig. 1. The
emitting surface is annular shaped and porous tungsten im-
pregnated with barium oxide to reduce the work function to
achieve the designed beam current at an operating temperature
of ∼1000 ◦C. Two fine gaps of 0.1-mm width were used to
separate the cathode ring from the outer and inner focusing
electrodes for the following purposes: 1) reducing the thermal
loading and 2) stopping the migration of the barium of the
cathode. The length of the cathode–anode gap is chosen so

Fig. 1. Geometry of the cathode and anode of the cusp electron gun.

that the electric fields at the cathode are below 10 MV/m at
an applied voltage of 40 kV to avoid problems such as field
emission and vacuum breakdown. An anode tip is further used
in the design to focus and transport the electron beam to the
downstream region. The outer radius of the outer electrode was
chosen to be large enough so that its effects on the electric
field distribution between the cathode and anode are negligible
while keeping its distance to the anode large enough to avoid
problems such as field emission and vacuum breakdown. To
avoid microwaves entering the gun region, a cylindrical low-
frequency cutoff waveguide of 0.84-mm radius is used.

Two coils, namely, one “reverse” coil behind the cathode
producing negative magnetic field, and the other a solenoid
producing a uniform positive magnetic field B0 at the down-
stream region, were used to form a magnetic cusp at the front
of the cathode. Because of the relative low energy (approxi-
mately a few kiloelectron volts) of the electrons at the cusp,
the amplitude of the cusp was greatly reduced (a few tens of
gauss), and the Larmor step is on the order of meters due to the
small amplitude of the cusp and the small transverse velocity
component. This allows a field reversal over a longer distance.
Therefore, in this design, it is not necessary to use any magnetic
poles to sharpen the shape of the magnetic cusp. This makes
this cusp gun a simple and effective alternative because of its
simplified manufacture and optimization process, as well as
flexibility in its operation. For example, the driving currents,
averaged radius, and start and end positions of the coils can be
changed to allow the adjustment of cusp position.

Various configurations of the cusp gun were optimized to
give the highest quality electron beam, which include the
following: the length of the cathode–anode gap, the shape of
the anode tip, the cathode slope, the inner and outer focusing
electrode geometries, and the size and position of the coils
relative to the cathode surface. After the average radius and
width are decided, the sizes of the dimensions of a, b, c, d, e, f,
g, h, i, and j, as shown in Fig. 1, are varied for optimized beam
quality in the simulation. Dimensions c, d, e, and f are used
to adjust the slope angle relative to the z-axis of the inner and
outer electrodes, as well as the relative position of the emitting
surface to the electrodes. Adjustment of the relative position
in the z-axis between the emitting surface and the electrodes
is important to compensate the defocusing effect of the gaps
on the electrons emitted from the corners of the cathode. Opti-
mization of the slope of the electrodes and dimensions a and b
is important because this decides the beam trajectory in the gun
region. Dimension g should be chosen large enough to avoid
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TABLE I
LIST OF OPTIMIZATION PARAMETERS, OPTIMIZED VALUES, AND OPTIMIZATION RANGES

Fig. 2. Snapshot of the simulated electron-beam trajectory with magnetic-
field profile and a cross-sectional shape of the beam at the downstream region.

vacuum breakdown and field emission. Dimensions h, i, and j
are used to optimize the focusing effect at the anode region.
Simulations of the electron beam aim to reduce beam envelope
oscillation, axial velocity spread, and alpha spread over a wide
range of magnetic fields. Table I summarizes the optimized
dimensions and the optimization ranges of these variables used
in the simulation.

III. SIMULATION RESULT

Electron-beam emission was modeled using the
Richardson–Dushman equation for thermionic emission.
The accelerating voltage was applied using a smooth rising
function with a rise time of 1 ns to avoid high-frequency
loading of the gun. The simulated electron-beam trajectory
from the cusp gun with its magnetic-field profile (B0 = 1.82 T)
is shown in Fig. 2. The cross-sectional shape of the beam at
the downstream region is also shown in Fig. 2, and it clearly
shows an annular-shaped axis-encircling beam. The magnetic-
field profile is a smooth transition from the cathode to the
downstream uniform magnetic-field region, with the cusp
being located at ∼4.6 mm in front of the emission surface.
It should be noted that some low-energy electrons of a few
milliamperes over a period of a few nanoseconds (emitted
when the accelerating voltage was rising) were reflected back
at a high alpha value due to the magnetic-mirror effect, as

Fig. 3. Numerically simulated and analytically calculated alpha values for
different values of cathode magnetic field at B0 = 1.82 T.

shown in Fig. 1. However, after a few nanoseconds, 100% of
the emitted current was transported to the downstream region.
From simulation, to obtain an alpha value of one to three, the
required magnetic field at the cathode was ∼3.0–6.7 mT. At
a constant value of B0, a larger α value could be achieved
by increasing the magnetic-field amplitude at the cathode
(Bc). The simulated average alpha of the electron beam as
a function of the magnetic-field amplitude at the cathode is
shown in Fig. 3 at B0 = 1.82 T. The spread in alpha is also
shown in this figure as bars, deviating from the average values.
The alpha values calculated from the previous equation are
also shown in Fig. 3 for comparison. Minimum axial velocity
spreads of ∼8% and relative alpha spreads of ∼10% were
achieved at an alpha value of 1.65 at this constant magnetic
field. At B0 values of 2.1 and 1.7 T, the optimum alpha
spreads were ∼23% and ∼15% for alpha values of 3 and 1.2,
respectively, and the corresponding axial velocity spreads for
these cases were ∼20% and ∼10%. At the central magnetic
field B0 of 1.82 T, the beam had an inner and an outer radius
of 0.23 and 0.42 mm, with an envelope ripple ∼13%. Beam
transport through the tube was measured to be 100% after the
initial low potential electrons were reflected. The feasibility of
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Fig. 4. Magnetic-field operation ranges for different values of velocity
ratio (α).

operating this cathode at different alpha values for the three
aforementioned microwave sources was also investigated with
different magnetic-field operation ranges and is shown in
Fig. 4. The gun is able to operate at an alpha from one to three
over the magnetic-field tuning range of 1.65–2.1 T.

IV. CONCLUSION, DISCUSSION, AND FUTURE WORK

In conclusion, a cusp electron gun was simulated and opti-
mized to generate an axis-encircling annular-shaped electron
beam to drive millimeter-wave gyro-devices. At a velocity
alpha of 1.65, the beam was optimized to achieve an axial
velocity spread of 8% and a velocity spread of 10%. The
viability of using the designed gun over a large alpha and
magnetic-field range was demonstrated. It should be noted that
the optimization for the generation of electron beams with alpha
values of 1.2 and 3 has been performed by adjusting the position
of the cusp, i.e., by adjusting the positions of the reversed and
cavity coil only while the shape and size of the inner and
outer electrodes are kept unchanged. Therefore, future work
includes the optimization of the focusing electrodes to achieve
optimized beam quality for harmonic-gyrotron and gyro-TWA
applications. The structure of the cusp gun was designed in a
way that allows the focusing electrodes to be changed.
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A cusp electron gun for millimeter wave gyrodevices
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The experimental results of a thermionic cusp electron gun, to drive millimeter and submillimeter
wave harmonic gyrodevices, are reported in this paper. Using a “smooth” magnetic field reversal
formed by two coils this gun generated an annular-shaped, axis-encircling electron beam with 1.5 A
current, and an adjustable velocity ratio � of up to 1.56 at a beam voltage of 40 kV. The beam
cross-sectional shape and transported beam current were measured by a witness plate technique and
Faraday cup, respectively. These measured results were found to be in excellent agreement with the
simulated results using the three-dimensional code MAGIC. © 2010 American Institute of Physics.
�doi:10.1063/1.3374888�

Further to the design and numerical optimization of a
cusp electron beam source,1 in this paper we present the
experiment of the cusp gun and the measured results of the
generated axis-encircling electron beam. Due to its small
cross-sectional size �less than 1 mm in diameter� in a large
magnetic field �a few tesla� such a beam is capable of driving
millimeter and submillimeter wave gyrodevices which have
many modern applications notably in remote sensing,2 medi-
cal imaging,3 plasma heating,4 and electron spin resonance
spectroscopy.5 In order to reach higher frequencies, gyrode-
vices are more commonly operating at a higher indexed
waveguide mode and a harmonic of the electron cyclotron
frequency;6–10 the advantage being that it lowers the required
magnetic field strength by a factor of s, the harmonic num-
ber. However, operating at harmonics could introduce undes-
ired mode competition, as well as parasitic oscillations. An
axis-encircling electron beam is ideal for harmonic gyrode-
vices due to its good mode selectivity as the beam-wave
coupling requires that the azimuthal index of the waveguide
mode, m be equal to s.11 Compared to previous cusp
guns,12–15 this cusp gun has the advantage of �1� simple de-
sign and structure with reduced manufacturing complexity
due to the “smooth cusp” configuration16 using two coils
without any need for extra magnetic poles and/or material
and �2� smaller cusp amplitude because the cusp is located
immediately after the cathode where the electron is not fully
accelerated.

The electron gun was designed and optimized using the
three-dimensional particle-in-cell code MAGIC. The applica-
tions were for three microwave sources being developed in-
cluding a W-band gyrotron backward-wave oscillator
�gyro-BWO�17 and a W-band gyrotron traveling-wave tube18

both using a helically corrugated waveguide and a terahertz
seventh harmonic gyrotron.19 These devices are based on the
previous radiation sources operating at X-band �8.4 to 12
GHz� frequencies.20–22 The cusp gun was designed to gener-
ate an electron beam of 1.5 A, 40 kV with velocity ratio �
=1–3 in order to generate millimeter and submillimeter
waves of 75 GHz to 390 GHz over a magnetic field range of
1.50–2.1 T. Based on the simulation results for one particular
set of parameters which yields an optimized beam for an

alpha range of 1–2, the cusp electron gun of Fig. 1 was
manufactured.

The cathode assembly and the anode were arranged in a
coaxial configuration �Fig. 1�. The cathode head included
three following interchangeable parts: outer, inner focusing
electrodes, and the thermionic cathode emitter which was
located between the electrodes and constructed from porous
tungsten impregnated with barium oxide. Facing the cathode
head was an interchangeable anode tip. The beam trajectories
are determined by the dimensions of these interchangeable
parts. The cathode heating coil was bifilar wound in order to
minimize any contribution to the field at the cathode.1 Two
fine gaps of 0.1 mm in width between the emitter and the
focusing electrodes were used to reduce the thermal loading
of the cathode and to stop the migration of barium from the
emitter. Layers of thin tubes and disks made from molybde-
num, located between the outer electrodes and the emitter
and behind the emitter, respectively, were used as radiation
shields to further reduce the thermal loading of the cathode.
The beam tunnel tapered down from the anode aperture �ra-
dius 4 mm� to the cut-off filter �radius 0.84 mm�, followed
by an experimental region, a cylindrical tunnel of radius 3.0
mm and length 292 mm, and then to the up-taper and finally
the window region. This experimental region allowed the
beam diagnostic apparatus such as the Faraday cup and the
scintillator witness plate to be inserted. A single layer sap-
phire window was used in this beam experiment for obser-
vation of the visible light generated by the scintillator. The
whole system was evacuated to 10−9 mBar.

The magnetic field coils were wound from annealed,
varnish-coated, square copper wire of cross section 2.2
�2.2 mm2, enclosed in watertight, stainless steel chambers,
and cooled by high pressure recirculating water when in op-
eration. The cavity solenoid which generates a uniform
B-field in the beam-wave interaction region has 14 layers
each of 103 turns. Two extra layers of coils were added to
both ends of the main solenoid to reduce the rise and fall
distance of its B-field profile for a certain length of the flat-
top so that the overall turns, length of the solenoid, and
hence the driving electric power were reduced. At maximum
achievable magnetic field strength of 2.1 T the required driv-
ing power was �65 kW at a current of �270 A. The layers
were separated by 0.4 mm gaps to allow cooling water toa�Electronic mail: craig.donaldson@strath.ac.uk.
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pass from one end to the other end of the solenoid. Simula-
tions of the fluid dynamics and heat exchange including heat
conduction, convection, and diffusion were performed by us-
ing the MultiPhysics code COMSOL.23 The reverse coil, hav-
ing four layers each of ten turns, produced the reverse B-field
for the cusp gun. The magnetic field profiles measured using
an axial Hall probe and calculated from MAGIC are shown in
Fig. 1.

A double cable Blumlein24 which could output a
�380 ns, 40 kV pulse was used to drive the cusp gun. The
beam voltage was measured using a two-stage voltage di-
vider made from metal film resisters. The emitted current
was measured with a Rogowski coil located in the earth line
between the anode and the cable Blumlein and the beam
current by a Faraday cup at Z1 location �see Fig. 1�.

The beam cross-sectional shape and dimensions were re-
corded by a phosphor scintillator plate and digital camera
system25 after the Faraday cup was removed. The scintillator,
a round transparent disk coated with a thin layer of phosphor,
produces visible light when electrons impact on the surface.
A thin titanium disk of thickness �8 �m was placed before
the scintillator to reduce the impact energy of the beam. The
scintillator disk was located at position Z2 �see Fig. 1�, 10.5
cm from the window so as to match with the focal length of
the camera, at this position the magnetic field tailed off to
90% of the cavity B-field. By using the equation in Ref. 16,
the � value in the cavity �in particular, at Z1� could be cal-
culated from the B-field and � values at Z2.

Typical traces of beam voltage and beam current are
shown in Fig. 2. The emitted current from the cathode could
be varied from 0 to �1.6 A by increasing the operating

temperature of the cathode, at the applied beam voltage of 40
kV. Further increase in the temperature did not result in an
increase in the beam current. This indicated that the opera-
tion of the cathode had become space-charge limited. In Fig.
2, we can see the beam current reached a steady value of 1.5
A. When the cavity B-field was 1.82 T �96% of this current
reached the Faraday cup.

A typical scintillator image, after the optical noise was
removed, is shown in Fig. 3. The image shows clearly that an
axis-encircling electron beam was generated. The simulated
beam cross-sectional shape is shown for comparison together
with beam trajectories in the R−Z plane. For this particular
measurement, at a cavity B-field of 1.64 T, the annular beam
was measured to have an average radius of �0.37 mm. It
was calculated from the equation in Ref. 16 that the corre-
sponding � was 1.34�0.11. This corresponded to an � value
of 1.56�0.16 at the Z1 position.

By adjusting the reverse coil current the magnetic field
at the cathode and hence the value of the velocity ratio of the
beam in the cavity could be controlled. At B0=1.64 T the
velocity ratio at position Z2 as a function of cathode B-field
was measured and is shown in Fig. 4. For comparison of the
simulated � at Z1 and Z2 as well as analytically calculated
value at Z2 are also shown in Fig. 4. From the diagram, the
measured � value had the same trend and good agreement
with both the numerical simulated and analytically calculated
values. However investigation at higher alphas was limited
by the capability of the existing power supply.

In summary, when the thermionic cusp gun for
millimeter/submillimeter wave gyrodevices was tested, the

FIG. 1. �Color online� Schematic diagram of the cusp electron gun with simulated and measured magnetic field profile overlaid.

FIG. 2. The typical traces of the measured beam voltage and beam current.

FIG. 3. �Color online� Snapshot of the simulated electron beam trajectory
with magnetic field profile overlaid, also simulated and scintillator recorded
beam cross-sectional shape at the downstream region.
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measured beam parameters were in excellent agreement with
the MAGIC simulation. In addition, in a recent experiment,
the beam from this cusp gun has been used in a helical wave-
guide gyro-BWO which generated microwave radiation in
the frequency range 92–100 GHz.26

The authors would thank the UK Engineering and Physi-
cal Sciences Research Council, the UK Faraday Partnership
in High Power RF, the Scottish Universities Physics Alliance
and Overseas Research Students Awards Scheme for support-
ing this work.
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Abstract
A ∼390 GHz harmonic gyrotron based on a cusp electron gun has been designed and
numerically modelled. The gyrotron operates at the seventh harmonic of the electron cyclotron
frequency with the beam interacting with a TE71 waveguide mode. Theoretical as well as
numerical simulation results using the 3D particle-in-cell code MAGIC are presented. The
cusp gun generated an axis-encircling, annular shaped electron beam of energy 40 keV, current
1.5 A with a velocity ratio α of 3. Smooth cylindrical waveguides have been studied as the
interaction cavities and their cavity Q optimized for 390 GHz operation. In the simulations
∼600 W of output power at the design frequency has been demonstrated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microwave radiation sources are one of the crucial
technologies for modern society. High power sub-millimetre
wave sources have attracted significant interest recently due
to their potential applications in electron cyclotron resonance
heating [1], plasma diagnostics [2], space radar systems [3],
communication systems [4], materials science and medical
imaging and spectroscopy [5, 6].

The gyrotron is well known as a coherent millimetre wave
source capable of high power and high frequency output which
is extendable to the terahertz (THz) frequency region. Recently
a gyrotron achieved kilowatts of output power operated at
the fundamental electron cyclotron frequency of 1 THz [7] by
using a pulsed solenoid. However, continuous wave (CW)
operation at such a frequency is a formidable task because
of the large magnetic field (∼40 T) that is required. As the
output frequency increases, both larger magnetic fields and
reduced interaction region size are needed when operating at
the fundamental cyclotron frequency. An alternative approach
to generate CW high frequency radiation is to work at higher
cyclotron harmonics [8–11] which allow the use of larger
cavity sizes and smaller magnetic fields by a factor of s, where
s is the harmonic number.

A CW high harmonic gyrotron operating at a frequency
of ∼390 GHz at relatively lower B-field was designed and is
presented in this paper. In this gyrotron cyclotron resonance
takes place between the seventh harmonic of the electron
cyclotron frequency (s = 7) and the TE71 waveguide mode. A
large orbit electron beam from a cusp gun is used to reduce
the possibility of parasitic interactions. The small-signal
theory of the beam–wave interaction was used to calculate
the growth rate and the starting current. A smooth-bore cavity
was designed with a suitable Q value by optimizing the angle
of the output taper and the length of the cavity so that the
starting current requirement is met. Finally, the beam–wave
interaction of the gyrotron was simulated using the 3D particle-
in-cell (PIC) code MAGIC and the results are presented.

2. Cusp electron gun

While operating at harmonics, undesired mode competition as
well as parasitic oscillations will be more problematic as the
harmonic number increases; therefore, it is advantageous for
an electron gun to be able to generate a mode-selective beam.
A large orbit electron beam from a cusp gun was selected
because, for such a beam, its harmonic of the cyclotron mode
(s) only interacts with a TEmn waveguide mode (m and n are

0022-3727/10/155204+06$30.00 1 © 2010 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Simulated cusp gun and resultant beam trajectories with
the detailed magnetic field configuration at the cusp point.

the azimuthal and the radial mode index, respectively) when
s = m [12]. A cusp electron gun operates by an electron beam
passing through a non-adiabatic magnetic field reversal from
negative to positive sign. Invariance of the magnetic moment
results in a large orbit, annular electron beam [13–15].

Several successful terahertz range large orbit harmonic
gyrotron experiments have been carried out at resonant
magnetic fields 10.5–14 T [16, 17].

The 3D PIC code MAGIC was used to simulate and
optimize the design of the cusp electron beam source. The
optimized geometry of the cusp gun including the magnetic
field profile and the resultant beam trajectories are shown in
figure 1. An insertion shows in detail the B-field reversal in
the cusp region.

The B-field profile of the cusp was produced by two coils,
a main coil and a reverse coil. The main coil produces a
uniform magnetic field at the downstream region which should
have a certain length of the flat-top region required by the
beam–wave interaction in the cavity. Two extra layers of coils
were added to both ends of the main solenoid to sharpen its B-
field profile so that the overall turns and length of the solenoid
were reduced. These extra coils were carefully designed to
avoid any bumps in the magnetic field profile while minimizing
the rise and fall distance of the magnetic field. The design
parameters were optimized resulting in the production of a
40 kV, 1.5 A large orbit electron beam in the simulations. This
electron beam has been optimized through adjustment of the
magnetic coil arrangement to operate at a velocity ratio α

from 1.2 to 3 [18, 19] with an inner radius of 0.27 mm and an
outer radius of 0.36 mm. This is consistent with the analytical
calculated Larmor radius of 0.31 mm. The reflected electrons
in figure 1 are low energy electrons emitted during the rise-
time of the applied voltage pulse. A velocity pitch α spread
of ∼25% was simulated when α reaches 3. Further increase
in the beam α would result in a significant increase in beam
spread in α, hence the reflection of some beam electrons.

3. Gyrotron design

Gyrotrons are based on the cyclotron resonance maser (CRM)
[20] instability and operate through a fast cyclotron wave
interaction, which takes place near the frequency cut-off region
of the waveguide mode. In a high harmonic gyrotron, the beam
(harmonic number s > 1) interacts with a high order TEmn

waveguide mode where m = s.

Figure 2. Dispersion of the TEm1 waveguide modes (m = 1–8) and
beam–wave resonances at different harmonics.

All the possible interactions are shown in figure 2. When
the seventh harmonic of the electron cyclotron frequency is
in resonance with the TE71 mode, interactions below this
mode are eliminated because the corresponding harmonic
beam lines are far below their corresponding TEm1 waveguide
mode curves except for the case of the TE61 mode and s = 6.
The other possible parasitic interactions might be from higher
modes, i.e. TE81 with s = 8 and TE91 with s = 9, etc.
However, the most dangerous one is with the neighbouring
TE81 interaction as the starting current increases as the mode
index increases. But the TE81 interaction has a starting current
higher than the beam current. In this way any other parasitic
interactions of higher modes are automatically eliminated.

As the gyrotron works near the cut-off frequency region,
and a large orbit gyrotron requires s = m, the operating
frequency (390 GHz) and harmonic number (s = 7) as well
as the azimuthal index of the waveguide mode (m = 7) were
chosen prior to the cavity size.

The interaction of the waveguide mode and axis-encircling
electron beam cyclotron mode can be described by the equation
below [21, 22]:

ω2 − k2
z c

2 = − 4β2
⊥(

x2
mn − m2

)
(ω − kzvz − s�)2

×
(

I

IA

) (
xmnc

rw

)4 (
J ′

m (xmnrL/rw)

Jm (xmn)

)2

, (1)

where kz is the propagation constant; xmn is the nth root of
J ′

m(x) = 0. rw is the radius of the cylindrical cavity; Ne is
the axial linear density of electrons. γ0 = 1 + eV /m0c

2 is the
relativistic Lorentz factor; m0 is the rest mass of an electron,
V is the electron beam voltage. β⊥ = v⊥/c; rL = v⊥/� is the
electron Larmor radius. � = eB/γ0m0 is the electron gyrating
frequency, where B is the magnetic field. I is the beam current
and IA = 4πε0m0c

3/e ≈ 17 kA is the Alfven current.
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Figure 3. The growth rate at the seventh harmonic interaction (upper
diagram) and the schematic gyrotron geometry (lower diagram).

The growth rate of this interaction can be obtained by
solving the imaginary part of ω in equation (1) as a function of
axial wavenumber kz and is shown in figure 3. In the diagram
the TE71 cylindrical waveguide mode is interacting with the
seventh harmonic of the electron cyclotron frequency of a beam
with a velocity ratio α of 3 at a magnetic field of 2.09 T. The
radius of the cylindrical cavity is 1.055 mm and the cavity
length is 50 mm at a reasonable cavity Q of 2000.

The cavity length L and the output taper angle are
optimized for a reasonably high Q which is a very important
parameter in any gyrotron design. The total Q of the resonant
cavity is given by

1

Q
= 1

Qd
+

1

Q�

. (2)

The diffraction quality factor Qd and the ohmic quality
factor Q� which are caused by diffraction and ohmic losses,
respectively, can be calculated using the equations below:

Qd = 4π
(L/λ)2

1 − |R1R2| , (3)

1

Q�

=
(

δ

rw

) [
c2

ω2

x2
mn

r2
w

+

(
x2

mn

x2
mn − m2

)]
, (4)

where δ = √
2/ωµσ is the skin depth of the cavity wall, σ

is the conductivity of the cavity material, µ is the absolute
permeability. R1 and R2 are the reflection coefficients at both
ends of the cavity interaction region.

The cavity Q was calculated using the code Cascade [23].
In figure 4(a) the curve shows the simulated cavity Q as a
function of the output taper angle at 390 GHz. In this diagram,
the cavity was a 40 mm long smooth cylindrical cavity with
a radius of rw = 1.055 mm. The output taper was 10 mm in

(a)

(b)

º

Figure 4. (a) Cavity Q as a function of output taper angle and
(b) cavity Qas a function of cavity length.

length and the input section of the cut-off taper had a fixed
radius of 0.8 mm and a length of 20 mm. Though in a real
situation the tolerance of the cavity dimensions, roughness of
the cavity surface [24] and the purity of the materials will
affect the value of the ohmic losses at high frequencies, the
ideal surfaces and oxygen free high conductivity copper were
applied to these calculations. From the diagram we can see
the cavity Q increases as the angle increases, but in order to
sustain enough output power and to decrease the heat load of
the cavity [25], the taper angle needs to be properly selected.
Considering all of these factors a 6◦ output taper was chosen
in the cavity design. The cut-off taper angle was also studied
by changing the length of the taper with a fixed cut-off input
radius 0.8 mm. Cascade simulations show that these changes
do not affect the cavity Q value very much (less than 20 when
the cut-off taper length was varied from 5 to 20 mm).

Figure 4(b) shows the simulated cavity Q as a function
of cavity length using the code Cascade. In the simulation
the input end had a 20 mm taper with an input radius of
0.8 mm. The cavity radius remains the same as before,
which was 1.055 mm, and at the end it had a 6◦ output
taper. Simulations using CST Microwave Studio showed that
there is no significant mode conversion (<10% of power) for
this output taper at the operating mode. However, further
increase in the output taper length or output taper angle will
cause significant mode conversion. For example, when the

3
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Figure 5. Starting currents for the seventh harmonic TE71 mode and its neighbouring TEm1 modes.

taper length was increased to 20 mm, 70% of the power was
converted to the TM52 mode.

The starting oscillation currents for this cavity at the
design mode and competing modes can be calculated using
the equation shown below [12]:

Is =
(

IA

Q

) ( ω

s�

) (
γLr2

wωk2
zβ

2
z

16c

) (
1 − m2
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)

×
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and X = (ω − s�)/kzβzc,

G(X) =
{[

cos (πqX/2) /
(
1 − X2

)]2
(odd q) ,[

sin (πqX/2) /
(
1 − X2

)]2
(even q) .

(7)

Here q = kzL/π , and the calculation result is shown in
figure 5. In this calculation the cavity Q = 2000 and the
electron beam velocity ratio α was 3.

The minimum starting current for the seventh harmonic
mode is 1.4 A, at a magnetic field of 2.13 T which are
both within the capability of our cusp gun design current
of 1.5–1.7 A and the solenoid magnetic field of 2.16 T. This
diagram clearly shows that the neighbouring modes s = 8
and s = 6 will be eliminated as the starting current for the
eighth harmonic requires a starting current of more than 6 A
and the magnetic field requirement for the sixth harmonic is
above 2.17 T.

Figure 6. A schematic diagram of the gyrotron in the R–Z plane
with simulated electron beam trajectories.

4. Simulation results

In order to demonstrate the beam–wave interaction can take
place in the designed gyrotron cavity, the code MAGIC was
used to simulate the harmonic gyrotron interaction. The R–Z

plane geometries of the smooth cylindrical structures and
electron trajectories are shown in figure 6. An ideal beam with
the parameters from the cusp electron simulation but without
velocity and radius spreads was emitted from the left end of
the cavity and propagated in a uniform B-field produced by
a solenoid in the MAGIC simulation. The right end of the
solenoid sits in the middle of the output taper in the Z-axis.
During the simulation, the cavity length was reduced from
50 to 30 mm as the cavity ohmic loss was neglected in the
simulation. A schematic diagram of the simulation is shown
in figure 6 with the magnetic field profile produced by the
solenoid.

The simulation result is shown in figure 7. In the
simulation the large orbit annular electron beam had a voltage
of 40 kV, a current of 1.5 A and a beam velocity ratio α of
3. The magnetic B-field applied in the cavity was 2.09 T.
The magnetic field difference between the MAGIC and the
analytical calculation is due to the grid density in the gyrotron
simulation; when a higher grid density is used, the B-field
required in the simulation will be larger and closer to the
analytically calculated value.

4
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Figure 7. Simulation results of the seventh harmonic gyrotron with a smooth cavity: (a) output power, (b) output spectrum and (c) electron
phase angle as a function of axial position (d) microwave E� field pattern at resonance.

The electron phase angle as a function of axial position Z

(figure 7(c)) indicates the interaction occurred at the seventh
harmonic of the electron cyclotron frequency. Very pure
radiation output at a frequency of 384 GHz was observed in
the simulation as shown in figure 7(b), and ∼600 W of output
power was achieved in this simulation. The reduction in power
observed after ∼30 ns arises due to the cavity of 30 mm in
length being sufficiently long in the absence of wall loss, for
the interaction to enter phase trapped saturation resulting in re-
absorption of the wave energy—this can be seen in figure 7(c)
where the electron distribution in phase angle illustrates the
trapping occurring. When 0.1 mm beam thickness and 25%
beam spread were introduced in the simulation, it was found
that the total output power dropped to ∼500 W while a
competing TE61 became slightly dominant at the output. The
output power at the designed frequency and mode dropped to
∼200 W.

5. Conclusion

In conclusion a ∼390 GHz harmonic gyrotron based on a large
orbit electron beam was designed and simulated. The cavity
has been analysed and optimized. Theoretical and numerical
simulation results demonstrate that the beam interacts with the
single TE71 mode and a simulated output power of∼600 W was
achieved while using a 40 kV, 1.5 A, large orbit electron beam
with velocity ratio α of 3. It was found from simulation that

a spread in α will cause the reduction in the output power and
start-up of mode competition. The effect that beam parameters,
such as velocity spread and envelop ripple, might have on the
starting current and mode excitation [26] will be studied both
numerically and experimentally in the future.
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